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Using optically and electrically detected magnetic resond@@MR and EDMR, respectively recombi-
nation in a GaAs/AJ ,Ga ¢As 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 GHis able to detect surface defects, intrinsic defé@a interstitial and As,
antisite as well as the CF 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 parametégsfactor and hyperfine constantfor the Ga
interstitial are determined tg=2.006, Ago=0.048 cm%, andA,;=0.061 cm*. These results are compared
to previous observation§S0163-18208)01232-4

I. INTRODUCTION netic species like excitons, which are not present in thermal
equilibrium.

Among the large variety of experimental methods to char- Another approach to make magnetic resonance experi-
acterize semiconductors, magnetic resonance techniques ar@nts compatible with modern semiconductor structures is
probably the most powerful to obtain detailed information onelectrically detected magnetic resonan@&DMR).2® The
point defects in these materials. In general, electron pargyrinciple of EDMR is the modification of an electrical cur-
magnetic resonand&PR experiments allow one to resolve rent through the sample, via spin-dependent recombination
various interactions of the defect electten such as fine- o hopping processes. Under magnetic resonance conditions,
structure, hyperfine, and ligand-hyperfine interactions. Fron resonant current change is induced, which is detected in the
the data, one can obtain knowledge about the chemical ng&p\iR experiment. A particular advantage of EDMR is that

ture olf thg (fjef(;,\ct, whettherﬂ|1t IS r? s'mplf {)omft t?]efedctfortathe influence of defects on the properties of actual electronic
comp ex (defect symmetry the charge state of the de ect and optoelectronic devices can be studied, which is in gen-
(spin statg and, last but not least, the defect concentration,

. o .. ‘eral not possible with ODMR or classical EPR. As far as
The major problem for the application of EPR to epitaxial sensitivity is concerned, EDMR has the same high potential
layers or quantum-well structures is the sensitivity limit of Y ' gn p

the method. In epitaxial systems, the reduced size of th s ODMR, where magnetp resonance .OT a single mol_ecule
sample volume, a few micrometers for layers or even only a'2> been demonstrat&din view of selectivity, the potential
few nanometers in the case of quantum wells, pushes th&f the EDMR has been explored much less. Most EDMR
number of defects to be detected below the limit of abouf*Periments reported so far deal with defects in bulk semi-
10" spins per Gauss linewidth. Thus, most investigations orsonductors, thin films, or simplg/n diode structure§’
epitaxial structures make use of optically detected magneti¥hile such experiments have been very successful for semi-
resonance ODMR), in which the defects are studied via conductors with indirect band gaps, such as SiC? and
resonant changes of the magnetic dichroism or the photolu3aP} experiments on direct band-gap semiconductors are
minescence intensify.Besides a much higher sensitivity, rare, with GaN light-emitting diod&s® and a study of low-
ODMR has further advantages in view of selectivity. Astemperature GaAgRef. 8 being the only examples known
guantum wells or other low-dimensional structures typicallyto the authors. It was conventionally assumed that, due to the
show specific radiative recombinations, the magnetic resashort lifetimes of excited carriers in direct band-gap materi-
nance features can be related to these structures by spectradlls, spin-flip rates beyond the capabilities of classical EPR
resolved ODMR experiments. In addition to the conventionakpectrometers would be needed to achieve a reasonable reso-
EPR, ODMR enables us to study optically created paramagiant change of the recombination rate, the detection limit

0163-1829/98/5@)/489211)/$15.00 PRB 58 4892 © 1998 The American Physical Society



PRB 58 RECOMBINATION CENTERS IN GaAs/AJ GayéAS . . . 4893

GaAs cap 5 nm As mentioned, the codoping was employed because of
Alg 4Gag gAS 20 nm lifetime considerations. In order to perform ODMR measure-
ments, in which one monitors a spin-flip-induced perturba-
GaAs:SiBe 50 nm tion in the population of radiative species, it is convenient to
use a luminescent process with small decay rates. In donor-
acceptor pair recombination, electrons and holes recombine
g'OXGaOﬁAS 48\;/”" via tunneling between the trapped impurity sites and the
ans @w) small overlap of the carrier wave functions yields radiative
lifetimes of the order of 107 s. A single quantum well was
Aly 4Gag gAS 800 nm also inserted at a deeper locatidl5 nm from the surfage
4 ¥ in order to avoid a high level of carrier injection into the
1 ] GaAsD,A layer.
semiinsulating The epitaxial film was grown by molecular-beam epitaxy
GaAs substrate (MBE) onto the(001) surface of a semi-insulating GaAs sub-
/\/ strate. The substrate temperature and V/III flux ratio were

