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Defect states in red-emitting InAl;_,As quantum dots
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Optical and transport measurements carried ophidiodes and Schottky barriers containing multilayers of
InAlAs quantum dots embedded in AlGaAs barriers show that while red emission from quantuiQRjot
states is obtained at1.8 eV, defect states dominate the optical properties and transport in these quantum dots.
These defects provide nonradiative recombination paths, which shortens the carrier lifetimes in QD’s to tens of
picosecondgfrom ~1 ng and produce deep level transient spectrosd@iyl S) peaks in bothp andn type
structures. DLTS experiments performed with short filling pulses and bias dependent measurements on InAlAs
QD’s on n-AlGaAs barriers showed that one of the peaks can be attributed to either QD/barrier interfacial
defects or QD electron levels, while other peaks are attributed to defect states imdmadim type structures.
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INTRODUCTION Impurities introduced unintentionally during growth can
have an important role in the properties of QD containing
The role that defects play on quantum dot properties istructures, and are believed to be responsible for the short
interesting from several perspectives. Radiation induced dduminescence lifetimes observed in some InAIAs/AlGaAs
fects appear to have much lesser effects in diminishing ra©D’s.X° It is also well known, that interfacial defects as those
diative emission from quantum dé®D) luminescent struc- formed duringex-situ processing in etched quantum dots
tures and QD laser diodk5than in quantum wellQW) or  have a strong role on their optical properties as Welf.
bulk structures. Higher intensities have even been observed The use of deep level transient spectroscOpyTS) in
after proton and ion induced displacement damage in QDhe characterization of deep levels in semiconductors is well
structures. These can be explained by defect assisted carriestablished. DLTS has also been used to attempt determina-
relaxation, and by defect assisted tunneling in cases wittion of eigen-states from electron and hole levels in InAs
potential barrier surrounding QD’. quantum dot$371° The literature on this topic has given
The effects of dislocation defects on QD properties aresome conflicting information, and the interpretation of re-
also of interest due to several promising technological applisults is not always straightforward. To complicate matters, it
cations. The growth of multistacked planes containing quanis quite possible to have defect states in samples that also
tum dots is used to increase gain in lasers. If the cumulativeontain QD’s; therefore, differentiation of DLTS signals
strain from several dot layers exceeds the critical thicknessriginating from defects or from electron or hole energy lev-
for plastic relaxatioh® then a misfit dislocation can be els can be ambiguous.
formed at the buffer layer/quantum dot interface in multi- Here we use optical and electrical measurements to study
stacked dot layers. Such misfit dislocations might form sponthe role of impurities and unintentional defects introduced
taneously in some structures, however, strong radiative emigturing growth in InAlAs QD’s in bothp andn AlGaAs bar-
sion from QD states is still present in these cases. Anotheiiers. The results shown here demonstrate that unlike radia-
application where dislocation defects are relevant involvesion induced damage, or dislocation effects from the barrier
the attempts to obtain positional order in QD's. In this typelayer under the dots, these defects have a prominent role in
of growth, QD’s are grown on strain relaxed GeSi or InGaAsthe optical and transport properties of these QD structures.
epitaxial films, and they have been shown to have rectangBLTS experiments show different behaviors from peakp in
lar alignment, presumably from the dislocation shear steps a&nd n type samples. Measurements carried out at different
the surfac&:’ Another interesting application where disloca- reverse biases and experiments performed varying the filling
tions can play an important role is in the growth on InAspulse times allowed determination of trap activation ener-
QD’s on GaAs/SP° QD device applications in such struc- gies, trap densities, and capture cross sections. In this work
tures have the potential of enabling Si optoelectronic dewe show that these defects affect the optical properties of
vices, and of integrating logical and optical functions inthese quantum dots due to their localization either within the
system-on-a-chip applications. dots or at their interfaces. This is in contrast to what is ob-

0163-1829/2002/68)/0853317)/$20.00 66 085331-1 ©2002 The American Physical Society



R. LEONet al. PHYSICAL REVIEW B 66, 085331 (2002

served from radiation induced defe¢ts, which are ran-

L. .. . . m—— n INAIAS/AIGaAs QDs
domly distributed, and the majority are formed in the barrier ~ f----- p InAlAS/AIGaAs QDs ( X 20)
material, and spatially separated from the QD region, where
they do not contribute significantly to nonradiative recombi- | ’f X

nation due to wave function confinement in the QD’s.

