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We investigate strongly asymmetric self-assembled nanostructures with one of the dimensions reaching
hundreds of nanometers. Close to the nanowirelike type of confinement, such objects are sometimes assigned
as one dimensional in nature. Here, we directly observe the spectrum of exciton excited states corresponding to
longitudinal quantization. This is based on probing the optical transitions via polarization-resolved microphoto-
luminescence excitation (WPLE) measurements performed on single nanostructures combined with theoretical
calculations of the neutral and charged exciton optical properties. We successfully probe absorptionlike spectra
for individual bright states forming the exciton ground-state fine structure, as well as for the negatively charged
exciton. Confronting the calculated spectrum of excitonic absorption with pPLE traces, we identify optical
transitions involving states that contain carriers at various excited levels related to the longest dimension. Based
on a cross-polarized excitation-detection scheme, we show a very well-conserved spin configuration during
orbital relaxation of the exciton from a number of excited states comparable to the quasiresonant pumping via
the optical phonon, and no polarization memory for the trion, as theoretically expected.

DOI: 10.1103/PhysRevB.100.241304

Out of the variety of semiconductor nanostructures, those
prepared via molecular beam epitaxy (MBE) in InAs on InP-
substrate systems [1], especially InAs/AlGalnAs considered
here [2], typically stand out with a high areal density and an
in-plane elongation so high that it is disputable whether they
should be classified as quantum dots (QDs) or quantum wires
[3—-6]. This fundamental ambiguity did not prevent the intense
research on the properties of such objects. They have been
studied both as ensembles [3,7-9] and single objects [10-13]
showing the potential for implementation in optoelectronics
such as telecom lasers and optical amplifiers [8,14—16] or
single-photon sources for fiber networks [12,17]. Notably,
their emission energy is tuned deterministically over the tele-
com C band with the amount of deposited InAs [2].

Several other strategies for achieving telecom emission
from epitaxial QDs have been actively developed, including
sophisticated approaches such as deposition on metamorphic
buffers or droplet epitaxy. These proved successful on both
GaAs and InP substrates [18-21] and yielded low or vanish-
ing exciton fine-structure splitting (FSS). In parallel, efforts
aiming at improving the properties of self-assembled MBE-
grown InP-based nanostructures such as those considered here
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continue. Cancellation of FSS is achievable also in this case
via an approach proposed earlier [22].

Regarding basic research, recent studies brought an un-
derstanding of the exciton ground-state (GS) properties in
investigated QDs including partially polarized emission [23]
and two-exponential recombination [6], and raised questions
about the exciton confinement regime [24,25]. Although ex-
cited exciton states in QDs were the subject of a recent deep
study [26], the realm of highly elongated dots remains weakly
covered in this context, with a single work for InAs/InP QDs
[27], where, however, the confinement is different. The avail-
able QD-ensemble absorption data [28,29] are insufficient,
as energy separations below the ensemble bandwidth are
expected for quantization in the longest dimension [6]. Thus,
high-resolution photoluminescence excitation [microphotolu-
minescence excitation (WPLE)] spectroscopy measurements
are needed. These are widely used for QDs emitting below
1 um, but are experimentally challenging in the telecom
range. One remedy is to use pulsed excitation [30]. This,
however, provides a low average power and can increase
the linewidth, which obstructs the resolution of individual
transitions, whose ladder is dense for investigated QDs.

Here, we use an experimental setup built for pPLE studies
of single nanostructures emitting in the infrared [31], espe-
cially in the third telecom window. We successfully probe the
spectrum of optically active excited states of C-band-emitting
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QDs elongated above 100 nm, including individual bright
states forming the exciton fine structure, and the negatively
charged exciton (X ™). Confrontation of these WPLE data
with calculated absorption spectra indicates the presence of
states that involve electron and hole excitations related to
the longest QD dimension. With this, we unambiguously
confirm the zero-dimensional nature of the studied objects,
i.e., energy quantization in all spatial dimensions. While
additional localization in quantum wires is known to lead to
energy quantization [32], here we demonstrate quantization
in the longest QD dimension exceeding 100 nm, although
no further effective size reduction occurs. The agreement
of simulated and experimental spectra allows us to label
the transitions with electron-hole orbital-state configurations
forming respective excited states. These are dominated by
highly excited hole state contributions due to weak hole
confinement in the system. Additionally, in a polarization-
resolved excitation-detection scheme, we observe a mostly
conserved spin configuration during orbital relaxation from a
number of states for the neutral exciton and, contrarily, no spin
memory for X ~, in agreement with theoretical considerations.

