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ABSTRACT

Self-assembled quantum dots embedded in semiconductor heterostructures have proved to be a rich system for exploring the physics of
three dimensionally confined charges and excitons. We present here a novel structure, which allows adjusting the level of confinement between
3D and 2D for electrons and holes, respectively. The quantum post consists of a quantum dot connected to a short quantum wire. The
molecular beam epitaxy deposition of these self-assembled structures is discussed, and their structural and chemical compositions are presented.
Their optical properties measured by photoluminescence are compared to an eight-band strain-dependent k.p model incorporating detailed
structure and alloy composition. The calculations show electron delocalization in the quantum wire part of the quantum post and hole localization
in the strain-induced regions at the ends of the quantum post. The quantum post offers the possibility of controlling the dipole moment in the
structure and opens up new means for tuning the intra-subband transitions by controlling its dimensions.

Self-assembled quantum dots have been extensively studiedband gap shell layer around the nanotbdHere we

and a good understanding of their electronic and optical demonstrate a novel approach based on the self-assembling
properties has been achieved both experimentalgnd of quantum posts (QPs) embedded within an MBE grown
theoretically®># Their quantum confinement properties have heterostructure. The QP is a short quantum wire connected
been exploited for device applications such as quantum dotto a seed quantum dot (QD). We demonstrate an effective
lasers; quantum well infrared detectofssingle photon  route for the creation of height-controlled (In,Ga)As QPs on
quantum dot sourcésand ultra-low-threshold quantum dot  GaAs. Since the QP is self-assembled and embedded into a
lasers’ On the other hand, until recently, two-dimensional heterostructure, it is free of surface traps. In this Letter we
(2D) confined nanowires have been difficult to fabricate and investigate the composition and structure of self-assembled
consequently their physical properties and applications have Qps. The detailed information was then used to model the
remained relatively unexplored. The recent synthesis of high- structures using an eight-band k.p theory, and the results are
quality semiconductor nanorods using the VLS technique hascompared to photoluminescence measurements.
trlggered.a rgnewed interest in the fabrication Qf nanostruc- o samples were grown by solid source MBE on semi-
tures, which integrate quantum dots, quantum wires, anmi p insulating GaAs (100) substrates. After the native oxide

. 8.0 ) .
junctions®® One of the major problems with the nanorod desorption at 610C (pyrometer measured temperature), a

and hanowire structures has. been their positioning andbuffer layer made of a short-period GaAs/AlAs superlattice
contacting to electrodes. The influence of surface traps on

. . followed by 1500 A GaAs was grown at a substrate
the optical and transport properties of nanorods has been

artially solved by passivating the surface or using a higher temperature of 610C. The temperature was then lowered
P y yp 9 g 9"€" 45 530°C to deposit 2 monolayers (MLs) of InAs with a

growth rate of 0.0015 nm/s. This first growth forms the seed
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Figure 1. Cross sectional images of quantum posts observed in TEM and STEM: (A) Z-contrast image from a high-angle annular dark-
field detector in STEM imaging mode, the In rich regions show as bright areas; B and C are conventional contrast TEM images of a 40 nm

high and a 23 nm high quantum post with the diffracted beams corresponding 820 and 200, respectively. Chemical analyses with
an electron beam scan through the lines illustrated in A are shown in Figure 2.

