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Selective manipulation of InAs quantum dot electronic states
using a lateral potential confinement layer
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To further the objective of controlled manipulation of the electronic states in epitaxial island
guantum dot$QDs), we introduce the notion of a lateral potential confinement l@yBCL) whose
judicious placement during island capping allows selective impact on ground and excited electron
and hole states. The energy states of InAs/iBa gsAs QDs are manipulated using
10-monolayer-thick Ipq5Al -:Gay sgAS LPCLs positioned at the bottom, upper, and top region of
the QDs. The changes in the photoluminescdRtg and PL excitation spectra reveal the nature of

the electronic transitions impacted selectively through the spatial charge distributions of the states
involved. © 2002 American Institute of Physic§DOI: 10.1063/1.151771]0

Strain-driven IfGaAs self-assembled quantum dots In this study, InAs QDs capped by 30 ML
(QD9?! have been studied extensively for the physics andng <Ga, gsAs+140 ML GaAs (InGaAs capped sample
potential device applications of zero-dimensional semiconwere used as a reference. To investigate the change in the
ductor system&. Understanding and manipulation of the electronic states of such QDs by LPCLs positioned at the
electronic states of QDs are important issues for applicationbottom, upper, and top region of the QDs, 10 ML of the 30
in electronics and optoelectronics. Tuning of the QD elec-ML Ing 1Gay gsAs were replaced by WysAlg 24Gay goAS, as
tronic structure can be achieved by varying QD size, QDshown in the inset of Fig. 1. Since theygaAlg :Gay goAS
capping layers;® or by thermal annealin®’ Most such ap- layer has the same In amount, it gives essentially the same
proaches affect the QD electronic structure as a whole and dgfrain relieving effect to QDs as does thg JE§Ga, g5As layer.
not allow tuning primarily subsets of QD states. CalculationsHowever, having a larger band-gap enefgyl.606 eV at
show that the charge centers of gravity of QD carrier wave300 K)* than that of I ;:Gay gsAs (~1.21 eV at 300 K,*?it
functions can be located at different vertical positions insideenhances the potential barrier in the lateral directions.
the QD i.e., in the growth direction®~° Consequently, se- Sample 1 has the LPCL located at the bottom of the InAs
lective modification of the lateral confinement potential atQDs. In samples 2 and 3, the LPCL is positioned 10 and 20
various heights of the QDs offers a means of selectivelyML above the bottom of the QDs, respectively. Atomic force
tuning the energy levels and associated transitions. In thiglicroscopy results obtained from uncapped 2.5 ML InAs
letter we report some results of the effect of inserting a 109Ds showed that QD density was400/um?, the average
monolayer(ML)-thick Ing 157l 2:Gay gAS layer as a lateral width was~20 nm, and the average height wa$ nm.

potential confinement laygl.PCL), positioned at different Figure 1 shows PL spectra of InAs QDs capped by a 170
height of QDs, on the electronic states of otherwiseML GaAs layer(called GaAs capped samplghe InGaAs
Ing 1=Ga g5As capped InAs QDs. capped sample, and samples 1, 2, and 3. The GaAs capped

All samples were grown on undoped Gaf31) sub-
strates by solid-source molecular beam epitd@®¥BE). InAs . . . Y .
QDs were formed at substrate temperature of 500 °C using [ I, 15G0.0A8 . InGaAs 1
2.5 ML InAs delivery at a rate of 0.054 ML/s under As [ hershloaS20te [
partial pressure of £ 10° Torr. Subsequently, the samples Sampla:s
were cooled to 350 °C for the growth of capping layers de-
posited by migration enhanced epitaxy, which shows good’:? L
optical characteristics. Such low temperature capping proce &
dure minimizes both the degree of intermixing between InAs 2
QDs and capping layers, and the decomposition of alloy In- @
(Al)GaAs capping layers. For photoluminesceriB&) and g |
PL excitation(PLE) studies, the QD samples were excited by =
514 nm Ar" laser and a quartz tungsten halogen lamp dis-
persed by 0.25 m monochromator with a triple grating turret,
respectively. The emission was dispersed through 0.85 n

sample1 | {n | Sample3

ns

[ 514nm Ar" excitation
~5Wicm?, @78K i

double grating monochromator and detected with a liquid 1.0 11 1.2 13
nitrogen cooled Ge detector. Wavelength (um)