The investigated sample was grown by gas-source MBE on
an InP:S substrate [2]. Deposition of 1.26 nm of InAs onto
a 200-nm-thick Alg24Gago3Ing s3As barrier layer yielded a
Stranski-Krastanov formation of nanostructures on a wetting
layer (WL) that were then covered with a 100-nm-thick barrier
layer and 20 nm of InP. Imaging of the uncapped sample
showed a dense (>10'" cm~2) ensemble of nanostructures
strongly elongated in the v = [110] direction (h = [110]).
Their cross sections are trianglelike with a width-to-height
ratio of W/H = 6 [2]. The length L may significantly exceed
100 nm [23,29], which places the structures on a crossover
between dot- and wirelike confinements. To enable optical
experiments on single nanostructures, the sample was pro-
cessed by electron beam lithography and etching, which left
submicrometer mesas.

During experiments the sample was kept in a continuous-
flow liquid-helium cryostat at 7 = 4.2 K. Structures were
excited either nonresonantly with a continuous-wave (cw)
639-nm laser line, or quasiresonantly with an external-cavity
cw laser in the Littrow configuration with a tuning range
of 1440-1540 nm. The excitation beam was filtered with a
shortpass filter and a 300-mm-focal-length monochromator
to improve its quality. A spatial resolution of ~2 um was
obtained by passing both the excitation beam and the collected
signal through a microscope objective with 0.4 numerical
aperture. After removing the scattered laser line with a long-
pass or bandpass filter, the collected signal was guided to
an analyzer consisting of a 1-m-focal-length monochromator
and a GalnAs-based multichannel detector providing a total
spectral resolution of ~50 peV. Rotation of a half-wave plate
in front of a linear polarizer allowed for polarization control
in both excitation and collection.

In Fig. 1(a), we plot microphotoluminescence (PL) spec-
tra collected from a selected 550 x 275 nm? ~ 0.15 pum?
mesa at various power densities P of nonresonant cw exci-
tation (P ~ 30 nW/um? in the spot). Those from observed
well-resolved lines covering the C band that occur already at
the lowest power come from carrier-complex GSs. We choose
three marked with arrows (A—C) for further analysis, based on
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FIG. 1. (a) Power series of pPL spectra. Inset: pPLE collected
at energies marked with arrows (A—C); the energy axis is common.
(b) Photoluminescence excitation map from an ensemble of QDs; the
LO-phonon line marked. (c) Polarization-resolved pPL with a | sin x|
fits for lines A—C. (d) uPLE color map for an exemplary mesa with
QDs. (e) HPLE spectra collected at energies marked on the map.
(f) Single QD top view extracted from a scanning electron mi-
croscopy image of an uncapped sample.

their linear growth with excitation power. The polarization-
resolved pPL shows no fine-structure splitting within the
available resolution for line C, which thus comes most proba-
bly from X ~, as the positively charged exciton is less probable
to be formed in this system [27,33]. Studied QDs, due to their
asymmetry, show FSS in the range of 50-180 neV [33], so
our spectral resolution along with the polarization properties
of the line allow for this assignment. Contrarily, lines A and
B come from two spin configurations of the same exciton GS
with FSS =~ 240 peV, which exceeds previous observations
[27,33]. In Fig. 1(c), we show intensities of these lines versus
polarization angles relative to [110], where A and B are in
antiphase, as expected. See Supplemental Material [34] for a
more detailed analysis of the A-B-XX recombination cascade.

Additionally, in the inset to Fig. 1(a), uPLE spectra col-
lected at energies corresponding to chosen emission lines are
shown. Noticeably, traces for A and B are similar, which con-
firms their classification. To support the analysis, we show in
Fig. 1(b) a QD-ensemble photoluminescence excitation map,
with a line occurring at a fixed ~31 meV separation from
the laser, identified as the longitudinal optic (LO)-phonon-
assisted absorption [38]. Apparently, the volume of QDs is
large enough to modify phonon dispersion, as the LO-phonon
energy in AlGalnAs is Er o ~ 36 meV, and the one observed
is closer to the InAs value.

Next, in Fig. 1(d), we present a typical excitation-detection
map, where each vertical cross section forms a uPLE spec-
trum. Arrows mark the lines, the spectra for which are plotted
in Fig. 1(e). Their significant diversity reflects the inhomo-
geneity of QDs in question: Spread lengths, and factors such
as local widenings and bends visible in Fig. 1(f). Note that the
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FIG. 2. Calculated polarization-resolved neutral-exciton absorp-
tion spectra for various QD lengths L (left) and hump sizes § (right).
Insets: Schematic QD geometry.

height of the PLE peaks results from both the absorption rate
and effective orbital relaxation rate for the given AE.