deposition. Two samples were grown. In the first one, the 7 be a [2D)] direction. This effect can explain the observed
MLs/1 ML sequence was repeated 8 times, while in the difference in the QP shapes observed in partsZof Figure
second, the 7 MLs/1 ML sequence was repeated 16 times.1. The strain contrast and chemical contrast TEM images
The growth rate for GaAs was 0.18 nm/s. During growth, indicate that the QP is terminated at both ends by QDs
the QD evolution was monitored by reflection high-energy (indicated by 1 and 2 in Figure 1D). Region 4 (Figure 1D)
electron diffraction (RHEED). The structural and optical contains a short period superlattice with the periodicity of 7
properties of the QPs were investigated by cross sectionalMLs of GaAs and 1 ML of InAs corresponding to the
transmission electron microscopy (X-TEM), scanning trans- deposition cycle. The weak periodic contrast modulation seen
mission electron microscopy (STEM), and photolumines- in the Z contrast STEM picture (Figure 1A) shows a period
cence (PL) spectroscopy. of 22.6 A, which is consistent with the deposition cycle.
QP samples with a density of approximately k510° From TEM analysis, we find the self-assembled QP
cm 2 and a height of 23 and 40 nm, respectively, were structures to be dislocation-free and coherently strained to
prepared for cross-sectional transmission electron microscopythe GaAs matrix. The composition of the QP structure has
(TEM) analysis and STEM using mechanical polishing and been probed by energy dispersive X-ray (EDX) analysis. The
ion and plasma cleaning. Bright field and dark field electron electron beam probe diameteri®.5 nm. The scanned EDX
micrographs were taken under two-beam dynamical diffrac- signal is acquired with a low-temperature X-ray fluorescence
tion conditions ([220] and [400] diffractions conditions) to detector with a resolution of 0.8 nm. The scanned probe
reveal the strain contrast. Weak beam dark field contrast signal corresponding to the In EDX signal is shown in Figure
images ([200] diffraction conditions), which are more 2 for the three scanned directions indicated in Figure 1A.
sensitive to the chemical composition of the sample, were Figure 2 contains EDX scan profiles for indium as a
also taken. function of position. The STEM electron beam probe position
Figure 1A shows a Z-contrast STEM picture of the cross is moved along AA BB’, and CC as indicated in Figure
section through two QPs. The Z-contrast imaging is sensitive 1A. The In distribution along the growth direction in line
to composition and weakly dependent on sample thicknessscans BB and CC shows the expected sharp composition
variations. The indium-rich areas appear as brighter regionschange as the probe moves from the GaAs cladding layer
in Figure 1A. In the bright field [220] cross-sectional TEM into layer 3 or 4. On the other hand the line scan along AA
picture through a 40 nm high QP, the strain contrast at the shows a more noisy signal and smoother In gradient as the
edges of the QP shows up as dark regions. In Figure 1C aelectron beam probe is moved from regions 4 to 3 to 4. This
dark field [200] cross-sectional TEM micrograph through a probably reflects a gradient in the In segregation in the QP
23 nm high QP is shown. This diffraction condition reveals region. The spatial resolution for the chemical analysis is
both chemical and strain contrast in the structure. A ~1 nm, and the error in the chemical composition determi-
schematic of the structure as deduced from the TEM, STEM, nation is~10%.
and luminescence characteristics is also shown in Figure 1D. To quantify the EDX signal and find the composition of
The growth direction of the QPs is along the [200] direction. the various regions, a Galng 15As reference quantum wire
The QP has a well-defined height set by the deposition with a thickness of 20 nm was grown in each sample to
conditions and a diameter in the 40 nm range. The shape ofcalibrate the Ga and In EDX emission. By comparison with
the QP is anisotropic and is dependent on the direction of the reference sample, we find a composition of & 1AS
easy In diffusion on the surface. From atomic force micros- for region 4. The QP average composition is found to be
copy (AFM) and surface studies this direction is known to Ga s4ng43AS. These compositions are consistent with the
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Figure 2. Indium composition profiles measured by energy-dispersive X-ray analysis with a 0.5 nm diameter scanning electron probe. The
indium profiles are taken along the lines of ABB’, and CC shown in Figure 1A.
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deposited per GaAs (7 MLs)/InAs (1 ML) cycle. If we 11332 2 Pece
assume that part of this In diffuses to the high strain regions
of the surface and forms the QPs, we can compute the
amount of In in the QPs from the measured QD density
measured by AFM. For a 10% indium content in the quantum

wire matrix (region 4 in Figure 1D), we find a 45% In content xX05 )
in the QPs.
—_—