FIG. 1. PL spectra of the GaAs and the InGaAs capped reference samples,
dE|ectronic mail: euitaeki@usc.edu and samples 1, 2, and 3 at 78 K.
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FIG. 3. PLE spectra of the GaAs and the InGaAs capped samples, and
samples 1, 2, and 3 at 78 K. The detection is set at the peak value of the
corresponding PL peak in each case.

10ML InAlGaAs

INg15Alg Gy sAS LPCL and the corresponding
FIG. 2. Cross-sectional dark-field TEM images=(002,[110] azimuth of IN.15G 8 gsAS Iayer_ is fairly flat, a ansequence of the low
(@) InGaAs capped reference samplb) sample 1,(c) sample 2, andd) temperature Cappln@. The Change in electronic states of
sample 3. samples containing the LPCL layer can thus be discussed
mainly in terms of potential confinement changes due to the
sample shows a good PL spectrum peaked at 1taB2vith ~ chemical and strain relieving effects ofylipAl 2:Ga gAS
high PL efficiency and a narrow full width at half maximum and I, 1:Ga, gsAs layers.
(FWHM) of 23 meV. As expected!® the PL peak of the To gain insight into the behavior of the excited states of
InGaAs capped sample is redshifted222 um, FWHM of  the LPCL containing QDs, systematic PLE studies were car-
23 me\) with respect to that of the GaAs capped sampleried out. Figure 3 shows PLE spectra of the GaAs and the
because of an overall lower confinement potential in the casmGaAs capped samples, and samples 1, 2, and 313t
of InGaAs arising from lowering of the band edge disconti-meV peak(marked LQ is a phonon-assisted peak, and the
nuities due to a combination of chemical and strain relievingpeaks observed above 300 meV are related to quantum wells
effects. When the first 10 ML of hyGa, gsAs layer of the  formed by I 1Ga gsAS regions between the island QDs
InGaAs capped sample is replaced by 10 ML ofand the wetting layer formed by thel-ML-thick InAs re-
INg 15Al 9 <Gy gAS (sample 1, the PL peak positioril.188 gions between the island QDs in the GaAs capped sample.
um, FWHM of 25 meV is almost back to that of the GaAs Compared with the GaAs capped sample, the InGaAs capped
capped sample. Clearly, the replacement of Ga by Al hasample has smaller energy differences between the excited
chemically enhanced the depth of the confinement potentiadtate transitions and smaller ground state transition energy
without changing the overall strain too much, given thebecause of lower confinement potential. Since the 30-ML-
nearly identical atomic sizes of Al and Ga. When the 10-ML-thick Ing 1sG&, gsAS capping layer covers InAs QDs fully, the
thick Ing 15Al 525G &y gAS layer is positioned at the upper re- whole set of energy states of InGaAs capped sample are
gion of QDs(sample 2, the PL spectrum is redshiftéd.203  affected by the lower confinement potential, and most PLE
um, FWHM of 23 meV} with respect to that of sample 1. peaks are redshiftetby less than 10 me) Comparing the
When the 10-ML-thick 1g15Al.:Gay gAS layer is located LPCL containing samples 1, 2, and 3 to the InGaAs capped
on top of the QDs(sample 3, the PL peak(1.220 um, sample, note that the first PLE peékarked®) is essen-
FWHM of 20 meV) reaches that of the InGaAs capped ref-tially unshifted. By contrast, when the LPCL is located at the
erence sample. It is evident that the ground state transitiohottom region of the QD¢sample 1, the second and third
energy is most affected when the potential is made deeper IBLE peakgmarkedO and W) are blueshifted by-20 meV
the base region of the QDs. This is expected since alwhile the energy differences between other peaks are not
calculation§~1° reveal that the centers of gravity of the changed significantly compared to the InGaAs capped
ground electron and hole state charge distributions are lssample. When the LPCL is positioned at the upper and top
cated in the lower region of the pyramidal QDs. We noteregions of QDgsamples 2 and)3the second PLE peak is,
parenthetically that the absence of a discernable change interestingly, back to that of the InGaAs capped sample, but
the shape, intensity, and FWHNRO-25 meV of the PL  the third PLE peakmarkedM) is blueshifted by~34 meV
spectra suggests that the degree of change in QD size distrth respect to that of the InGaAs capped sample. The large
bution is not significant among the studied samples. This i®nergy shifts of 20 to 34 meV of the specific PLE peaks
consistent with the lack of any significant change in QD sizedepending on the LPCL position means that certain specific
as indicated by cross-sectional transmission electron micreenergy states are more perturbed than others. As discussed
scope(TEM) images of samples 1, 2, 3, and the InGaAsnext, the observed invariance of the first PLE peak, the blue-

