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In this article, we showed the significant reduction of the energy spacing between ground state and
excited state emissions from InAs/GaAs quantum dQ8s) due to interface interdiffusion induced

by thermal treatment. In addition, the strong narrowing of the luminescence linewidth of the ground
state and excited state emissions from the InAs dot layers for the annealed samples indicates an
improvement of the size distribution of the QDs. Large blueshift of the energy positions of both
emissions was also observed. High resolution x-ray diffraction experiments give strong evidence of
the interface atom interdiffusion in the annealed samples. This work shows the ability to tune the
wavelength for applications like infrared detectors and lasers based on intrasubband transitions of
self-assembled QDs. @999 American Institute of Physids$S0021-89769)05017-3

I. INTRODUCTION developments in the use of QD structures for devices such as
Self-assembled quantum dot®Ds) directly obtained lasers and detectors depend on the achievement of tunability

via the so-called Stranski—Krastanow growth mode are off dot shape and sizes in order to both control the wave-
great interest due to their fundamental physics and potentidfn9th and reduce the linewidth of the luminescence. Re-
device applications. Among them, InAs/GaAs QD is a rep-Cently, the powerful capability of postgrowth thermal anneal-
resentative system, which has been extensively investigatdd in adjusting the shape and size and thus optical properties
both experimentalf7® and theoreticallf~ 1% However, the Of self-assembled QDs has been shown by Lepal,* Ma-
electronic structure of InAs dots still remains an open problik et al,* and the author&: The main achievements of the
lem. Indeed, the shape and size of the QDs as well as th@bove work are the significant blueshift and narrowing of the
strain distribution in and around them, which strongly affectPL peak due to interband transition between electron and
the electronic structure, are very difficult to be accuratelyhole ground states of the dots. Large blueshift of the PL peak
determined. Currently, most studies show that there are seis attributed to strong intermixing at the interface between
eral bound levels rather than one bound state in the conductot and barrier layers. Significant narrowing of the PL peak
tion band of InAs dots. Recently, intersubband transitionds the indicative of great improvement of the dot size disper-
within the conduction band of the QDs have been demonsion. Very recently, Leoret al?® reported the first demon-
strated with different techniqué$;*® and the QD infrared stration of the tunability for the intersubband spacings of the
photodetectors based on such transitions have bednGaAs/GaAs QDs through the interfacial composition dis-
reported:’~* ordering induced by thermal treatment. They showed that the
Although the defect-free dots can be formed in |atticeenergy spacin@Ez_l between the ground level and the first
mismatched heterostructures by the SK growth mode, ineviexcited level of electrons could be reduced from 49 to 25
table siz_e distribution in the dots rgsults in inhom.ogz_aneou%ev' This important finding gives a range in tunability for
broadening both for the photoluminesceri€d) emission  gppications such as QD infrared photodetectors and QD la-
from the interband transitions and infrared absorption due {Qgrs pased on intersubband transitions. Here we show that
the intersubband transitions in the dots. Therefore, furthe{he energy spacing between the ground state and excited
state emissions of the InAs/GaAs QDs could be widely tuned
dCurrent address: Department of Physics, The University of Hong Kongfrom 90.9 to 14.6 meV by interdiffusion. Furthermore, a
- Okfulam Road, Hong Kong, China, Electronic mail: sjxu@hkucc.hku.hk |arge plueshift and significant narrowing of all PL peaks for
Also with: Department of Electrical Engineering, Center for Optoelectron- ; . .
ics, National University of Singapore, Singapore; electronic mail: annealed samples were observed. Besides the praCt'CaI appll-
elecsj@nus.edu.sg cations, these findings allow us to investigate effects of the
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FIG. 1. 10 K PL spectra of InAs/GaAs QDs under different excitation
intensities.
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them on their electronic structure which still remain an open

problem. In particular, the wide tunability of the energy FIG. 2. 10 K PL spectra for as-grown and annealed InAs/GaAs QDs

spacings between the electronic ground and excited levels ggmples at different annealing temperatures. Dash-line and dot-line are
: . aussian fitted curves for the ground state emission and for the excited

the self-assembled QDs prowde a good opportunity to stud@mission’ respectively.

some fundamental physical problems such as electron—

phonon interaction in semiconductor QDs.