EXPERIMENTAL DETAILS

Two QD structures were grown by molecular beam epi-
taxy. The structures consist of 50-nm layersmefype (p-
type) Alg ;G5 ¢7AS terminated with 1457l g s5AS QD’s (us-
ing five monolayers coveragegepeated eight times on top of I 7
a 300-nm-thickn® doped a*=1x10® cm™3) AlGaAs i s .
layer and a 100-nm-thick* doped f"=1x10"cm %) e e s
GaAs buffer layer. Si and Be were used foandp dopants I S —
with nominal dopingn=p= 10" cm 3. Afinal Al, {Ga, /As 17 1.75 18 1.85 1.9 1.95 2
layer with the same doping level was deposited and cappet Energy (eV)
with a thin GaAs layer to prevent oxidation of the AlGaAs. A ) )
top Schottky diode and back Ohmic contacts were formed I_:IG. 1 Cathodoluminescence spectra from the eight-layer QD
for the n-type sample and back and top Ohmic contacts werde9ions inn- andp-INAIAs/AIGaAs structures.
formed on thep-type sample. Two additional samples with 1617
doped AlGaAs barriers and no InAlAs quantum dots wered"™OWn INAIAs/AlGaAs QD's.>™" The control structures
also grown as control structures, and processed in a simil§howed no CL from the active region. Emission from the
manner. Analysis of island sizes and densities using atomi®@As at 831 nm was seen in all structures, with a stronger
force microscopy in air gives average diameters of 20(Bm Intensity from the GaAs buffer layer below the AlGaAs bar-
nm height and concentrations of 2210° cm™? for un-  Mer.
capped InAlAs QD’s grown under the same conditions. Ca-
pacitance voltage measurements were carried out at variable Time resolved photoluminescence
temperaturg20 to 300 K. Deep level transient spectroscopy
was carried out from 20 to 315 K at delay timein the
(0.02—-100 ms range and at a rate window of X3. Low-

CL Signal (arb. units)

Figure 2 shows PL transients from these QD structures.
Some weak PL emission from the control sampglesntain-

) : thodolumi _ . d ing only the p and n doped AlGaAs barrier filmscan be
emperature cathodo umlnesgen(cféL) Imaging and Spec- - jetected by TRPL, although these were not observable with
troscopy were carried out using a scanning electron micro,

. . . the CL setup that was used at temperatures of 4.5 K. Figure
scope equipped with a cryogenic stage and a monochromat%rshows results fronp- andn-InAlAs quantum dots as well
attachment for CL spectroscopy. CL was performed imaging
the structures in cross section, at temperatures between 4.5 ‘
and 10 K using an accelerating voltage of 5 KeVv. Carrier — +  }  [..... p AlGaAs control
dynamics were studied by time-resolved photoluminescence r ——n InAlAS/AIGaAs QDs
(TRPL) at 80 K after excitation by frequency-doubled fem- B p InAlAs/AlGaAs QDs | |
tosecond laser pulses at 400 nm from a Ti:saphire laser. Thegy> || [==="- n AlGaAs control
PL was detected using a synchroscan streak camera, cons -

bined with a 0.25 m spectrometéemporal resolution 3 ps

T T T T T T

RESULTS

Cathodoluminescence

A typically broad emission in the visibl&ed) region is
apparent in the CL spectra displayed in Fig. 1. The peaks-
found are at 660—675 ni1.843 and 1.857 eV with inhomo-
geneous broadening of 37 and 26 meV, respectivéipno-
chromatic CL imaging(not shown here using the peak
wavelengths in botim and p samples(iimaged in cross sec- i
tion) did show that the signal originated from the 40 nm il s e 1o aoa dle pow 1y ‘
region containing the multilayered InAlAs QD’s, hence we 0 200 400 600 800
attribute these CL peaks to radiative recombination from QD Time (ps)
states. The absence of any emission from AlGaAs is apparent
as a dark region from the layer under the QD structures in FIG. 2. Time resolved photoluminescence from and
CL imaging mode, even though AlGaAs related peak®d  n-InAlAs/AlGaAs quantum dots. TRPL is also shown from the
eV have been observed in previous studies of similarlyandn control samples.