580 °C and 6.3, respectively. The doping concentration of
FIG. 1. Layer sequence of the sample investigated. The 50-nmthe GaAsD,A layer cannot be easily checked from a direct
thick GaAs layer is codoped with Si 10 cm™3) and Be measurement since the layer was codoped. Instead, in order
(3% 10* cm™3) in order to get a slow DAP recombination for the to calibrate the dopant-cell temperatures, we repeated MBE
ODMR study. growth of singly Si- and Be-doped GaAs for several times,
which were then characterized by Hall measurements, just
prior to the growth of the codoped sample.
beir;g a relative change of the conductiviye/o of about
1077,
However, in this paper we demonstrate that GaAs hetero- B. ODMR setup
structures can be studied with EDMR aChieVing the same ODMR was measured with aspectrometer Consisting of a
sensitivity as previously only known for group-1V semicon- 4-T superconducting magnénodified Oxford MD-4 and a
ductors. In addition, we show that the method is SeﬂSitiV%S_GHZ microwave system. The Cy|indrica| resonator had a
enough to resolve defects in Ill-V quantum-well structures.yall-less concentric annular-ring structure to allow optical
Changing the wavelength of the excitation light, a selectivityaccess? During the measurements, the sample and the reso-
to the location of the specific defects in the different layers ofator were immersed in pumped liquid K6 K). The mi-
the complex structure is achieved, complementary to what igrowave power 100 mW) was supplied by a GaAs Gunn
obtained by ODMR. To this end, we have performed a comgiode, whose frequency was automatically stabilized to
parative ODMR and EDMR study of a GaAsiiGayeAs  seven digits by using a source-locking frequency counter.
heterostructure on a semi-insulating GaAs substrate. The |uyminescence was excited by an *Ataser (488 nm,
ODMR results show the presence of Ga interstitial defects in. mw/cn?). The emission was collected and guided to a Si
a 50-nm-wide GaAs “quantum well.” In the EDMR experi- photodiode(Hamamatsu Photonigswhose output was fed
ments, the interstitial as well as three additional defects werg, 3 current amplifier(When we used a Ge detector instead,
observed. Variations of the contact properties and the experihe monitored luminescence was dominated by a deep-level
mental parameters allow us to separate these signals and dghission that was found to give rise to a strong triplet
|dent|fy them as surface-related defects and defects |0cat@DMR thereby masking the Spin resonance Signa] from the

in the substratéCr*" and arsenic antisite defekts GaAsD,A region) Into the optical path, we inserted a glass
filter to extract the luminescence whose wavelength was
Il. EXPERIMENT longer than 810 nm. ODMR was measured with lock-in de-

tection by chopping the applied microwave power while the

static field was swept. The typical chopping frequency was
The layer structure of the GaAsiMGa, ¢As heterostruc- 1.2 kHz.

ture studied here is shown in Fig. 1. To have a slow recom-

bination channel that is more easily accessible to ODMR

studies, a 50-nm GaAs film codoped with both Si C. EDMR setup

(1x10*% cm™3 and Be (3x10%cm™3), denoted as the EDMR was performed both at 9 and at 34 GHz. The

GaAsD,A layer, was sandwiched between (4Ga As 9-GHz EDMR spectrometer consists of a standard EPR spec-

cladding layers. The original purpose of this design was tdrometer (Bruker ESP 300 equipped with a rectangular

study defects introduced during the dry-etching processes, Sk, resonator. A Keithley source measure unit 237 was

the GaAsD,A layer was positioned within the near-surface used as a low-noise voltage source and lock-in technique for

region where most of the damage is expedfetihroughout  sensitive detection of either the magnetic field or the micro-

the whole structure, it is only this GaA3;A layer that emits wave amplitude modulated signal. The measurement tem-

at the near-band-gap energy of GaAs. Therefore, by moniperature could be varied with a helium flow cryogt@akford

toring photoluminescencéPL) in this energy range, the re- ESR 900 from 4 to 300 K and the sample was illuminated

gion probed by spin resonan¢®DMR) can be limited to  with a 100-W tungsten lamp in combination with a KG3 heat

this 50-nm-thick layer. filter.

A. Sample structure
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FIG. 2. Photoluminescence spectra taken at different excitation
powers (the power data in the figure refer to the actual incident FIG. 3. Experimental and simulaté@-band ODMR spectra of
power on the sampleAt weak excitation the shallow DAP process the Ga interstitial. For the calculationsgavalue ofg=2.006 and
(1.48 eV} is dominating. With increasing power the peak shifts to hyperfine constants @fge=0.048 cmi* andA,;=0.061 cm* have
higher energies due to a change in the relative contributions of DABeen used. The calculated line positions are indicated by vertical
and free-to-bound transitions. At 1.567 eV the quantum-well lumi-lines, proportional to the natural abundances of the Ga isotopes.

nescence is seen.
is attributed to a change in the relative contributions of DAP

For EDMR experiments at 34 GHz, a spectrometer conand free-to-boundfree electron to acceptptransitions, and
sisting of a HP 83640A microwave synthesizer, a microwavealso to the peak shift within the DAP transition. In fact, we
power amplifier, and a cylindrical resonat@Bruker ER  have checked the contributions of these two mechanisms by
5106 QT immersed in a helium bath cryostédxford CF  measuring the wavelength dependence of optically detected
935 was employed. The synthesizer and the amplifier allowcyclotron resonance, whose signal goes through a sign rever-
the use of the spectrometer over the whééeband(26.5-40  sal between the DAP and free-to-bound transitithis: the
GHz) with a power of more than 200 mW. The same modu-topmost trace, where the excitation was strong, exciton-
lation, detection and illumination schemes are used at 34elated emissions were also detected. However, the excita-
GHz as at 9 GHz. tion intensity employed in our ODMR experiment