capped reference sample shown in Fig. 2. In each case, tlhift of the second peak in sample 1 only, and the blueshift of
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- & tions involving the second subset of excited electron states

e3 | 1aE, AHl(urZ;meA\é: (e3 or higher statgsand h2/h3 hole states as indicated by
et/e2 iE (W) in Fig. 4 would be consistent with the blueshift arising
e0 1 CaAscapped | 25 B 49 from the increased lateral localization of the charge of the
InGaAs capped | 23 54 39 second subset of excited electron states if it were concen-
PL (0] Sample 1 /| B 4 trated in the upper region of the QDs. The charge distribution
Sample 2 23 88 73 of the potential electron states in the second subset calculated
h0/h1J’ = J,IAH Sample 3 2 5 73 in Ref. 8 suggests that certain states have likely a significant
hz’hi, A ! part of their charge distribution in regions higher than the

electron states of the first subgefl/e2. A more quantitative
FIG. 4. Schematic of electron and hole energy levels and associated transkxplanation must await appropriate theoretical analysis.
tions of InAs QD. In conclusion, we have systematically investigated the
effect of a LPCL, positioned at different heights of QDs, on
fche third PLE peaks in sam_ples 1 2, and 3 can be understoqfe glectronic states of the INAS)lnGay gAs QD system.
in terms of the varied impact of the LPCL The electron and hole ground states and the first subset of
(Ing16Al0.25G& 6cAS layep on different electron and hole eycited hole states are perturbed most effectively by the
states depending upon the nature of their spatial charge digpc| |ocated in the bottom region of QDs, indicating that
tributions. Indeed, these shifts can be viewed as the first dige charge center of gravity of these states resides near the
rect experimental probing and confirmation of the nature OQD bottom. Moreover, by positioning the LPCL in the upper
the calculated charge distributions of highexcited hole  region of the QDs, certain high excited electron energy levels
and electron states in pyramidal QDs. could be tuned without significantly perturbing other states,
_InFig. 4, we schematically summarize the types of tranhys indicating that these electron states have their charge
sitions involved suggested by the comparison of the obgjstribution centers of gravity located in the upper regions of
seryed PLE peak positiqns and the calculgted transition enpe QDs. Our findings open another path to manipulating
ergies available in the literatufe:'**°The first PLE peak intra- and interband transition energies for applications such

energy(~54-58 meV of Fig. 3 is well established to rep- a5 QD infrared photodetectors, lasers, and optical amplifiers.
resent the energy difference of the ground electron &fde
and the first subset of excited electron staeiged.}**°The This work was supported by the DoD Multidisciplinary
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p-like, respectively, but the heights of the charge density isotrated by AFOSR under Grant No. F49620-98-1-0474.
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