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Charge separation in coupled InAs quantum dots and strain-induced
guantum dots
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We present an InAs self-assembled quantum dot structure designed to spatially separate and store
photo-generated electron-hole pairs. The structure consists of pairs of strain-coupled quantum dots.
Separation of electron-hole pairs into the quantum dots and strain-induced quantum dots has been
observed using power-dependant photoluminescence and bias-dependent photoluminescence.
© 1999 American Institute of PhysidsS0003-695(199)04015-3

A greater knowledge of the growth of self-assembledspectroscopyBPL) were identical to the PL samples with
guantum dot$QDs) and of their electrical and optical prop- the addition of an*-GaAs back gate and a thin SPS layer
erties is starting to yield quantum dot based devices, e.g., QBbove the structure to decrease the leakage current through
infrared detector$;® QD lasers”™’ and QD memory the device. A semitransparent Cr/Au Schottky contact was
device™% The ability to trap, localize, and store carriers thermally evaporated on the surface to provide the top con-
within a QD makes it an attractive medium for memory ap-tact.
plications. Such devices also offer the potential for multiple A typical PL spectrum of a QDs sample is shown in Fig.
storage bits per device by utilizing the size distribution of the2. A QDs peak is present at about 1.32 eV in the PL spectra
self-organized QDs. of the QDs samplétransitionA of inset in Fig. 2. As ex-

In this letter we introduce a QDs device designed topected, PL spectra from the reference sample did not contain
spatially separate and store photo-generated electron-hoseich a peak. The strong PL lines around 1.51 eV originate
pairs. The structure consists of two GaAs quantum well§rom the GaAs buffer layer in the sample. The broad peak
(QW) of different thicknesses, separated by a thin AlAs bar-full width at half maximum[ FWHM=72 meV] observed at
rier. An InAs QDs layer is inserted in the thick QW to allow ~1.8 eV comes from the SIQD@ransitionB). This peak is
carrier localization within the device. The InAs QDs layer associated with an indirect type-Il recombination between
also creates strain-induced quantum d&QDs within the  electrons in the AlAs X minimum and heavy holes in the 25
thin GaAs QW that are coupled to the InAs QBsin the A QW. Previous PL studies on AlAs/GaAs superlattices
structure photo-generated electrons and holes are spatialhave demonstrated strong luminescence from such a spatially
separated into the InAs QDs and SIQDs, respectiyege  indirect recombination due to the ultrafast transfer0.4
Fig. 1). An incident photon pulse creates electron-hole pairgseg of electrons from the GaAs QW to the X-band mini-
within the thin QW. The thicknesses of the GaAs QWs aremum in the AlAs!®'® The SIQDs arise from strain fields
selected such that their first electron state is either atfove above the InAs QDs. The piezopotential band gap
the thin QW or below (for the thick QW surrounding the modulatiort’ resulting from the strain field and the strain
InAs QDs layey the X-band minimum of the AlAs barrier. induced deformation potential induce carrier localization in
Electrons are able to tunnel into the InAs QDs from the thinthe 25 A QW. Results obtained from theoretical calculations
GaAs QW through the X-band minimum, while the respec-Of the piezoelectric and deformation potentials for a 25 A
tive holes remain in the thin QW since there is no interme-GaAs QW located 100 A above an InAs QD indicate a pi-

diate tunneling route available for holes. ezoelectric potential of~30 meV for holes and electrons.
Photoluminescenc¢PL) samples were grown by mo-
lecular beam epitaxy and a growth rate calibrationlwas per- X-minimum Thin QW
formed through reflection high-energy electron diffraction /
oscillations. After deposition of an AlAs/GaAs 40 >{'\ ,/\ or—
X (20 A/20 A) short-period supperlattid®&PS for smooth- 4
ing, a 500 A A}, Ga, sAs barrier was grown, followed by a L
31 A GaAs QW in which an InAs QDs lay¢QDs samples Thick QW «}‘{/\
or wetting layer(reference samplgsvas inserted. Next, the \
100 A AlAs barrier was deposited, along with the thin 25 A ~
GaAs QW, a 500 A AJGa, sAs barrier, and a 50 A GaAs I T | ‘.,'—II
capping layer. Samples used for biased photoluminescence AlGaAs AlGaAs
InAs QDs AlAs
¥Electronic mail: 6500wvs0@ucsbuxa.ucsb.edu FIG. 1. Band diagram schematic of the charge separation process.
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FIG. 2. PL spectrum of the QDs sample. Spectra were takér-& K with
a Ar' laser (. =514.5 nm) pump power of 150 W/dminset shows origin
of PL peaks in the spectra.