(=1 mW/cn?) was even smaller than that for the lowermost
. RESULTS spectrum, so we conclude that the DAP emission due to the
intentionally doped shallow impurities (within the
A. ODMR GaAsD,A layen was the dominant luminescence contribu-

We first present the ODMR data. Since our sample has #on in the ODMR experiment.
special structure that allows an ODMR study in a specific The ODMR spectrum is shown in Fig. 3. When recording
depth region, the result serves as a good reference for tibe spectrum, we inserted an optical long-pass filter with the
EDMR study, especially in relating defects with specific re-cutoff at 810 nm(1.53 e\j. Since we used a Si detector, the
gions (probed layerswithin the multilayer structure. luminescence monitored during the experiment consists of

Figure 2 shows the photoluminescence spectra taken #te shallow DAP and the two deep-le&l41 and 1.36 ey
4.2 K. When excitation is weak, the near-band-edge emissiohands, with the former emission being dominant. In fact, we
is dominated by the shallow donor-acceptor prod&ssP). checked that the feature of Fig. 3 is indeed due to the shallow
Additionally, another luminescence was observed at 1.56 DAP process by subtracting the ODMR spectrum with
eV (above the band-gap energy of GaAshich is due to the 840-nm cutoff from that with 810-nm cutoff.
single quantum well and not related to the GaBA layer. The sign of the ODMR was negative: the intensity of the
In the present sample, photoluminescence due to thehallow DAP luminescence decreased at the spin resonance.
Al Gay¢As cladding layers was not detected. Deep-levelThis means that the observed defect is likely to act as a shunt
luminescence bands were also observed at 1.41, 1.36, apeth for the radiative process. Therefore, it is suggested that
0.8 eV, respectively. The intensities of these emissions werthe defect is a residual nonradiative center that was incorpo-
only comparable to or smaller than that of the first phonorrated during the MBE growth. The spectrum consists of four
replica of the shallow DAP line. Although it is not clear from lines, in which the central two lines are narrower and larger
which layer of the epitaxial film these emissions originate,than the outer two. Assuming that the four-line spectrum is
they hardly play an important role in the ODMR experi- due to a hyperfine interaction with Ga nucléi<3/2), the
ments. natural abundance ratio fé°Ga and’'Ga can explain the

In Fig. 2, it is seen that the peak at 1.48—1.49 eV shifts taobserved spectrum quite well as seen in Fig. 3. The param-
lower energies as the excitation becomes weaker. This shiéiters(g values and hyperfine constantse in fact in agree-
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However, Emanuelsoet al® reported the observation of
a defect with very similar properties by EPR in a study of
Alg /Ga As/GaAs heterostructures. The signal was observ-
able in samples that had been subject to a surface treatment
by reactive ion etching. After a removal of the damaged
surface layer by a wet etching process the EPR line disap-
peared. This indicated that the signal originated from the
surface layer, which led to the attribution to surface
5K dangling-bond-related defects.
_ 5 \%r?itnght Our results support these conclusions, as we expect that
Aclo =-4x10 9 due to the silver paste contacts the current through the
' ' : ' : ' sample is mostly flowing in the uppermost GaAs cap layer
3250 3300 3350 3400 and thus being dominantly sensitive to surface-related de-
Magnetic Field (G) fects. In the previous EPR investigation it was shown that the
) presence of this dangling-bond defect causes an increase of
FIG. 4. EDMR spectrum of the surface dangling-bond-relatedihe carrier scattering rate determined by Shubnikov—de Haas
defect. For the investigation, silver paste contacts on top of theneasurements. However, the observation of the dangling-
GaAs cap layer were used in order to restrict the current to the caggnd defects in EDMR indicates that they also act as recom-
layer. bination centers. Additionally, our results suggest that this
type of defect is not specific for the growth technique of the
ment with those of various Ga interstitials, as discussed besample, metal-organic vapor-phase epitdOVPE) in the
low. As is clear from the foregoing discussions, the region incase of Ref. 16 or MBE in our case, and that chemical reac-
which we detected the Ga-interstitial defects is the 50 nmtive species are unlikely to be directly involved in the defect
thick GaAsD, A region. structure. The MBE samples used in our investigation have
We have also performed ODMR measurements by moninot been subject to a reactive ion etching process, but instead
toring the 0.8-eV luminescence using a cooled Ge detectowere kept in air for several months before the EDMR inves-
In this case, a PL-enhancing ODMR, which consists of mul-igations.
tiple lines over a wide magnetic field range, was observed.
The feature, to some extent, is analogous to the previously
reported deep triplet ODMR in GaAs but full details of the  In a second step, indium contac¢tdloyed at 480 °C for 1
spectra were not in agreemefit> Anyway, since the spatial min) were used in order to achieve electrical contact to all
location of the radiative species for the 0.8-eV band is notegions of the layered structure. Using these contacts and
conclusive within the multilayered structure, it is difficult to illuminating the sample with white light the spectrum shown

AlGaAs/GaAs
heterostructure

EDMR - Int.

