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Quantum Dots – Seeds of Nanoscience

‘for the discovery and synthesis of quantum dots’



Faraday’s gold preserved in Royal Institution. From the site, 
http://www.rigb.org/rimain/heritage/faradaypage.jsp

Faraday, 1857

http://www.rigb.org/rimain/heritage/faradaypage.jsp




How small are these ‘Quantum Dots’?



Robert F. Curl, Harold W. Kroto and Richard

E. Smalley Nobel Prize 1996

Remembering pioneers

Andre Geim and Konstantin Novoselov,
Graphene, Nobel Prize 2010

Michael Faraday – Divided metals

Lord Kelvin – Melting depends on size?

Jean Pierre Sauvage, J. Fraser Stoddart, and

Bernard Lucas Feringa, Molecular machines
Nobel Prize 2016

Richard Feynman, Nobel Prize 1965 –
Plenty of room at the bottom



Quantum effects arise when particles shrink in size

Energy levels of semiconductor crystallites with
different dimensionalities.

Illustration of size-dependent bandgap.

G. Dong, H. Wang, G. Chen, Q. Pan, J. Qiu, Frontiers in Materials 2015, 2.



Left: transmission electron microscope image of a CdSe nanocrystal. Centre: Atomic structure of
a nanocrystal. Right: Electronic states in a core-shell quantum dot, with the dot itself in the centre
bracketed by a wide-bandgap shell.

Illustration of quantum dots

A. L. Efros and L.E. Brus, ACS Nano 15, 6192 (2021).

Today, ‘quantum dot’ refers to a nanostructure in which quantum

mechanical effects manifest themselves in the electronic structure.
• Either through quantum size effects, many-body interactions (excitonic states) or high surface-to-volume ratio such that

surface states dominate the electronic structure.
• In addition to a small size comparable to the carriers’ de Broglie wavelength, it is now recognized that the quantum

phase coherence length (typically limited by inelastic scattering) needs to exceed the system size.



Lycurgus cup; in transmitting light (left) and in reflected light (right). From 
the site, http://www.thebritishmuseum.ac.uk.

Silicon dioxide in Lycurgus cup = 73%
Silicon dioxide in Modern Glass = 70%
Sodium oxide in Lycurgus cup = 14%
Sodium oxide in Modern Glass = 15%
Calcium oxide in Lycurgus cup = 7%
Calcium oxide in Modern Glass = 10%

So why is it coloured? The glass contains 
very small amounts of gold ( about 40 parts per
million) and silver ( about 300 parts per million) 



‘They added colour 
to nanotechnology’

Vials of quantum dots with gradually
stepping emission from violet to deep red.



Growth of civilization reduced the size of objects manipulated

Technology is about manipulating objects



Quantum dot market

https://www.marketsandmarkets.com/Market-Reports/quantum-dots-qd-market-694.html



Quantum dot (QLED) displays

QLED Panel Layers
Color depends on 

the size of the QDs
Energy efficient

Capable of displaying wide color gamut



Discovery of quantum size effects

Part I : Quantum dots in glass matrix

Alexey I. Ekimov



Use of gold nanocrystals throughout the centuries



Nanocrystals in glass throughout history





Dependence of the average radius of
the CuCl crystals on the duration of
heat treatment: 1 - 550°C; 2 - 625°C.

Absorption spectra of microscopic CuCl crystals at T=4.2 K 
with different average radii: 1 - 310 Å, 2 - 100 Å, c - 25 Å. 

A.I. Ekimov and A.A. Onushchenko, JETP Lett 1981, 34, 345–349.

Observation of quantum size effects in 
microscopic CuCl crystals in Schott glasses



A.I. Ekimov and A.A. Onushchenko, JETP Lett 1981, 34, 345–349.
Ekimov, A.; Onushchenko, A. Sov Phys Semicond+ 1982, 16 (7), 775-778.

Dependence of the spectral positions of exciton
absorption lines at T = 4.2 K on the average radius ā
of CuCl nanocrystals in glass. The energy of the

absorption line increases proportional to ā−𝟐.

Photon energy ℏ߱ of the exciton absorption line:

Here, Eg is the bulk material’s semiconductor
bandgap, Eex is the exciton binding energy, and M is
the charge carrier effective mass.



Discovery of quantum size effects

In colloidal quantum dots

Louis E. Brus

• Limitation of Ekimov’s groundbreaking discovery was
that his team’s quantum dots were ‘frozen’ in glass and
not suitable for further processing.