The formation of the QPs proceeds by In transport both
along the growth axis and laterally during the extended
growth interruptions, which are applied between the GaAs
(7 ML) and InAs (1 ML) deposition cycles. Observation of ; . ; ; ; : ; :
the RHEED pattern shows the characteristic chevrons alongze 125 13 135 140 145 120 125 130 135 140 145
the [011] direction after growth of the InAs seed QDs. During el SIS
deposition of the 7 ML GaAs layers and the following growth  gigure 3. PL spectra of an ensemble of quantum posts for different
interruptions, the chevrons evolve into short, streaky dif- excitation power: (A) 23 nm QPs; (B) 40 nm QPs. The quantum
fraction rods. When the subsequent 1 ML InAs layer is post density is~1 x 10'° cm 2 The pump power i® = 0.5
deposited, the RHEED pattern changes back to clearW:cm?andT =7 K.
chevrons during the following growth interruption. During
the QP buildug? the critical “wetting layer” thickness for  to Po ~ 50 W-cm~2 from the lower to the upper spectrum.
InAs QD nucleation~1 ML, is much less than the usual For both samples a strong emission peak (line 4) is observed
1.7 MLs required for the formation of the InAs seed. A at1.395 and 1.4 eV, respectively. This signal originates from
similar effect has been observed in the growth of self- recombination in the InGaAs short period superlattice (7 MLs
assembled stacked QB%The indium is known to float on  of GaAs/1 ML of InAs) matrix surrounding the QPs (region
the growth surface when-34 MLs of GaAs are deposited 4, Figure 1D) and is therefore observed for both samples at
on top of InAs!® This surface exchange reaction between the same energy and is in good agreement with the bulk band
the Ga and the In contributes to a buildup of film strain gap of In:GadAs. The PL signal of the 23 nm sample
energy. This could explain the reduction of the critical (Figure 3A) shows emission peaks at 1.269, 1.277, 1.315,
wetting layer thickness before In migrates to the regions of and 1.325 eV labeled as lines 1, 2, and 2, respectively.
highest strain on the surface, i.e., the seed QDs. As the excitation power is increased, line 3 at 1.283 eV and

Photoluminescence spectra of the QPs were acquired with3' at 1.299 eV appear. These two lines are blue-shifted by
the samples mounted in a liquid He flow cryostat with a ~14 and 30 meV from line 1, respectively. This kind of
base temperature @f= 7 K. Carriers were photogenerated behavior is not observed for conventional QD nanostructures
using a titanium:sapphire laser tuned to 800 nm which was for which states are always filled from lower to higher
focused on the sample to a spot size~af um. The QP energies as the pump intensity is increased. The PL signal
emission was dispersed by a 0.19 mm single grating for the 40 nm QPs shows some marked differences from
spectrometer and detected by a liquid dboled charged  that of the 23 nm QPs. There is still a low-energy line (line
coupled device (CCD) detector with a spectral resolution 1) in Figure 3B at 1.275 eV. In addition with increasing pump
<0.5 meV. power, a large number of closely spaced lines appear in the

Figure 3 shows the PL spectra taken from QP ensemblesenergy range 1.291.34 eV.
with heights of 23 and 40 nm and for different excitation ~ To obtain further insight into the electronic structure, we
densities. The density for the 23 nm QPs-it x 10°cm™2 performed temperature-dependent PL at a low excitation
and the excitation density is increased frBgw 0.5 W-cm2 power density of 1 Wem2. Figure 4A shows a false color

x2
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145 B 2anmeamon B constant in this temperature range. The observed anticorre-
. nm sample . . . .
Ca, P e lation between 1 and 4 could result from an increase in carrier
1.40 e o 1] {100 transfer from the matrix (region 4, Figure 1D) into the QP
Q
R . i ~ (region 1, Figure 1D). The temperature range at which this
v =} . .
135 ° [CIS rocess occurs suggests that the underlying mechanism could
o
> . . . . .
) ¢ ° *5 be the thermal breakup of excitons into individual carriers
> A A A1 . . .
= o ': o 2 which are captured more efficiently by the QP. Therefore,
- L3 - . - . .
& = eiiaumey | F the surrounding matrix with its lower band gap compared
12 ——ELJ=38¢1meV g to the GaAs layers above and below the QP layer could act
25— | [ =9 54 . .. . . . N
_____ v as an intrinsic collection region for carriers, which are then
— €, =2942mev efficiently transferred in the QP.
0.1
"0 40 60 80 100 0 200 400 600 800 1000 1200 To understand the PL spectra, we calculated electron and
Temperature (K) 1kgT (176V) hole energies using an eight-band strain-dependent k.p