PL intensity (arb. u
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as from the control sample barrier emission. These measure DR
ments indicate PL decay times of 6 and 29 ps forrthand
p-type INAIAs/AlGaAs QD’s, respectively. These are signifi-
cantly shorter than the decay from the weaker AlGaAs emis-,”?
sion in the control structures, which were 88 and 85 ps forz

1

the n andp structures, respectively. In InAs and InGaAs QD 3 . |
structures, where carrier dynamics are not dominated by non{ 40
radiative recombination, PL decay times measured at similar‘_g
temperatures have been reported in the rafige) ns!®® @ w0 Ne
Decay times from InAlAs/AlGaAs QD's grown by MOCVD -2 L
and MBE have been reported in the rari§e0-500 ps182° » "% 10°,
-
. ()] r 10°®
Electrical measurements(C-V and DLTS) l
In order to further characterize the origin of the nonradi- | 107 e E.=0.38 eV
ative recombination centers responsible for the short QD PL ~ ' 1000T a | }
H H PR IRV S TS S A i UTUAD  S Sh S S AN IR SO VO SN SN TR ST S S |
decay times observed in bothandp InAlAs/AlGaAs quan- 50 100 150 200 250 200

tum dot structures, electrical measurements were performe:
using DLTS andC-V analysis. Capacitance voltage was per- T(K)
formed at various temperatures in order to determine the

electron and hole concentratidmajority carriers in these FIG. 3. DLTS spectra for from-InAIAS/AIGaAs QD structures,

samples. These measurements allowed quantitative deterrrg?-Ir delay time of 0.2 m$er.n'ss'°n rate of 0.86 msat 1V applied

. L . . ias, and 1us pulse duration. The inset shows Arrhenius plot for 12
nation of electron and hole trap densities and estimations qQ ; .

values of delay times from the main peak.

the space charge region at the various values of reverse bhias
used in DLTS. FromC-V analysis it was found that the
carrier concentration drops sharply below 180 K for the

type samples, and below 150 K for thetype structures | ; h |
(from an initial shallow acceptor or donor concentration of ~DPLTS measurements were also performed on the contro

2x 107 cm~2 at room temperatujeThis rapid drop is due pTAIGaAs_ samples. No_signal was observed even at much
to carrier freeze-out and it accounts for the variation in DLTSNIGNer gains than used in the measurements on the structures
peak intensity found at different time windows in the DLTS containing the InAlAs quantum dots.

measurements.

effects from the mairimore intensgpeak did not allow de-
termination of activation energy from this peak.

DLTS in InAlAs /n-AlGaAs quantum dot structures

DLTS in InAlAs /p-AlGaAs quantum dot structures Similar DLTS experiments as described in the previous
DLTS of thep structures was performed for various val- section were performed amtype InAlAs quantum dot struc-
ues of reverse bias, filling pulse duration and delay timgures. In these experiments, several “anomalies” were ob-

windows?! Figure 3 shows a typical spectrum taken at delayserved. At long values of filling pulse timgrom 1 to 100
times of 0.2 ms, and reverse bias ofL V. Spectra were ms) the DLTS spectra shows a complex structures, with at
collected from values of time windows between 0.02 andeast three convoluted peaks. Variation of time windows
100 ms, and at reverse bias voltages frefd.5 to —1.5 V. showed a change in peak shape, indicating different values
Activation energies were evaluated from all spectra, a typicafor activation energies from the different peaks. The complex
Arrhenius plot is shown in the inset of Fig. 3. The values fornature of the spectra did not allow determination of single
the activation energyH,) did not vary significantly with ~activation energies for spectra acquired using these long fill-
reverse bia¢E, ranged from 0.35 to 0.39 é\averaging 0.37 ing pulse times.

eV. The peak shape did not change with filling pulse dura- DLTS measurements performed on the contrdliGaAs

tion, but its intensity changed. This was used to measure thetructures did not show any of the peaks found in the
value of the main trap capture cross section directly. As idnAlAs/AlGaAs structures. A different peak was found at
expected and common in most DLTS spectra, the peak shafégher temperatures, however, its intensity was at least an
did not change with applied bias, and the peak intensity inorder of magnitude lower than the ones reported for the
creased monotonically with increased bias. Trap concentrdnAlAs/AlGaAs structures.

tions (N,) were evaluated for this peak from the relation Further experiments performed using shorter “filling”
pulses were carried out in these structures. The aim was to
N;=(2AC/C)Ng 5. eliminate the signal from traps with small capture cross sec-
tions by using short filling pulses, and possibly analyze any
N, was found to be~6x 10 cm™3, remaining peaks that might have larger capture cross sec-

