Structure of quantum dots as seen by excitonic spectroscopy versus structural characterization:
Using theory to close the loop
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Structure-spectra relationship in semiconductor quantum dots QDs is investigated by subjecting the same
QD sample to single-dot spectroscopy and cross-sectional scanning tunneling microscopy XSTM structural
measurements. We find that the conventional approach of using XSTM structure as input to calculate the
spectra produces some notable conflicts with the measured spectra. We demonstrate a theoretical “inverse
approach” which deciphers structural information from the measured spectra and finds structural models that
agree with both XSTM and spectroscopy data. This effectively “closes the loop” between structure and
spectroscopy in QDs.
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I. INTRODUCTION

At the heart of structural chemistry and molecular spec-
troscopy lies the premise that spectra reflect structure and
thus that the understanding of the spectra is greatly facili-
tated by the knowledge of the structure and symmetry.* Al-
though the structure can be readily measured in discrete mol-
ecules or crystalline compounds, this is more problematic for
nanostructures and microstructures that emerge as precipi-
tates from a matrix.>
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Atomistic electronic structure theory of QDs Refs. 16
and 17 can predict the detailed spectroscopic features given
the discrete atomic-scale structure as input. Indeed, the
many-body pseudopotential approach has emerged as a reli-
able method for describing various excitonic complexes.5918
To address the fundamental question raised above, we use
here such a theoretical tool to bridge the structural XSTM
and spectroscopic PL information. Specifically, we subject
the same QD sample, produced by a well-defined growth
protocol, both to spectroscopic and to XSTM measurements.
Then, we use these .8these)lgrowthgiven
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terization may suggest that the structural features responsible
for the “spectroscopic hard rules” are missing from current
XSTM deduced SSC models. The consequence is that the
XSTM — theory — spectroscopy route does not “close the
loop.” We note that in a similar way, XSTM was previously
used to determine the interfacial profiles in In,Ga As/InP
quantum-wells,?? where many XSTM structural models fit
equally well the measured outward relaxation, but most did
not reproduce the measured X° peak.

B. Inverse approach: decipher structural information
from the measured spectra

Since the XSTM structure—theory of spectra
— measured spectra fails, we will use an inverse approach,
determining at the outset those structural motifs “seen” by
the spectra—spectroscopic SSC. We will let the spectra nar-
row down the space of SSC configurations that have no con-
flict with the hard rules. In doing so we take two key steps:

First, the spectral “barcoding” procedure?® we use in-
volves the calculation of the multiexcitonic spectra of a li-
brary of 200-300 assumed QD structures. Then, we use data
reduction technique to distill from the library the links be-
tween structural motifs and particular sequences “bar-
codes” of excitonic lines. Once this is done we can inquire
which structural motifs are responsible for satisfying the ob-
served HRs. We find three structural motifs QD base-length
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that control the spectroscopic HRs, whereas the remaining
structural motifs e.g., QD shape, or composition profile do
not influence this sequence. Figure 4 a illustrates the varia-
tion in the sequence of multiexcitonic transitions, with the
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our calculated wave functions for the model T1 and T2 are
localized close to the top of the QD. Similar was observed
for the measured wave functions of Ref. 27.

B. Geometric size versus spectroscopic size

Figure 4 ¢ shows the calculated strain-and-composition-
gradient modified confining potential for electrons and holes
obtained for a QD with the dimensions extracted from
XSTM measurements “geometric dimensions” , but having
a linear composition profile model 5 . It is compared with a
QD with an nonlinear composition profile model T2 . We
see that the nonlinear In profile has a much narrower region
of confinement horizontal arrows than the QD with linear
In profile Model 5 even though both have identical geomet-
ric sizes. For example, a QD with geometric height of 7 nm
that starts with 40% In at its bottom and evolves, through
some nonlinear rather abrupt