2. Alloyed In contacts

determine the origin of the enhancing ODMR. in Fig. 5 was observed. Microwave power modulation was
used in these experiments, leading to nonderivative line-

B. EDMR shapes. The amplitude of the dominating central signal is

Aolo=—8x10°. The sign has been carefully checked us-

1. Nonalloyed Ag contacts ing modulation at very low frequencies to avoid additional

We now turn to the investigation of spin-dependent re-phase shifts caused by the detection circuit, as discussed be-
combination via conductivity measurements. The observetPw. The central signal is well described by a Gaussian, has
spin-dependent photoconductivity signals strongly depend oft g value ofg=1.99 and a full width at half maximum of
the properties of the electrical contacts used for the experk00 G. These resonance parameters are consistent With Cr
ments. The most simple were made by applying silver pasté3d®, S=1) (Ref. 17 located in the Cr-doped semi-
on top of the sample. In order to create photoexcited carrierdnsulating GaAs substrate, a clear indication that electrical
the sample was illuminated with the unfiltered light of a contact was made to the substrate by the alloying procedure.
halogen lamp(“white light” conditions). Using this illumi-  In order to describe the low-field and high-field parts of the
nation, the signal shown in Fig. 4 was detected at 5 K. Thexperimental spectrum in Fig. 5, the well-known EPR pa-
derivative shape of the resonance is caused by the magnetikémeters of the arsenic antisite defect;Asvere used(g
field modulation used for the experiment. The signal amplifactor g=2.047, hyperfine constait=0.089 cmi*, nuclear
tude is of the order ofAg/o~—4x10">, for microwave spinl=3/2 of As).!® The simulation of Ag,in Fig. 5 shows
powers of 400 mW. Neither a saturation nor an anisotropy othat the two outermost resonances of the experimental spec-
the resonance could be observed. Its field position corretrum can indeed be explained by the existance of the arsenic
sponds tog=2.001 and the peak-to-peak linewidth is antisite defect, which is most likely also located in the semi-
AH,,=18 G. Theg value close to the free electron value is insulating GaAs substrate. Further including the Ga intersti-
not a very specific defect feature, but the halfwidth of thetial Ga, as discussed below, a better agreement with the
resonance is surprisingly small for a defect in GaAs orexperimental spectrum can be achieved with respect to the
Al Gay gAs, as all nuclei of the host carry nuclear spin andshoulders localized more closely to the central high intensity
thus interact with the defect electron via hyperfine interacdine, a strong indication that the Ga interstitial defect in the
tion. As discussed below, this leads to magnetic resonanagodoped layer also acts as a recombination center for the
linewidths that typically are an order of magnitude higher forphotoexcited carriers. We will show in the next section that
defects in GaAs and pLGa ¢As compared to the defect the resonances due to the Ga interstitial can also be experi-
observed here. mentally separated using EDMR.
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FIG. 5. EDMR t i I I tacts. The | - . .
G. 5 spectrum using a oyed In contacts. The In con FIG. 6. Experimental separation of the ;@Gasonances from the
tacts allow a current flow in deeper layers of the sample. The de-

compostion f e supemposed resonanes 1 i and  °%(oe S0 Unce Momnaton it e o s sira
Ga is shown. Ct" as well as Ag, are located in the substrate P y P ’ 9

. . in channelY shifted by 90° with respect to channélis observed.
whereas the Gas located in the codoped GaAs layer. (b) In the case of inhomogeneously absorbed light onw (
=1.5eV), the substrate signals and the signals from the codoped
3. Phase shift analysis layer have different phase delays with respect to the modulation, the

. o Ga signal can be isolated in channél See text for details.
ODMR can be made selective by monitoring resonant

changes of certain photoluminescence lines and thereby cor-

relating the defect to certain radiative or shunt processes. We ) o o )
show here that EDMR can be used in a complementary Wagogeneous illuminatiortwhite light, upper part of Fig. 6

to obtain spatial information concerning the position of de-by changing the phase differenaebetween modulation and
fects in different layers of a structure by changing the carrie€letection it was possible to “shift” all resonances into chan-
concentration in the layers. A clear separation of the signalgel X of the two-phase lock-in amplifier with no resonance in
from the GaAs substrate and the codoped layer is achieveitie quadrature channel. This means that all resonances
by comparing the EDMR response of the heterostructure ilexhibited the same phase shift with respect to the modula-
luminated with inhomogeneously absorbed light above thdion. In contrast, under inhomogeneous illumination with
band gap of GaAshr>1.5eV) to the EDMR response hv>1.5eV (lower part of Fig. 6, a detection of all signals
when illuminating the sample with white light including ho- in only one channel was impossible. Instead, in this case it is
mogeneously absorbed light withw<<1.5eV. The sample possible to find a phase shid,, between modulation and
was painted black on the substrate side, so that illuminatiodetection that allows the separation of the isolated réso-
only took place through the heterostructure. The results ofiances originating in the codoped layehannelY) from the
these measurements are shown in Fig. 6. In the case of heum of all resonancea, Cr**, and Asg;,) (channelX).
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[ . v , / FIG. 8. Equivalent circuit of the EDMR setup containing two
g N . photoresistors formed by the substrRlg,,, the codoped layeR, ,
-(% / o ‘\\ x [l the capacitance of the lea@s.,4s, the resistoRy, , and a constant
7/
and AsG;\\ . Ga, voltage source.
hv>15eV o N af
1 1 1 1
-3/2 - /2 0 w2 leadsCiqa4s, the resistoR,, as current-to-voltage converter,
Phase between modulation and a constant voltage source. Because of the spin-dependent
and detection (rad) effect, the resistors corresponding to the layers contain an

oscillating component under magnetic resonance conditions;
dJlence, they can be written in the fornR=R,
+R; sin(wyed)- In the case of a homogeneous sample de-
scribed by a single resist®t, standard network analysis un-
der small signal approximation yields

These experimental facts are illustrated in Fig. 7, which
shows the amplitudes of the signals from the codoped layer
(solid curve and the substrate signaldashed curveas a

FIG. 7. Amplitudes of the signals from the different sample
layers as a function of the phase between modulation and detecti
for the two different illumination schemes.