Figure 3 also shows a lower intensity peak at lower tem+ions. Surprisingly, when the filling pulses were redu¢kdb
perature(130 K). This peak was only present when DLTS 10 us), a dramatic change in the spectra was observed. The
spectra were acquired using longer delay times, and it did natomplex peak structure disappeared, and instead, a simple
change intensity in proportion to applied bias. Convolutionpeak (but broader than most defect related pesdmained.
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FIG. 4. DLTS spectra from-InAlIAs/AIGaAs QD structures FIG. 5. DLTS signal intensity as a function of filling pulse for
obtained for very short filling pulsed us) at various applied re- the main peak in the-type |nA|_AS/A|GaAs quantum dots and for
verse bias voltages for a delay time of 0.5 ms. the peak obtained at short filling pulse times in thénAlAs/

AlGaAs QD structures. Measurements were done at the tempera-
dires for maximum peak intensitiL20 K in n-InAlAs/AlGaAs and

This peak appeared at lower temperature, and it was mu
P bp P InAlAs/AlGaAs) and 0.5 ms delay times in both cases.

more intense than what was observed as a very weak shou®® K forp-
der in the experiments performed with long filling pulses. )
DLTS spectra were then taken using different delay times, C@ptureé cross section measurements were performed for
and different applied reverse biases. The experiments at dif’® Main peak seen in teQD samples and for the main
ferent reverse biases showed several unusual features. TRg2K Studied in the-QD sampledthe remaining peak after
peak shape changed with reverse bias, becoming narrower 48 fill pulse. These are plotted for both peaks in Fig. 5.
higher values of applied bias. These changes are shown f&i°" then-type structures, the peak intensity reaches a maxi-
several bias values in Fig. 4. The intensity of the signal wadnum and then decreases with long filling pulses, which is
compared for the various biases by integrating the peaks ifOnsistent with the unusual low temperature peak increase
order to account for the changes in the peak shapes. THYIOWN in Fig. 6. The maximum peak intensity in this case
signal intensities do increase with applied bias, but they?ccurs for filling pulse time of 3Qus. _

show at least three well-defined plateaus. Activation energies Better fits were obtained for the shorter times. In the

obtained from the different Arrhenius plots were evaluated. ATYP€ samples, this can be explained with the unusual be-
general increase in activation energy can be seen with imavior of the lower temperature peak for longer fill times,

creased applied biases ranging from 0.5 to 3.25 V. The in@"d also by peak distortion due to the appearance of the

crease is not monotonic but the general trend is towarddWultipeak structure due to the increased importance of de-

higher activation energies with larger applied biases. Meate_cts with smaller_ capture cross sectio_ns at longer fill times.
its to the experimental data shown in Fig. 5 show larger

surement of trap concentrations from this peak was als§

evaluated from the signal intensity and measured carrier corf@Pture cross sections from the traps found in trgpe
centration and found to be 3x 10" cm~3 at —1 V applied samples with small filling pulses, as compared to the traps
reverse bias. found in thep-type samples. Values for the capture cross

sections were~1x10 1" cn? in the n-type samples vs 1
. . , X 10 1% cn? in the p-type samples.
Experlmental measurements of trap carrier cross sections
_ Capture_z Cross section_s can be measu_red for traps by vary- DISCUSSION
ing the *fill” pulse duration and recording the change in
signal intensity for a given peak. As reported in earlier These results, which combine optical and transport mea-
studies’®?3 capture cross sections can be measured directigurements, clearly show that a strong interaction exists be-

in DLTS using the relation tween defect centers, and quantum dot states in both types of
structureswith n- and p-doped barriers The very short PL
AC(tp)/AC(ty—)=1—el7evmip) decay times originating from the QD emission was the first

indication of the strong role of defect levels on the properties
whereo is the capture cross sectiomthe carrier concentra- of these QD’s, since PL decay times in the QD’s are much
tion, vy, is the thermal velocity, antl, is the filling pulse  shorter than values obtained in earlier measurements of PL
duration. lifetimes in InAs, InGaAs, and InAlAs quantum dots. Since
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Reverse bias (-V) FIG. 7. Integrated DLTS signghollow symbol$ as a function
of applied reverse bias fromInAlAs/AlGaAs QD structures. Also
FIG. 6. DLTS spectrdat —4 V reverse bias and 100 ms delay plotted are activation energies extracted from Arrhenius plots of
time) from n-InAlAs/AlGaAs QD structures. The peaks are shown DLTS spectra taken at various values of applied reverse bias.
at their corresponding relative intensities, for very short filling pulse

times and long filling pulse times. ~2-3x10"cm?, which is too low to account foN,~6