Nucleation and growth of NCs in an aqueous

solution. (A) Room-temperature absorption
spectra of “fresh” and aged for 1 day CdS NC in
aqueous solution. (B) Room-temperature
absorption spectra of CdSe NC grown by inverse
micelle approach, before (panel 1) and after
(panel 2) postreaction annealing as well as
wurtzite CdSe NCs resulting from high-
temperature refluxing (panel 3). (C)
Photoluminescence from 1.6 nm radius CdSe NC
and its resonance photoexcitation. (D)
Sharpening of CdSe NC absorption spectra
introduced by size-selective precipitation. (E)
Absorption spectra of CdS, CdSe, and CdTe
NCs.

Evidence of quantum size effects in 
colloidal nanoparticles

Rossetti, R.; Nakahara, S.; Brus, L. E. J Chem Phys 1983, 79 (2), 1086-1088.
Rossetti, R.; Ellison, J. L.; Gibson, J. M.; Brus, L. E. Chem Phys 1984, 80 (9), 4464-4469.
Brus, L. E.  J Chem Phys 1983, 79 (11), 5566-5571.
Steigerwald, M. L.; Brus, L. E. Acc. Chem. Res. 1990, 23, 183−188.



(A) Calculated size-dependent shift of the lowest exciton levels in strong confinement. (B)
Spatial electronic state correlation diagram for bulk semiconductors and NCs.

Theoretical ideas from 1980s 

Brus, L. E. J Chem Phys 1984, 80 (9), 4403-4409.
Brus, L. E. J Phys Chem 1986, 90 (12), 2555-2560.



Synthesis

Improved universal synthetic methodology

Moungi G. Bawendi

• The discovery of quantum size effects in colloidal nanocrystals
stimulated significant research efforts in understanding their optical
and photochemical properties, in the hope of being able to use size to
design desirable physical and chemical properties.

• Limited homogeneity and quality of the available nanocrystals, with
variations in size, shape, crystallinity and surface electronic defects
made it difficult to isolate inherently size-dependent behaviour. For
example, luminescence from nanocrystals available in the late 1980s
was typically limited by a quantum yield of only a few percent.





The hot-injection 
synthesis



Murray, C. B.; Norris, D. J.; Bawendi, M. G. J Am Chem Soc 1993, 115 (19), 8706-8715.

Synthesis and Characterization of Nearly Monodisperse Cde 
(E = S, Se, Te) Semiconductor Nanocrystallites

UV-visible spectrum and corresponding XRD pattern of CdS nanocrystals
TEM and HRTEM image of CdSe nanocrystal with an average
diameter of 5.1 nm. Luminescent spectrum of 3.5 nm CdSe
nanocrystals.



Technological milestones

Quantum dots: Seeds of Nanoscience



Light-emitting diode (LED) from CdSe nanocrystals
and a semiconducting polymer   

• Light emission arises from the recombination of holes
injected into a layer of semiconducting p-paraphenylene
vinylene (PPV) with electrons injected into a multilayer
film of cadmium selenide nanocrystals.

• Close matching of the emitting layer of nanocrystals with
the work function of the metal contact leads to an
operating voltage of only 4V.

• Due the quantum size effect the colour of this emission
can be varied from red to yellow by changing the
nanocrystal size.

Colvin, V. L.; Schlamp, M. C.; Alivisatos, A. P. Nature 1994, 370 (6488), 354-357. Voltage dependent color of CdSe/PPV
(p-paraphenylene vinylene) samples.



Core-shell quantum dots

• Core-shell nanoparticles were created
that consisted of a wide-bandgap shell,
such as ZnS, to confine electrons and
holes to a small-bandgap core (such as
CdSe).

• In this way, the charge carriers in the
core were separated from surface states,
such as unsaturated bonds, that are
detrimental to optical performance.

• The resulting CdSe/ZnS core-shell
quantum dots had a luminescence
quantum yield at room temperature of up
to 50%, with better long-term stability
and reduced bleaching.

Room temperature luminescence
spectra: (A) CdSe, (B)
(CdSe)ZnS. The integrated
quantum yield in B is more than
an order of magnitude higher than
in A.

Reconstructed time decay plot:
(CdSe)ZnS – solid line, (CdSe)TOPO
- dashed line.