RiRm

function of the phase between modulation and detection. It is au=u R R. \2
seen that a phase shift analysi€ is possible if the signal (Ry+Ryy)? \/1+ wmodcleadsm—o
phasea,, of the resonance originating from the codoped Rn+Ro

layer differs from the corresponding,, of the substrate as 3.1
is the case whehv>1.5 eV. By setting the phase between
the modulation and detection chann¢lequal toag,,, all
resonances appear in chanpgl the signals from the sub-
strate in full intensity(dashed line in Fig. Jfand those from
the codoped layer(straight ling in reduced intensity, ™ RmRo
whereas in the quadrature chaniethe substrate signal am- a=5+ arctar( “’modcleadSRm+ Ro
plitude is completely suppressed and the isolated signal am-
plitude from the codoped layer appears, however with reThe applicability of these equations has been confirmed ex-
duced intensity and inverted sign. In this way, the EDMRperimentally for simple photoconductive samples using dif-
spectra of the isolated Gaesonances as shown in Fig. 12 ferent light intensities to chang®. When the single photo-
(upper part could be recorded. In addition to the 9 GHz conductorR is replaced byR. =R+ Rcj1 Sin(wyed) and
results described above, similar EDMR experiments werdRsups=Rsum* Rsum Sin(wmod), Kirchhoff's rules predict
performed at 34 GHz using the identical sample and illumi-a¢ = agyp for all values ofR; o andRg . A relative phase
nation conditions, giving rise to th@-band EDMR spectrum shift betweena, and a4, can only be accounted for by a
of the Ga (lower part of Fig. 12 which has a signal/noise simple RC network introducing an additional capacitive el-
ratio similar to the ODMR results shown in Fig. 3. ement. This could in principle be caused by the capacitive
In principle, there can be several contributions to the ob-coupling of the two layers through the AGa, 6AS spacer
served phase shift of the signal with respect to the modulatwhich has a capacitance ef1 nF), if at least one of the
tion: delays in the modulation and detection circuits, in par-contacts to the two layers has a significant contact resistance
ticular due to amplifiers, and relaxation processes of th@r is non-Ohmic, which is is not the case for In contacts
electronic transport through the sample. The overall deteadsed. Indeed, slightly modulating the light under the differ-
tion system includes several amplifiers such as the driver oént illumination schemes and detecting the photoresponse
the pin diode used for microwave modulation and the prewith the setup shown in Fig. 8 has not led to any significant
amplifier of the lock-in. However, their influence should be aphase shifts between modulated light intensity and photocur-
constant contribution to botl., and «g,, and should not rent.
induce a relative phase shift. Details of the sample, including The observed relative phase shift can therefore only arise
the particular way contact is made to it, could be the origindue to changes in the microscopic processes leading to
of the phase shift. In order to clarify this contribution, the Rg,,=Rsurn+ Rsum SiN(@mod + @sub and Re=Reio
equivalent circuit of the EDMR setup is shown in Fig. 8. The + R|; Sin(wmod+ ac). Delays in the recombination causing
essential parts are two photoresistors, formed by the sutsuch phase shifts can occur due to recombination life times
strateRg,, the co-doped layeR., the capacitance of the or spin-relaxation times. However, recombination tinfe