To understand the WPLE data, we calculate the optical
properties of excited states for QDs of various geometries.
Protruding from a 0.9-nm-thick WL, modeled QDs have
a triangular cross section, W/H = 6, and an elliptical lon-
gitudinal height profile. To account for material intermix-
ing, we perform Gaussian averaging with ¢ = 0.9 nm [6].
Apart from varying H in the range of 1.8-3.3 nm and L
within 30-280 nm, we account for the expected perturbed
geometry [see Fig. 1(f) and Ref. [23]] via a 10-nm-long
central hump with a (1 +§) times enlarged cross section
(see the insets in Fig. 2). Conduction- and valence-band
electron states are calculated using the eight-band envelope-
function k - p theory [39-41]. We use a numerical imple-
mentation [42] that includes spin-orbit effects, strain, and
a nonlinear piezoelectric field (for details and parameters,
see Ref. [6]). Then, we construct carrier-complex states via
diagonalization of the Coulomb and anisotropic electron-hole
exchange interactions within the configuration-interaction ap-
proach (46 x 46 single-particle configurations used) and cal-
culate polarization-resolved oscillator strengths in the dipole
approximation [43]. To simulate the absorption spectra, we
widen each line by AE = i/t (7 is the calculated lifetime),
and convolute with a Gaussian (and its LO-phonon replicas)
of 0 =0.2 meV to represent the laser linewidth, spectral
diffusion, and phonon effects [44]. Where compared with
experiment, curves are scaled with 1 — exp(—ax) to account
for state saturation.

Calculated absorption spectra are plotted in Fig. 2. While
H determines the GS energy E, it weakly affects the relative
positions of the states, thus we present only results for H =
3.3 nm corresponding to Ex ~ 0.8 eV: For QDs with § = 2%
and varying L = 30-120 nm (left), and for fixed L = 90 nm
with varied § (right). The two curves represent absorption of
v/h-polarized light. Phonon replicas are disabled here for clar-
ity. Understandably, with rising L the spectrum gets denser.
The hump reduces Ej, thus shifting the excited states to
higher relative energies without much change in their spacing.
The dashed line traces the p-shell redshift following a ~1/L
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FIG. 3. (a) uPLE spectra for the exciton fine-structure pair of
lines [A and B in Fig. 1(a)] (solid) and calculated polarization-
resolved absorption spectra for QD with L = 140 nm, § = 5%
(lines); absolute values of DOP for emission under v- and h-polarized
excitation at marked peaks (symbols, bottom panel). (b) uPL of given
lines for excitation at marked pPLE maxima in various configura-
tions of excitation-detection polarization.

trend that has been already noticed [6]. Additionally, another
significantly bright state emerges with the increase of QD
length below the p shell. It is predominantly composed of
the GS electron and the hole at the third orbital level (three
antinodes along the QD). The high confinement anisotropy
results in nearly independent subladders of excitations in the
in-plane directions with level spacings defined by L and H
[6]. Effectively heavier holes experience shallow confinement
in this material system, hence the spacing of their longitudinal
excitations is on the level of single meV’s. This underlies the
presence of the bright state below the p shell. We additionally
trace higher shells and two nominally dark states e;h;, e hq.
All states have two bright spin configurations coupling to v-
and h-polarized light.

Returning to lines A and B from Fig. 1(a), in Fig. 3(a)
we confront their uPLE traces with calculated absorption
spectra. Judging by the agreement, the line likely comes from
a QD well modeled by L = 140 nm and § = 5%. Here, we
set E o = 32.5 meV, based on visible wide phonon repli-
cas. The one sharp line at ~34 meV without a counter-
part in theory is likely a bulk phonon replica, as opposed
to wide peaks originating from perturbed phonon modes.
While the calculated position of the ejhs state is below the
range of experimental data, its replica fits well the widened
experimental peak at AE =~ 48 meV, which, according to
calculation, is formed by overlapping the e;h; replica and
another transition. We characterize also other excited states
corresponding to marked peaks, as presented in Table I via
a few dominant single-particle contributions. We label them
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TABLEI. Calculated energy, oscillator strengths f, 4, and single-
particle components of exciton states (contribution size indicated by
color intensity) matching selected transitions in Fig. 3.