Il. EXPERIMENT were normalized. Figure 2 also shows a nearly perfect line

The InAs/GaAs QDs studied in the present work wereShape fit with two Gaussians for each spectrum except for the
grown by MBE on semi-insulating GaA&00) substrate. Sample annealed at 900 °C where the two peaks have merged
The growth order of the whole structure is a 300 nm thickinto @ single peak. The dash line peak is for ground state
GaAs buffer layera 3 nm I ,/Ga gsAs layer as a reference emission and the dot line peak is for excited state emission.
quantum well(QW), a 100 nm GaAs barrier layer, a 10 From Fig. 2 it can be seen that with increasing annealing
cycled stack of 6 Alabout 1.7 monolayers thigknAs QDs ~ temperature the energy spacing between the ground state and
layer and 50 nm GaAs barrier layer, and finally a 20 nmfirst excited state emissions gradually reduces from 90.9 to
thick GaAs cap layer. About 200 nm thick Si@ims were  14.6 meV. For the 900 °C-annealed samplg, thg PL spectrum
deposited on the samples, cut from the central region of thBO longer has a doublet-peak feature that implies the disap-
wafer, by the plasma enhanced chemical vapor depositioR€arance of the island structure in the dot layer. Our trans-
technique. After deposition of the Sj@ilms, the samples mission electron microscopyTEM) observation demon-
were subjected to rapid thermal annealiRFA) in nitrogen strated that RTA at too high temperatures could transform
ambient at temperatures ranging from 650 to 900 °C for 50 dhe dot layer into a QW-like structure due to strong interface
Before PL measurement, the Si@ims were removed by atom intermixing?” Besides the significant shrinking of the

using buffered HF solution. The PL measurement systenN€rgy spacing between the ground state and the excited
was described previous?y. state emissions, a large blueshift in energy position was ob-

served for both emissions with annealing temperature, which
is strong evidence of the interface atom interdiffusion. For
the reference QW case, the PL peak displays much smaller
Figure 1 shows the semilogarithmic PL spectra from theblueshift with temperature. Obviously, there is great differ-
as-grown InAs/GaAs QD sample as a function of excitationence between the effect of RTA for QD and QW structures.
power. There are at least two emission peaks from thét should be noted that unlike the case of the QW structure,
sample under higher excitation power. The peak at highethere are three “contact” interfaces between dot and barrier
energy becomes more prominent with increasing excitatiomaterials. The interface atoms between dot and barrier,
intensity. These two peaks correspond to the ground statinerefore, can interdiffuse along both directions, parallel and
emission and the first excited state emission of thevertical to the growth direction. Consequently, RTA has a
QDs348-10 much more significant effect for QD than for QW. Another
Figure 2 shows the 10 K PL spectra measured from th@rominent effect of RTA for self-assembled QDs is the sig-
samples annealed at different temperatures. The broad amificant narrowing of the PL linewidth with increasing an-
doublet luminescence peak at lower energy is from the InAsiealing temperatures. This can be attributed to great im-
dots, while the narrow one at the higher energy is from thgrovement of the natural size distribution of self-assembled

reference Ip,/Gay gAS QW. For clarity, all spectra in Fig. 2 QDs20-23

IIl. RESULTS AND DISCUSSION
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FIG. 3. Annealing temperature dependence of the PL peak position energy|G. 4. Measured HRXRD rocking curves of the as-grown and 850 °C
of the ground state and excited state emissions. The peak energetic positioggnealed InAs/GaAs QDs samples.

of the two emissions were determined through Gaussian fitting.