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

. (3.2
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intentionally slow DAP process in the codoped layer has a —
recombination time already as fast agg) are much too fast 1x104 | \ ]
to explain the observed phase shift of 40° at 1-kHz modula- Lo v -T2
tion frequency. The influence of slow recombination would s v
also have been detected in the photoconductivity experi- L LI
ments under modulated light, and therefore can also be ex- I ‘e
cluded experimentally. This leaves changes in the spin-
relaxation processes as the only plausible explanation, as has [ \
also been concluded fa-Si:H, where a similar phase shift I \
analysis can be performég?° S
Very few data are available on the spin relaxation, in EDMR Y
particular the spin-lattice relaxation time,, in GaAs. In 2x105}  GaAs ¥
particular, it has been found th@ for the Ag;, antisite can Cré+ }\
vary over orders of magnitude depending on the defect con- 9.3 GHz '
centration and at low temperatures can reach seconds in e . .
high-quality materials such as the substrate explored in this 5 6 78910 20 30
study?! However, high concentrations of photoexcited carri- Temperature (K)
ers reduce such long times significantly. This causes the ob- ,
served changes of the phase shift: Under both illumination F!G- 9 Temperature dependence of thé'CEDMR signal am-
schemes a high concentration of charge carriers is created ptude. When relaxgtlon becomes so fa.St that no saturation can be
the codoped layer so that the spin-lattice relaxation is so faé‘f"aCheqI with the microwave power available, the signal amplitude
L . . _1s drastically reduced.
that upon switching of the microwave power, the relaxation
back to equilibrium is not delayed by a loAg and, there-
fore, the conductivity relaxes instantaneously so that naemperatures up to 10 K, nearly no temperature dependence
phase shift is observed. In the substrate, however, the carriégs observed. However, above 10 K, a very strong reduction
concentration is changed drastically upon changes of the ilef the signal amplitude is evident from Fig. 9. In order to
lumination scheme. Using white light, a high carrier concen-understand this behavior, we briefly review the basic models
tration in the substrate is achieved as well, leading to a shogroposed for a quantitative description of the EDMR signal
T, of the defects observed and no additional phase shifiamplitude. The original Lepine modetlescribes the spin-
Using light that is strongly absorbed in the codoped layerdependent process as a result of the interaction of the spin-
only, very little carriers are excited in the substrate, leadingpolarized ensembles of conduction electrons and defects,
to a longT; and an appreciable relaxation time, which is giving rise to aAa/o<[gugH/(kT)]? dependence. Such a
translated into the additional phase shift observed in Fig. 8. IT~2 dependence as sketched in Fig. 9, however, would only
is important to note that the carrier concentration seems tdescribe the data over a very small temperature range. In
have the identical effect on both the“Crand the Ag,de-  contrast, Kaplan, Solomon, and Mott have developed a
fects, since no phase shift between these signals could lmodel based on the formation of long-lived spin pairs which
resolved. predicts no explicit Zeeman splitting or temperature
Using this dependence @, on the carrier concentration, dependencé While the latter model is assumed to apply to
a spatial assignment of the defects observed to different laymaterials with long spin-lattice relaxation tim&s such as C
ers in a multilayer sample can be achieved. However, as wilbr Si the former should be more appropriate for materials
be discussed in the following, it is important to keBplong  with largerZ such as Ga or As. Neither model can account
enough to allow the successful detection with EDMR, which,for the complicated temperature dependence in GaAs shown
in view of the results reported here requires low illuminationin Fig. 9.

Ac/c

intensities when high-quality GaAs is to be investigated. Figure 10 shows the corresponding dependence of the
Cr*" EDMR signal amplitude on the microwave magnetic-
4. Dependence of the EDMR amplitude on experimental  field strengthH,. The X-band cavity used here provides a
conditions maximum magnetic fieltH;=2.3 G at 2 W incident micro-

Having demonstrated that EDMR can be a very usefuivave power, as determined by electron-nuclear double reso-
tool to detect various types of recombination centers imnance experimerftdand standard electrodynamfésCorre-
GaAs, it is now interesting to establish the experimental conspondingly, theQ-band cavity is expected to yielti;
ditions for this detection. Several aspects are important, sucki 1.5 G at 250 mW incident microwave power. The EDMR
as the temperature range over which EDMR can be appliedmplitude exhibits &H,-field dependence ohg/ocH? at
to study GaAs, or whether the defect density can be estilow microwave powers, followed by saturation at high pow-
mated from the signal amplitudeo/o. While detailed ex- ers. In contrast to conventional electron spin resonance,
periments concerning these issues are currently performed avhich has an amplitude proportional to the magnetization
neutron-irradiated bulk GaAs, some information can alreadM = x"H;, the EDMR signal intensity is known to be pro-
be obtained from the present investigation on GaAs hetergportional to the induced spin-flip rate or microwave power
structures. absorbed A o/oox x"H?,25%% as indeed observed at lowi;

Figure 9 shows the temperature dependence of the domfields. The experimental data for the fidl; dependence of
nant Cf* EDMR signal amplitude measured with the Aco/o in GaAs is best described by the behavior typical for
X-band spectrometer using low-intensity illumination. Forhomogeneous resonance lines in EDMR,
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104 F The polarization model by Lepine predicts that the EDMR
5K amplitude at saturation should Bev/o,=[gugH/(kT)]?
GaAs ~10 2 at 5 K and 9.3 GHz. The fit in Fig. 10 provides an
Cr4+ estimate for the experimentally observed amplitude
Aolog,=10"%. Further correcting according to E¢B.1)

for the high modulation frequencies used, a maximum
©9.3GH Aolo~10"2 is found for the EDMR signal amplitude of

. z T . .