AE_  (meV) 238 274 299 403 447 48.9 53.5 54.7 58.5

exp

AEg (meV) 231 272 295 406 439 474 539 551 581
. 65 1.1 008 38 067 025 29 059 021
A 40 070 0064 33 039 020 26 035 020

)30 1 G 1 N O 1 G 1 R 30 ) 30 1 S S 1) B B )

tat
CSAES oo 2201 221 2211 2:211 221 3311 331 331

contribution

nin,|n 3:3|1 3:3|1 3:3]1 3:3]1 3:3|11 441 2:2)1 441
viTh 4:4)1 4:411 2:2]1 441 2:201
2:2/1 4:411 9:212 7:6[1 12:9]1 19:2]3  4:4]1  8:7|1 23:13|1

h states 3:31 3:3]1 6:112 12:9]1  5:51  5:5[]1 20:12[]1 20:12]1  5:5]1
contribution 1: 1|1 2:2|1 13:4[2 3:3]1 9:212 7:6]1 22:3]3 12:9]1 7:6|1
n:n,|n, 1: 11 4:411 7:6]1 2:2]1  5:5]1 10:8]1  8:7|1

5:51 10:8]1 14:10[1  7:6]1  7:6]1 12:9]1

by the state number n and axiswise excitations n,, i.e.,
numbers of antinodes along v and A. Noticeably, no purely
p-shell state is present, as it got mixed with e ks (first col-
umn). While all states are predominantly composed of the
GS electron configurations with weaker admixtures of few
excited levels, the hole contributes significantly with a number
of excited states: Both subladders of states are involved,
with the dominance of longitudinal excitations. An analogous
discrete absorption spectrum could not be obtained assum-
ing the quantum-wire confinement limit. For more examples
of theoretically reproduced WPLE spectra, see Supplemental
Material [34].

Inefficient spin relaxation in QDs should allow for the
preservation of linear polarization between pumping into an
excited exciton state and GS emission. To verify this, we
present in Fig. 3(b) the uPL from lines A and B in four
configurations of excitation-detection linear polarization and
under pumping into selected UPLE peaks. The highlighted
panel corresponds to the peak identified as an overlap of
LO-phonon-assisted GS and excited-state absorption. Based
on the expected high efficiency of the former, which should
be spin preserving, we use the corresponding values of the
polarization-injection efficiency 1/, = Ly/n/(Ly/n + Inyy) as a
reference. These are equal nf}Lo) = 78%, n;lLo) =T71% and
do not stand out from those obtained for other lines. Thus,
exciton relaxation through the ladder of states in the probed
range of energies is highly spin preserving. While higher than
those obtained earlier for quasiresonant pumping of a QD
ensemble [45], the values of n presented here are subideal,
partly due to the unavoidable misalignment of misshapen QDs
with respect to the polarization axes. In Fig. 3(a) we replot
these data in the form of a v-axis degree of polarization,
DOP = (I, — I,)/ (I, + I,), of emission under excitation with
each of the polarizations (note that for A-pumping DOP < 0,
and we show |DOP)).

Next, we repeat the analysis as above for the X~ line
from another mesa. In Fig. 4(a), we plot the corresponding
UPLE trace with an agreeing calculated absorption spectrum,
achieved for L = 140 nm, § = 10%. Notably, the low-energy
states predicted by calculation below the experimental range
have phonon replicas in the measured pPLE signal. Apart
from a denser state ladder due to the three-particle nature of
the complex, the main difference relative to the exciton is the
absence of a fine structure and the resultant linear polarization
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FIG. 4. Asin Fig. 3 but for X~, L = 140 nm, § = 10%.

of absorbed light. Here, bright spin configurations couple to
light polarized elliptically, with major axes inclined towards
v for both states. Consequently, the two states should get
equally occupied under both pumping polarizations, and emit
with an elliptical one, with linear projections equally unequal
for both states. This is revealed in polarization-resolved uPL
from the given line under polarized excitation presented in
Fig. 4(b), where approximately no impact of pumping beam
polarization on the emission is observed, and reflected in DOP
plotted in Fig. 4(a). The values of 5, are misleading here,
as the states naturally emit partly polarized light. Thus, as
the elliptical basis is nonorthogonal, polarized light cannot be
used to selectively address the X ~ states.

In conclusion, we have studied the spectrum of optically
active excited states in QDs of an InP-based material system
characterized by strong in-plane anisotropy and emitting in
the telecom C band. We have used an experimental setup
with filtered tunable external-cavity laser excitation provid-
ing a high spatial resolution and tuned excitation in the
infrared. Performing pPLE experiments on single QDs, we
have obtained absorptionlike spectra of neutral and charged
excitons. Combining this with calculations, and based on the
agreement, we have identified transitions involving states that
contain carriers at various excitation levels related to the
longest QD dimension. This confirms the zero-dimensional
character of carrier confinement in the studied QDs, which
are often treated and modeled as one-dimensional quan-
tum wires. Additionally, using a cross-polarized excitation-
detection scheme, we have shown highly spin-preserving ex-
citon relaxation in a range of excitation energies. Contrarily,
but in line with theory, the charged exciton showed no such
linear-polarization memory.
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