K. Kortan, A. R.; Hull, R.; Opila, R. L.; Bawendi, M. G.; Steigerwald, M. L.; Carroll, P. J.; Brus, L. E. J Am Chem Soc 1990, 112 (4), 1327-1332.
Hines, M. A.; Guyot-Sionnest, P. J Phys Chem 1996, 100 (2), 468-471.



Melting in semiconductor nanocrystals

Temperature-dependent electron diffraction
studies on nanocrystals of CdS show a large
depression in the melting temperature with
decreasing size, as a larger fraction of the
total number of atoms is on the surface.

Implications:
• The optimum annealing temperature for preparation of

high-quality defect-free nanocrystals can be expected
to be a small fraction of the bulk annealing
temperature.

• The ability to fuse nanocrystals to form a film at
relatively modest temperatures indicates that
nanocrystals may provide a new low-temperature route
to thin-film growth.

Goldstein, A. N.; Echer, C. M.; Alivisatos, A. P. Science 1992, 256 (5062), 1425-1427.



Synthesis of water-soluble quantum dots - new 
tool for labelling biomolecules

Functionalization using polysilanes

Two-color labeling of mouse 3T3 fibroblast with green and 
red CdSe NCs.

Bruchez, M.; Moronne, M.; Gin, P.; Weiss, S.; Alivisatos, A. P. Science 1998, 281 (5385), 2013-2016.
Chan, W. C. W.; Nie, S. M. Science 1998, 281 (5385), 2016-2018.

Functionalization using thiols

Left: Schematic of a ZnS-capped CdSe QD that is covalently coupled to a
protein by mercaptoacetic acid. Right: Luminescence images of cultured
HeLa cells that were incubated with (A) mercapto-QDs and (B) QD-
transferrin conjugates.



Shape control of nanocrystals - nanorods

Three-dimensional orientation of CdSe
quantum rods observed by TEM.

TEM images of different samples of quantum rods. A-c, Low-resolution TEM

images of three quantum-rod samples with different sizes and aspect ratios. d-g,

High resolution TEM images of four representative quantum rods. d and e are

from the sample shown in a; f and g are from the sample shown in c.

Peng, X. G.; Manna, L.; Yang, W. D.; Wickham, J.; Scher, E.; Kadavanich, A.; Alivisatos, A. P. Nature 2000, 404 (6773), 59-61.



Shape control of nanocrystals – branched rods

High-resolution electron microscopy of heterojunctions. a,

HRTEM of a branch point shows a zincblende core and wurtzite

branches of CdTe and an original wurtzite rod (upper right) of

CdSe. b, Examination of a linear junction between CdSe (upper

right) and CdTe reveals continuous wurtzite growth.

Peng, X. G.; Manna, L.; Yang, W. D.; Wickham, J.; Scher, E.; Kadavanich, A.; Alivisatos, A. P. Nature 2000, 404 (6773), 59-61.



Cation exchange reaction

Son, D. H.; Hughes, S. M.; Yin, Y.; Alivisatos, A. P. Science 2004, 306, 1009– 1012.



Shape control of nanocrystals – platelets 
with 2D electronic structure

TEM images of nanoplatelets. a, Five-monolayer-thick CdSe NPLs. 
b, Six-monolayer-thick CdSe NPLs standing partly on their side. c, 
Six-monolayer-thick CdS NPLs. d, Six-monolayer-thick CdTe NPLs.

Energies of the electron/light-hole (green) and electron/heavy-hole (black) transitions
versus the NPL thickness for CdSe (a), CdS (b) and CdTe (c). d, Schematic
representation of the energy band structure in the vicinity of the 0-point of the Brillouin
zone, as well as the validity domain of various band-structure models.

Ithurria, S.; Tessier, M. D.; Mahler, B.; Lobo, R. P. S. M.; Dubertret, B.; Efros, A. Nat Mater 2011, 10 (12), 936-941.



Colloidal QD research
timeline illustrating evolution
of nanostructure and
luminescence performance.

Timeline of luminescence performance enhancement



Expanding science and lessons learnt

Catalysis

Biological applications

Simple finding, report them early

Have colleagues to work on them

One useful application

Have industry adoption

F. P. García de Arquer, D. V. Talapin, V. I. Klimov, Y. Arakawa, M. Bayer, E. H. Sargent, Science 2021, 373, eaaz8541.



Dmitri Ivanovich Mendeleev (1834-1907)

Mendeleev's Periodic Table Modern Periodic Table

Legacy of Mendeleev continues



Prof. Brus @ IIT Madras



With Prof. Bawendi