(TyxTo) "2 = 1x10 7s Crin GaAs in our samples, still somewhgt smaller then the
value predicted by Lepine for 9.3 GHz. Since the tempera-
ture dependence Ao/ oy is difficult to determine due to
possible changes in the transport path and the limited micro-

wave power as discussed above, the applicability of the

102 101 160 1ot Lepine model can only be tested by checking its prediction

H, (G) on the influence of the magnet|c_ fiell, or the microwave
frequencyv on Aog/og,. Changing from 9.3 to 34 GHz
FIG. 10. Experimental and fitted power dependence of t4& Cr should therefore increaseo/ o, by a factor of~13. How-
EDMR signal amplitude for 9.3 nd 34 GHz. Within experimental ever, a quantitative comparison of EDMR experiments con-
error,Ao/ o is independent of the microwave frequency when satu-ducted on a single sample in both spectrometers, taking par-
ration is reached. ticular care that all experimental conditions including the
illumination are identical apart frorily and », shows that
within the experimental accuracy of at most 5Q%;/ o, iS
Ao T, ) independ_ent oHy andy, in clgar_contradiction to the Lepine
7“WH : (3.9  model (Fig. 10. In fact, a similar lack of dependence of
Ytz Aolo on Hy and v has been recently observed aaSi:H
using 434-MHz, 9.3- and 34-GHz spectromet&r$his sug-
as shown by the fits in Fig. 10. The fits allow the estimationgests that both in Si and GaAs the Kaplan, Solomon, and
of (T,T,)Y? for the Cf* defect indicated in the figure. Due Mott model invoking the formation of spin-pairs is the cor-
to the nuclear spins of Ga and As, the observed resonancgect description of EDMR. However, for a complete under-
lines are expected to be broadened by superhyperfine intestanding of the EDMR amplitude the influence of the defect
actions. However, both the data shown here and similar rezoncentration and possibly recombination times and capture
sults obtained on the power dependence of the the EDMRyross sections need to be known, which could not be studied
signal of As;, in neutron-irradiated GaA%, are best de- using the present samples.
scribed by Eq.(3.3) valid for homogeneously broadened
lines. This discrepancy is probably caused by details of the
EDMR process in GaAs, which remain to be investigated.
The EDMR temperature dependence shown in Fig. 9 can
now be understood qualitatively. Increasing temperature
leads to faster spin relaxation, shifting the power dependence As already mentioned, the spin resonance spectra of the
of Fig. 10 to higher powers. As long as the saturation carGa interstitial are dominated by the hyperfine interaction
still be reached with the microwave power available., the  with the nuclear spin of the Ga core. Since there are two
induced spin-flip rate is greater than the spontaneous spirgtgple isotopes, namely?®Ga and "'Ga, both having a
relaxation ratg only little change in the EDMR amplitude pyclear spin =3/2, the Ga interstitial resonances shown in

results, as seen in Fig_. 9. However, when relaxation becomqggs_ 3 and 12 are a superposition of two four-line spectra.
so fast that no saturation can be reached, the amplitude of the' 1,4 general spin-Hamiltonian coupling the electronic spin

EDMR signal is drastically reduced. The exact temperaturey ¢ o single Ga isotope to the nuclear spimf the same
dependence in this case will be determined by the temperqéotope in a magnetic fielB is
ture dependence of the spin relaxation, which can be very

strong depending on the particular relaxation mechanism.

This behavior poses a strong practical limitation on the tem-

perature range relevant for EDMR measurements in GaAs: H=uzSgB+ SAl, (4.2
Using a conventional EPR spectrometer with typically 400

mW at 9 GHz and using moderate light intensities, EDMR

experiments should be performed below 20 K. Higher powwhere g is the Bohr magnetorS is the effective electron
ers or specific sample structures leading to a further enhancgbinya the g tensor,| the nuclear spin, and the hyperfine

ment of theH, f'eld could extend this range to teMpera- yonqor. The Ga interstitial resonances shown in Figs. 3 and
tures better suited for the study of actual GaAs devices

Similarly, further reducing the light intensities so thgtis -2 Were found to be isotropic. Hence, both tengpes well
not governed by the carrier concentration could extend th@sA can be replaced by the scalgreindA, respectively. In
temperature range. However, if the resistaRdeecomes too the basis of vectors of the forfmgm,), the Hamiltonian
big, sensitivity is lost again according to E®.1). (4.2) has the form

105 ¢

Ac/c

106 F ® 34 GHz

(T4xT)12 = 8x107s

IV. THE GALLIUM INTERSTITIAL
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4.2

In the chosen representation the Zeeman tgpaSB only  Rabi diagram is shown in Fig. 11. For the calculationg,
contributes to the diagonal elements because with the mag=2.006 andAg=0.048 cm* have been used. Furthermore,
netic field B along thez axis the scalar product betwe&n the magnetic dipole transitions for microwave frequencies of
andB involves only thez component of the spin operat8r 9.3 GHz and 34 GHz are included in the figure. They occur
and the basis vectorsngm,) of the Hamiltonian(4.2) are  between eigenvalues whose corresponding eigenvectors are
eigenvectors 08, . The off-diagonal elements have their ori- dominated by basis vectopsigm,) with mg changing by= 1

gin in the the hyperfine termASI, since the operators for  and constanin, .

andy components of the effective spiand nuclear spih The line positions for theX-band andQ-band EDMR as
do not commute with the corresponding operators forzhe well as the Q-band ODMR investigations as determined
component. from the Breit-Rabi diagram are indicated by vertical lines in