PR . .
Figure 4. (A) Temperature dependence of the luminescence for mode! _usmg the detalled structural and compOSIt_lon
the 23 nm QPs. The integrated intensities for lines 1, 2, and 4 showninformation obtained from the TEM and EDX. Each region

in Figure 3A are plotted on a color scale with the red as maximum Of the structure was treated as a uniform alloy with the
and blue as a minimum. (B) The integrated intensity of the lines composition determined from EDX and the corresponding
as a function of 17 is used to extract the activation energies for 5terig| parameters taken from ref 15, including available
lines 1, 2, and 4. bowing parameters. The uniform alloy approximation should
be good even if the QP consists of coupled QDs since the
barriers between dots would bel nm, which is small
&nough that there should be little change in the effective
masst®

plot of 23 nm QP PL as a function of sample temperature
varying fromT = 10 to 100 K. While peaks 2 and 4 show
a clear quenching behavior when the temperature is increase
to T ~ 40 K, peak 1 continuously gains intensity. Such _ ]
behavior is different from conventional self-assembled QD  Figure 5A shows the computed band diagram and energy
structures and suggests a thermally activated transfer 0flevlels for electrons' and holes along the'transverse and grpvvth
carriers into the lowest lying QP state (peak 1). In order to @IS for @ 23 nm high QP as well as with the wave function
clarify the various recombination paths, we plot the loga- Probability densities (Figure 5B). A comparison of the
rithmic integrated peak intensities of peaks 1, 2, and 4 as acomputed model with the PL spectra indicates the following

function of 1kgT. For high temperatures (smallkg™) all characteristics:
signals decrease linearly on this plot with corresponding (a) The computed ground state of the QP is approximately
activation energies of 13- 4, 38+ 1, and 29+ 2 meV, 40 meV below the experimentally observed line 1 (Figure

respectively. Remarkably, in the temperature range between3A) which is within the range expected due to the uncertain-
25 and 60 K, lines 1 and 4 show anticorrelated behavior ties in geometry, composition, and material parameters. With
and exhibit the same slope (2151 meV) with the intensity ~ an In concentration of 30% and a diameter of 27 nm, the
of line 1 (line 4) increasing (decreasing) by a factor of 2. In  computed recombination energy is in exact agreement with
contrast, the intensity of liné Zemains unaffected and almost the measured value. Similarly, a 10% deviation in the
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Figure 5. (A) Computed band diagrams and energy levels of electrons and holes (red lines) for the directions indicated on the figure. (B)
Computed wave function probability densities and electron and hole energy levels for a 23 nm QP for the two directions indicated in the
figure.
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hydrostatic deformation potential shifts the QP recombination amenable to efficient electrical carrier injection and band
energy by~30 meV, similar to single QDY. The small gap engineering. The QP structural connection to QD opens
confinement energy makes the QP recombination energynew opportunities for novel devices. For example the
insensitive to the mass parameters. We attribute linet1  combination of quantum wire and quantum dot density of
1.277 eV, which is blue-shifted by 8 meV from the ground state makes the QPs an attractive structure for low threshold
state, to the recombination of the ground state electron with QD lasers. The large dipole moment associated with the
a hole in the first excited-state which is-80 meV higher, localized hole and delocalized electrons makes the QP a very
and localized at the top of the QP. attractive structure for reaching the strong coupling regime

(b) Line 2 at 1.325 eV does not correspond to exciton in coupled QP-cavity devices. Techniques for self-ordering
recombination from the top QD (region 2 Figure 1D) but and positioning® QPs are easily derived from those used
more probably to the recombination of a bound exciton state for self-assembled QDs since each QPs is started from a seed
comprising an electron trapped at the edge of the QD in the self-assembled QD for which self-ordering techniques have
matrix and a hole localized in the seed QD. We have been previously demonstrated. Furthermore, QPs can provide
estimated the binding energies for excitons free in the QP self-aligned interconnecting wire between self-assembled
layer, and with a hole bound in the QP. On the basis of the QDs. Finally, the QP’s growth should be accessible to the
different reduced masses and including strain-induced massyide variety of materials systems for which QDs have been
shifts, we expecEpound & 1.3Emee Which is in agreement  demonstrated (ItV and group IV QDs systems) since their
with that obtained from the temperature dependence of thesynthesis relies on a growth mode only slightly different from
PL spectra (Figure 4). that of the self-assembled QDs.

(c) Lines 3 and 3which are found to be blue-shifted by
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