X 10" cm?.
the PL decay times in the QD’s are also much shorter than in  Unlike the well studied and controversiB-X centers in
the control sample$without the quantum do}sit is prob-  n-type AlGaAs, there have been few reports of any important
able that defect levels responsible for the short carrier lifedefects levels ip-AlGaAs. The absence of any DLTS peaks
times in the dots are either within the dots or at the dotfrom the controlp-AlGaAs structures used here agrees with
barrier interface. PL decay times in doped samples givethis observation. We believe that this 0.37 eV hole trap is
minority carrier lifetimes** Estimation of trap densities i related to the presence of InAlAs, however, it does not be-
and n-type structures give 810'%cm2 for the InAlAs/p- have similar to other known interface defects, in the sense
AlGaAs samples vs 8 10'Ycm 2 for the INAIAsh-AlGaAs  that the signal strength increases monotonically with reverse
samples. However, the trapping ratdgr) are proportional bias. This is in contrast to the sharply increasing DLTS signal
to trap concentrations multiplied by capture cross sectionshown in Fig. 7 for the peak found at short filling pulses in
(and the thermal velocily Here we have more traps in tpe  the n-InAlAs samples, and to the sharply increasing signal
samples, but also a much smaller cross section. The produattributed to interfacial defects in other reports that include
of the concentration and cross section is only twice as largllGaAs based superlatticésHole traps in AlGaAs devices
in the p structure than in then structures. If we multiply have been reported im-type AlGaAs/InGaAs PHEMT’s
further by the thermal velocity, the rate in timesample is  which were attributed to surface states at ungated AlGaAs
larger than in thep sample, which can explain the shorter regions, but their reported activation energies were much
lifetime in then than in thep structures. higher than theE,=0.37 eV measured in this wofk.

One of the difficulties using DLTS to characterize quan- DLTS analysis in the InAlAsi-AlGaAs structures pre-
tum dots in an environment that also contains traps due teents an even more complex picture. The multiple peak
defect related levels, is the ambiguity in differentiating structure found at longer filling pulse times is similar to what
which signal originates from defects and what is due to theother studies have found foDX-like centers in GaAs/
QD electron or hole levels, since both of them can produce\lGaAs superlatticed’?

DLTS signals. We believe the main peak found in the DLTS The increase in intensity with diminishing filling pulse
spectra from the-type structure, withE;~0.37 eV, origi- times observed from the low-temperature peak is very un-
nates from defect levels, rather than QD levels. The twausual, and to our knowledge, has never been reported. The
main arguments for attribution of this hole trap to a defectobservation of plateaus in the integrated DLTS signal inten-
related trap, rather than from hole levels in quantum dots, arsity rule out a uniform defect distribution, and are consistent
the trap activation energye() and the trap level concentra- with the signal originating from the different QD layers.
tion (N,). If these originated from QD hole levels, 0.37 eV From the measured free electron concentrations, calculations
would be the energy spacing from the barrier valence band tof depletion widths for Schottky barriers armh junction

the hole level; and this is much too large to be explained bygeometries were made at different reverse bias levels. These
a hole level. Also, the hole and electron level concentrationglive depletion widths of 420, 340, 265, and 152 nm at biases
would have to scale with the known quantum dot concentraef —3, —2, —1, and O V. These agree quite well with the
tion in the small volume probed by our measurementdnterpretation of the signals originating from 2, 3, and 5 lay-
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ers of QD’s at biases of 1, —2, and—3 V (there are three short filling pulses, and almost disappears at long filling
guantum dot layers within the space charge region at zerpulses is unusual, and seems to indicate population of a de-
bias. Here, unlike in the case shown earlier for the InAlAs/ fect center at the expense of the other center.

p-AlGaAs samples, the trap density is very close to the volu- A couple of basic, general results can be concluded from
metric estimates of QD in the region probed by the electricathese experiments. One of them is that defect centers in
measurements (3xX 10 cm 3 vs ~2-3x10cm %), quantum dots have much different effects on QD optical
therefore, we cannot rule out the possibility that this trapproperties depending on their atomic configuration, method
level originates from electron levels in the InAlAs quantum of introduction, and most importantly, the spatial positioning
dots. These observations, the peak behavior with applied biasf these defect centers with respect to QD localization. The
and the defect trap concentration, lead us to conclude thafefects caused by irradiation, as proton or electron induced
this peak originates either from an interfacial defect, mostisplacement damage, would be expected to have different
likely from the InAlAs/AlGaAs interface; or from electron impact on optical properties, since the defects do form ran-
levels in the InAlAs QD's. As was reported in earlier domly and are distributed across the entire semiconductor
studies;"*>*%interfacial defects have been known to give chip, ‘including the buffer layer and substrates. Most of these
strong DLTS signals and are also known to hamper radiatiVgefects are therefore spatially far apart from the region of
recombination from QD states. Interfacial defects have bee@D wave function confinement, and cannot serve as a re-
observed®*to have a rapid increase in signal intensity with combination center for electrons and holes in the QD’s. On