It can be assumed that tigevaluesg for the ®°Ga inter-  Figs. 3 and 12, respectively, together with the experimental
stitial and for the'Ga interstitial are identical because of the spectra. Th&-band EDMR spectrum has been obtained us-
identical electronic properties of both isotopes. The hypering the same phase shift analysis as described in the context
fine constant#\¢g and A;; on the other hand, should be dif- of theX-band data above. The length of the bars is a measure
ferent since the different core properties of the isotopes aref the relative intensities of the resonances as determined by
involved via the nuclear spiih. The fact that an isotropic the natural abundance ratio 8iGa and’'Ga (40/60). The
hyperfine interaction observed experimentally shows that theimulation including inhomogeneous broadening by Gauss-
(isotropig Fermi contact interaction is dominating and thatian lines are in good agreement with the experimental
the (anisotropi¢ dipolar interaction is negligible. The Fermi EDMR and ODMR spectra.
contact interaction is given Possible defects involving a single central Ga atom are

the cation antisite Gg and the Ga interstitial Ga The first
2ug ) possibility can be excluded because large cluster recursion
A69/71:T9“Bgn,69/71“n| $(O)%, (4.3 calculationd! do not find states in the gap for Gaand self-
consistent Green’s-function calculatidhsredicting a gap
where gp 69/71 and w,, are the nucleag factors of the Ga state withT, symmetry are inconsistent with the experimen-
isotopes and the nuclear magneton, respectitdly(0)|? is  tally observed isotropic hyperfine interaction indicating an
the probability to find the paramagnetic electron at theA,; state. The Green’s-function calculatidhor the Ga, on
nucleus. The nucleay value of®*Ga isgneo=1.344, that for  the other hand, are consistent with the experimental findings
"Ga isg, ;7= 1.708. According to Eq(4.3), the ratio of the  since anA, gap state is predicted. Therefore, the spectra
hyperfine constants is then given By /Ag=0n71/0nee  Shown in Figs. 3 and 12 are assigned to the Ga interstitial.
=1.27. There are three interstitial sites with high symmetry in the

A plot of the eigenvalues of Eq4.2) for the ®°Ga and GaAs lattice. One has hexagon@4;) and the two others

"Ga interstitials as a function of the magnetic fiéRreit-  have tetrahedrall(;) symmetry. In contrast to the tetrahedral
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FIG. 11. Breit-Rabi diagram of the Gand magnetic dipole 5K
transitions forX-band as well agQ-band frequenciesg=2.006, 34 GHz
Age=0.048 cm'l, andA,;,=0.061 cm}). hv > 1.5 eV

sites it seems to be very unlikely that the interstitial on the
hexagonal site shows an isotropic Zeeman splitting. There-
fore, the more likely candidates are the tetrahedral sites
where the interstitial is surrounded by either four Ga or four
As atoms. With Green’s-function calculatidAst has been
shown that only the interstitial with As atoms in the nearest-
neighbor shell has a paramagnetic state in the band gap; in

EDMR - Int.

this state the interstitial is two times positively charged 69 69V 69 V69
(Ga?") and has therefore an effective spB=1/2. The | | | h I l
atomic structure of the Galefect is shown in Fig. 13. =1 =1 7 i
Table | lists the resonance parameters of the Ga interstitial . . _ ' . . .
in AlyGa ¢As,>>3* GaAs/AlAs superlattice® and GaAs. 1.0 11 12 13 14
The hyperfine constants are in agreement buigthvalue of Magnetic Field (T)

the interstitial in A 4G& ¢As compared to the interstitials in ] .
the other two host materials is somewhat bigger. This differ- FIG. 12. Experimental and simulate¥-band and Q-band

— — ~1
ence ing factors implies that the electronic structure of the EPMR spectra ct:f thel G?(QBZI:O%' Ago=0.048 C.n:j.’ an(;i Q”
host material, seen by the interstitial, is similar in the super-- 0:061 ¢m ). The calculated line positions are indicated by ver-
cal lines, proportional to the natural abundances of the Ga iso-

lattice and in our sample. This suggests that the interstitial  hes
in the codoped layer could be preferentially formed near to pes.

the interface. The isotropic hyperfine interaction of the inter- - der illumination with inhomogeneously absorbed light, we

stitial in superlattices as well as in our codoped layer Shov‘have been able to determine the spatial location of the de-

that the de_fect wave fu_nction suffers no a>§ial eccentricityfects within the heterostructure. Two different models are
d“? to.the interface region—a fact thgt requires a strong Ioc’iiscussed to quantitatively account for the signal size in
calization of the wave function. The highly localized charac-

ter is confirmed by the investigations of Kennedy and
co-workers®>3* They show that for AJ,GasAs the Ga
resonance parameters are independent from the Al content.
Hence, the interstitial does not see the atoms in the next-
nearest-neighbor shell and the defect wave function must be
highly localized.

V. CONCLUSIONS

We have shown that spin-dependent transport can be suc-
cessfully extended to study defect properties in GaAs/
Aly Ga As multilayer systems. Using electrically detected
magnetic resonance, we have observed surface states andriG. 13. Defect model of the Gin GaAs. The Gais located at
intrinsic defects, as well as a transition-metal impurity. Us-a tetrahedral interstitial site with As atoms in the nearest and Ga
ing different contact geometries and a phase shift analysistoms in the next-nearest-neighbor shell.
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TABLE |. Defect parameters of the Ga interstitial in various host materials.

Material g factor Ago (cm™h) A, (cm™) Reference
Al,Ga_,As, 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
EDMR. Our results demonstrate that electrically detected ACKNOWLEDGMENT
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