Integrated Intensity (a.u.)

These calculations are consistent with the 20—-50 meV en-
ergy reductions we observe for the SIQDs, relative to an
unstrained 25 A QW. The width of the 1.8 eV PL peak is due
to the SIQDs size distribution induced by the size distribu-
tion of the InAs QDs. A sharper peak (FWHMS8 meV) at  FIG. 4. Schematic of the band diagram under li@sand the dependence
1.85 eV was observed in the reference sample PL spectraf the integrated intensities of the QDs and SIQDs PL peaks on applied bias
corresponding to the same type-Il recombination. The nar()- Data was taken & =3 K with an Ar” laser power of 250 W/cfn

rower line width of this peak indicates the absence of SIQDs

within the reference sample, as expected. 1.84 eV) is found to shift 50 meV for increasing pump power

The power dependent photoluminesce(®BPL) spec-  petween 12 Wickhand 0.5 kW/crh. As observed in the
tra of the SIQDs are shown in Fig(a. For increasing pump  pppL of the SIQDs from the QDs sample, the direct recom-
powers between 12 Wictand 3.8 kW/crfi the SIQDs peak  pination from the 25 A QW(1.845 e\f begins to dominate at
blue shifts 50 meV. At a pump power of 2.2 kW/gnthe high pump power¢380 W/cn?). The blue shift in the SIQDs
direct recombination of electrons and heavy holes in the 25eak for increasing pump powers comes frof@: an in-

A QW (transitionC in Fig. 2) begins to dominate over the creased filling of the higher energy SIQIEAHM increases
SIQDs luminescence. A similar dependence on pump POW&tom 40 to 90 meY and(b) an increase in the band bending
is observed in the PDPL from the reference saniily. i the structure due to a greater number of electron-hole di-
3(b)]. The PL peak from the indirect recombinatiéh.8—  poles. In contrast, the only contribution to the blue shift in
the reference sample PDPL is the increase in the number of
T T T T T T electron-hole separations for increased pump powers. Thus,
T=3K , QW the PDPL data indicate that the structure is able to efficiently
12 W/em' - 3.8 kW/em Y separate photo-generated electron-hole pairs into the coupled
QDs.

In both the QDs and reference sample PDPL spectra, a
saturation of the spatially-indirect type-Il recombination oc-
curs. This is due to the dipole-induced band bending within
the structure, which increases for larger pump powers. The
increased dipole strength for higher pump powers causes an
T=3K increased band bending which decreases the efficiency of
- 12 W/em’ - 0.5 kW/em® /QW . transfer of the electrons from the 25 A QW to the InAs QDs.

At high pump powers the quasi-Fermi level in the SIQDs
increases sufficiently to give rise to the direct recombination
within the 25 A QW.

In order to further investigate the carrier separation ki-
netics of this structure, bias dependent @PL) measure-
ments were performed. A schematic of the band diagram
1.6 165 1.7 175 1.8 185 1.9 1.95 under bias is given in Fig.(4). The voltage dropY, across

Energy (eV) the sample for an applied biaggp, is simply

Applied Bias (V)

Intensity (a.u.)

FIG. 3. Power dependent PL spectra for the Q@ and reference
(b) samples. V=¢s— Vapplv
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where ¢g is the built-in Schottky barrier height. The inte- coupled QDs. Separation of the electrons and holes in the
grated intensity dependence of the SIQDs and QDs peaks atructure was demonstrated using power-dependent and bi-
applied bias is shown in Fig.(d). Under negative bias, no ased PL spectroscopy. While the data clearly indicates the
SIQDs luminescence is observed. This is due to the highhability of the structure to efficiently separate electron-hole
efficient transfer of electrons out of the 25 A QW into the pairs, further investigation is required in order to access the
InAs QDs. For negative biases a PL peak is observed for thetorage capabilities of the device.

QDs. This peak increases in intensity for decreasing negative . , .

applied bias. For the negative biases, electrons and holes are 1 he authors wish to acknowledge the financial support
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