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Self-assembled semiconductor quantum dots �QDs� show in high-resolution single-dot spectra a multitude of
sharp lines, resembling a barcode, due to various neutral and charged exciton complexes. Here we propose the
“spectral barcoding” method that deciphers structural motifs of dots by using such barcode as input to an
artificial-intelligence learning system. Thus, we invert the common practice of deducing spectra from structure
by deducing structure from spectra. This approach �i� lays the foundation for building a much needed structure-
spectra understanding for large nanostructures and �ii� can guide future design of desired optical features of
QDs by controlling during growth only those structural motifs that decide given optical features.
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I. INTRODUCTION

The establishment of relationship between structure and
spectra in molecules has historically been facilitated by
the accumulated knowledge on electronic and vibrational
spectral fingerprints of specific groups making up the
molecules.1–5 Indeed, the relationship between these disci-
plines has propelled our understanding of the nature of the
chemical bond3,4 and formed the basis for deliberate design
of molecules with given properties.6,7 In recent years, nano-
structures such as quantum dots �QDs�, which can be grown
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for a yet unknown spectral marker. Perhaps in the future,
such an approach might open the possibilities of selectively
controlling via growth specific structural motifs so as to
achieve a desired, target spectral behavior of QDs. We are
aware of similar attempts in molecular spectroscopy to use
spectra and deduce structure. For example, in molecular
chemistry, various forms of spectroscopy have been used to
infer structure. Vibrational or NMR fingerprints have been
associated with specific molecular groups using artificial-
intelligence methods �see e.g., Refs. 5 and 7�. However,
currently available spectroscopy of self-assembled QDs con-
sists of electronic spectra only and, furthermore, establishing
links between molecular groups/structural motifs and spec-
tral features is currently impossible in QD given that the
actual position of the atoms within such large nanosystem

��104–106 atoms� is not known. Therefore, our proposed
approach is somewhat different from those historically used
in chemistry.

II. SPECTRAL BARCODING PROCEDURE

A. Philosophy behind spectral barcoding

Whereas the full emission spectrum, consisting of all lines
and their intensities can be viewed as the “QD DNA,” a
partial spectral information from the spectra will be denoted
here as the “QD spectral marker” or “spectral barcode.”
Spectral marker can be chosen arbitrarily from the emission
spectrum but such that it does not depend on uncontrollable
variables as, e.g., atomic-scale randomness.26 Here, we chose
a subsequence of excitonic emission lines to be spectral-
marker barcode, as shown in Fig. 1�b�. There are different
ways to select a subset. For example, we could use the
sequence of lines, e.g., X−2, X−1, XX0, and X0; this sequence
of emission lines does not depend on the atomic-scale ran-





1 663 200 possibilities. We note that achieving the correct
multiexcitonic barcode sequence is nontrivial not only in
terms of the large number of possible combinations but also
because it requires knowing rather accurately the electron
and hole wave functions. The spectral barcoding method
does not rely on any specific QD feature or the �In,Ga�As
system, in particular, except requiring sufficient spectro-
scopic data ��10 emission lines�. Clearly, this currently lim-
its the application of the method to cases where such rich



lengths and heights �Fig. 2�b��. Hence, either the growth ki-
netics of MBE QDs imposes these limitations or emission
from the dots with primary motifs outside shaded regions in
Figs. 2�a� and 2�b� is weak.

�iii� If we enrich the spectral-barcode marker by con-
straining it to satisfy the sequence of 11 excitonic lines �Fig.
1�b�� we obtain a narrower range of base lengths and heights,
and the requirement for a particular shape now arises �see
Fig. 1�d��. Having trained the structure-spectra learning ma-
chine to decipher the structural content of the spectral bar-
code determining the HR, the BDRA is next applied to the
remaining excitonic sequence, searching for secondary struc-
tural motifs that determine: �a� the position of X+1 relative to
X0 �allowing two possibilities X+1 redshifted relative to X0

and X+1 blueshifted relative to X0�, �b�



tronic spectra �spectral marker� as input to the artificial-
intelligence learning system �Bayesian data reduction algo-
rithm�. By tracking the link between spectral marker and
structural motif �i� we establish the missing structural basis
for QD spectroscopy, creating a beginning of a dictionary of
spectral features vs structural motifs and �ii� provide guide-
lines for the design of desired optical features of QDs by
controlling during growth simple structural motifs, rather
than via attempts to control the complete structure of these
large nanosystems.
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APPENDIX A: ROLE OF ATOMIC-SCALE RANDOMNESS

�In,Ga�As QDs are usually alloyed, as revealed by struc-
tural characterization techniques.14 The fact QDs are alloyed,
InxGa1−x, implies there is a set of possible spatial
configurations,35 	, and each can have distinct property
P�	�.36 What particular spatial configuration 	 each dot
from an ensemble will have is unknown and cannot be
controlled. We have already discussed in Ref. 36 how
different random realizations �RRs� influence emission lines
of several multiexcitonic transitions. Here we illustrate how
different RRs influence distances between emission lines
but not the sequence of lines on the example of X−2

and XX−1 transitions. Our results are shown in Fig. 4 for
a flat low-In dot �base length 25 nm, height 2 nm, and

X̄In=60%�.

APPENDIX B: MANY BODY
PSEUDOPOTENTIAL CALCULATIONS

For the assumed size, shape, and composition of a QD we
first relax the atomic position �Ri,
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