applied bia_s as th_e bia_s_ SWEEpS over th_e_interfac_ial regioqhe other hand, when defects are in close proximity to the
An unambiguous identification of the origin of this broad dots, within the dots, or at the dot/barrier interface, their

low-temperature peak that is seen mainly for short filling . D L .
. , . effects on optical emission are very significant, as is shown
pulses in InAlAsh-AlGaAs QD’s can only be made if the ; - : :
this work. Another clear finding from these experiments is

defect concentration can be reduced to a much lower densift\?1 t thouah DLTS b ficientl itive to detect
that the QD volumetric density, which will require additional at even thoug can be sutficiently sensitive to detec
electron and hole levels from QD states, it is in all practical-

growth optimization in future work. ) e .
The most unusual features seen in Figs. 6 and 7 are tHY Very difficult to detect them when defect concentrations

increased intensity of the low-energy peak with shorter fill-n€ar the dotseither at the dots or barrigrexceed the volu-
ing pulses, and the shift in activation energies with increasefetric QD concentration, which as seen here can be easily
reverse bias. This field dependence is different from wha@chieved.
would be expected from the Poole Frenkel eff@aince the
thermal-emission rates decrease with increasing reverse bias.
Changes in peak temperatuand correspondingly in DLTS CONCLUSIONS
activation energies or emission ratésve been observed in - )
detailed DLTS studies involvingdX centers in AlGaAs of Red emitting multilayered InAIAs/AIGaAs quantum dots
varying ternary compositiof- This activation energy depen- Nave been grown using MBE and insertedomdiodes and
dence on electric field also had composition dependenceSchottky barriers. We have shown that defects can have an
The tentative explanation given in that report was that mulimportant role in the optical and transport properties of mul-
tiple closely related peaks were observed, from slightly dif-tilayered QD structures in the InAlAs/AlGaAs material sys-
ferent defect configurations. If the concentration of a particutem, and can dominate the optical properties in these InAlAs/
lar defect configuration is somehow field dependent, theiAlGaAs quantum dots; showing that further refinements in
different activation energies can be obtained from differenthe growth process or in the passivation of interfacial defects
bias conditions. Our observation of a broader DLTS pealshould be performed before InAlAs/AlGaAs QD’s could be
from this defedfs) and its unusual change in peak shape withused for efficient red light emitters. Photoluminescence life-
applied bias is consistent with this interpretation, and thdimes in these dots have been measured to be 6 and 29 ps in
peaks shown in Fig. 4 could very well originate from variousInAlAs QD’s embedded im and p AlGaAs diodes, respec-
slightly different interfacial defect configurations. tively. Strong DLTS signals are found in bogh and n-type

The increased intensity of the low temperature peak withstructures. In th@-type structure, a defect with an activation
shorter filling pulses in th@-InAIAs/AlGaAs structures can energyE,=0.37 eV in concentrations of 610'%cm® was
perhaps be understood from the larger cross sections mepund. In then-type samples, a complex peak structure was
sured for this peak. If we assume, that as we proposed, thieund for long filling pulses. Such peak structure is similar to
low-temperature peak shown in Fig. 6 originates from inter-what has been reported f@X-like centers in AlIGaAs and
facial defect levels in the InAlAs and AlGaAs barrier, DLTS InAlAs. A broader peak in the-type samples was identified
experiments show that when the filling pulse is short, theand isolated after reducing the filling pulse time. Such peak
multiple defect centers, or electron traps shown in Fig. 6exhibits plateaus in the signal intensity when the applied bias
cannot be filled because they have a smaller capture cro$s varied, and shows shifts in activation energy with in-
section. The signal seen at lower temperatures, which wereased applied bias. This peak has been identified as either a
attribute to interfacial defects, is the only one seen for shorQD/barrier interfacial defect, or as originating from electron
filling pulses because carriers are not trapped by the centéevels in InAlAsh-AlGaAs quantum dots. Further work re-
with the smallest capture cross section. The fact that thislucing the defect density in thesetype samples is needed
simple peak at low temperature can only be observed fofor an unambiguous identification of this peak.
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