ference between the electron ground state and the first ex-

We next discuss the change of the energy spacing bgsted state decreases as the base lehgihcreases. Their
tween the ground state emission and the first excited stai@eoretical finding is qualitatively in agreement with our ex-
emission of the InAs/GaAs QDs with annealing temperatureperimental observation. Other theoretical witkalso pre-
Figure 3 shows the annealing temperature dependence of thicted the same tendency. Therefore, we attribute the reduc-
PL peak position of the PL spectra for the ground state an¢jopy of the energy spacing between the ground state and
excited state emissions. It can be seen that the energy sepscited state emissions of the InAs/GaAs QDs with anneal-
ration between the ground and excited state emissions 'fhg temperature to the aspect ratio change of the dots.
duces significantly with increasing RTA temperature. Gener- — The high resolution x-ray diffractiofHRXRD) tech-
ally, both the size and compositional changes of the QDs argique has been developed into a powerful tool for the non-
thought to be responsible for the blueshift and the linewidthyestructive investigation of epilayers of heterostructures and
narrowing of their PL peak&*The interdiffusion of the In  guperlattices. Information on interface interdiffusion and in-
and Ga atoms at the interface between the QD and the GaAgymixing in heterostructures and superlattices can be also
barrier results in a change in the size and the composition fptained from HRXRD measurements. Figure 4 shows
the QDs during annealing. Although there are several differyrxrD rocking curves of the as-grown sample and samples
ent views on the shape of InAs self-assembled QDs, in parynnealed at 850 °C. The HRXRD experiments were per-
ticular, for the buried InAs dots, almost all available theoret-foymed with a Bede Scientific Psystem. The clear satellite
ical calculation§™° are based on the assumption of the peaks can be seen in both curves, which indicate good peri-
square-based pyramidal-shaped InAs QDs. Due to existenggjicity of the samples. However, there is an obvious differ-
of the strong strain around the boundary between dots anghce hetween both curves. The intensities of the higher order
capping layer, it is difficult to accurately determine the shapesteljite peaks are strongly reduced for the annealed samples.
of the dots even using the most advan¢BBM) techniqué’’  Thjs is also strong evidence of the interface interdiffusion in
Available experimental results show that the buried i3|a“d?)eriodic heterostructure systefifsUnfortunately, so far a
may adopt different shapes such as lens, pyramids with diftheoretical model considering interface atoms interdiffusion

ferent facets, and truncated pyramids. For these geometriegng strain distribution is not available to simulate x-ray dif-
an aspect ratio between the heighaind the base length  fraction curves of self-assembled QDs.

can be used to characterize them. When the InAs/GaAs dot

samples were subjected to RTA, In—Ga interdiffusion may

make the base length of the InAs dots become larger due tQ, syMMARY

anisotropic strain distribution at the interfat@® The aspect

ratio of the InAs dots becomes smaller with increasing RTA  In summary, we have studied the effect of RTA on the
temperature. That is, the InAs islands after annealing becomeptical properties of the self-assembled InAs/GaAs QDs by
“flatter.” According to the valence-force-field theory of using PL techniques. Significant reduction of the energy
Keating”® and Martin?® the strain tensor strongly depends on spacing between ground state and excited state emissions
the aspect ratio of InAs dots. Several different models havevas observed. It is attributed to the enhanced interdiffusion
been developed to calculate the electronic structure of thef the atoms at the interfaces between InAs dots and GaAs
square-based pyramidal-shaped InAs-GaAs®d$tin par-  barrier layers and hence changes in aspect ratio of the QDs.
ticular, using a pseudopotential plane-wave approachHRXRD experiments show strong evidence of the interface
Zunger et al. have very recently calculated the electronic atoms interdiffusion. Our results show that postgrowth RTA
structure of pyramidal InAs dots embedded in a GaAs macan be used to widely tune the intersubband energy spacing
trix, for a few aspect ratios. They found that the energy dif-between the ground state and the excited state of the InAs/
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