Quantum Dots - Seeds of Nanoscience
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Faraday, 1857

Faraday’s gold preserved in Royal Institution. From the site,
http://www.rigb.org/rimain/heritage/faradaypage.jsp
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A quantum dot is a crystal that often consists of just a few
thousand atoms. In terms of size, it has the same relationship
to a football as a football has to the size of the Earth.

©Johan Jarnestad/The Royal Swedish Academy of Sciences
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Michael Faraday — Divided metals

Lord Kelvin — Melting depends on size?

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

Robert F. Curl, Harold W. Kroto and Richard
E. Smalley Nobel Prize 1996

Andre Geim and Konstantin Novoselov,
Graphene, Nobel Prize 2010

Jean Pierre Sauvage, J. Fraser Stoddart, and
Bernard Lucas Feringa, Molecular machines
Nobel Prize 2016
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Quantum effects arise when particles shrink in size
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Density of States

Quantum Dots
Energy levels of semiconductor crystallites with Q
different dimensionalities. O @,

lllustration of size-dependent bandgap.

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

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.
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‘They added colour eLECTRON WavE
to nanotechnology’

>

Larger nanoparticle, more Smaller nanoparticle,
space for the electron wave less space for the
electron wave
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©Johan Jarnestad/The Royal Swedish Academy of Sciences
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Technology is about manipulating objects

Growth of civilization reduced the size of objects manipulated



THE NOBEL PRIZE IN CHEMISTRY 2023

‘ N - o,
. { h“ U

CAGR The quantum dot market is projected to grow from USD 4.0 billion
0 in 2021 10 USD 8.6 bilion by 2026, it is expected to grow at a
16.2% cacrof 16.2%from 2021 t0 2026,

The growth of the quantum = @U The increasing demand for large The most significant factors
dot market in Asia Pacific q size and high resolution displays. ﬂ@ driving the growth of the
can be atinbuted to the X the adoption of quantum dots in quantum dot market are the

presence of established LED products, and the increasing growing demand for quantum
display manufacturers in investment by companies and dots for display devices. the
the region. research  institutes  in R&D advantages of quantum dots
activities related to quantum dots over conventional displays

are the factors accelerating the and their diverse applications

growth of the gquantum dot

e market @ The use of quantum dots for

_p 4/ aerospace & defense

o (‘J /\/© The market in North America is applications and in

plln i ﬂﬂﬂﬂ projected t reach USD XX agriculture are  providing
—C_’,_j\" billion by 2026 it is expected 10 nUMerous growth

- grow at a CAGR of Xx% during opportunities for quantum dot

the forecast perod. and related product

manufacturers globally.

e-estimated, p-projected

https://www.marketsandmarkets.com/Market-Reports/quantum-dots-qd-market-694.html
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Quantum dot (QLED) displays

Color depends on Energy efficient
the size of the QDs
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Discovery of quantum size effects

Part I : Quantum dots in glass matrix

Alexey I. EKimov
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Use of gold nanocrystals throughout the centuries
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Nanocrystals in glass throughout history
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Quantum size effect in three-dimensional
microscopic semiconductor crystals

A. |. Ekimov and A. A. Onushchenko
S. I Vavilov State Optics Institute

(Submitted 29 July 1981)
Pis’'ma Zh. Eksp. Teor. Fiz. 34, No. 6, 363-366 (20 September 1981)

The exciton absorption spectrum of microscopic CuCl crystals grown in a
transparent dielectric matrix has been studied. The size of the microscopic
crystals was varied in a controlled manner from several tens of angstroms to
hundreds of angstroms. There is a short-wave shift (of up to 0.1 eV) of the
exciton absorption lines, caused by a quantum size effect.

PACS numbers: 61.60. + m, 71.35. 4+ z

Size effects in semiconductors have recently attracted considerable interest.
Most of the experiments which have been reported have used quasi-two-dimensional
structures grown by molecular epitaxy,' MOS structures,® etc. In this letter we re-
port the discovery and a spectroscopic study of a new class of objects that exhibit
size effects: three-dimensional microscopic crystals of semiconducting compounds
grown in a transparent dielectric matrix.

For the experiments we used multicomponent silicate glasses, with an initial
composition including compounds of copper and chlorine at a concentration of the
order of 1%. It was found recently” that when such glasses are heated to a high tem-
perature the characteristic exciton-absorption spectra of CuCl crystals appear in the

345 0021-3640/81/18345-05%00 60 & 1982 American Institute of Physics 345
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Observation of quantum size effects in D, opt. dens.
microscopic CuCl crystals in Schott glasses JEE{x
7
a,A
5
- 200
1
- 100
L s /
| /
’
s
-
k—-"_1 1 | i
0 7 Z J 4
(4 n )%

1 l I i
Dependence of the average radius of Jé6o  Jrg  Jeo )80 A nm

Lheeat(i:e(;[[rﬁ;ﬁ?als_ ggo’f%e. g lfrgggycof Absorption spectra of microscopic CuCl crystals at T=4.2 K
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A.l. EKimov and A.A. Onushchenko, JETP Lett 1981, 34, 345-349.
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Photon energy hw of the exciton absorption line:
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i Here, E, is the bulk material's semiconductor
bandgap, E., is the exciton binding energy, and M is

M ex

32k the charge carrier effective mass.

A i
10 20 Jo
(nat yk')-r0*
Dependence of the spectral positions of exciton
absorption lines at T = 4.2 K on the average radius a
of CuCl nanocrystals in glass. The energy of the
absorption line increases proportional to a-2.

A.l. Ekimov and A.A. Onushchenko, JETP Lett 1981, 34, 345-349.

Ekimov, A.; Onushchenko, A. Sov Phys Semicond+ 1982, 16 (7), 775-778.
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« Limitation of Ekimov’s groundbreaking discovery was
that his team’s quantum dots were ‘frozen’ in glass and
not suitable for further processing.

Discovery of quantum size effects

In colloidal quantum dots

Louis E. Brus
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Quantum size effects in the redox potentials, resonance
Raman spectra, and electronic spectra of CdS crystallites

in aqueous solution
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Size effects in the excited electronic states of small colloidal CdS crystallites
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Evidence of quantum size effects in

colloidal nanoparticles

= D . .
A L] ' (‘:ds ' B = |\CdSe il Nucleation and growth of NCs in an aqueous
32 = solution. (A) Room-temperature absorption
=4 w 1] ” 1
2 5 spectra of “fresh” and aged for 1 day CdS NC in
%' E E aqueous  solution. (B) Room-temperature
2 = . .
= paxm 5 absorption spectra of CdSe NC grown by inverse
o R R 0500 - micelle approach, before (panel 1) and after
Wavelength (nm) Wavelength (nm) Z (panel 2) postreaction annealing as well as
E c . wurtzite CdSe NCs resulting from high-
R Rt temperature  refluxing  (panel  3). (C)
3 & H9 Absorption Gated emission Photoluminescence from 1.6 nm radius CdSe NC
8 £ | cdse b~ and its resonance photoexcitation. (D)
£ | g " Wavelength (nm) Sharpening of CdSe NC absorption spectra
Z Z Luminescence introduced by size-selective precipitation. (E)
0.0r__, N T~ pump .
200 450500 S50 600 Absorption spectra of CdS, CdSe, and CdTe
Ot e Wavelength (nm) NCs.
300 400 500 600 700

Wavelength (nm)

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.



Theoretical ideas from 1980s
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Bulk semiconductor Nanocrystal
Delocalized
,- -{ m:.bll rlar
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(A) Calculated size-dependent shift of the lowest exciton levels in strong confinement. (B)
Spatial electronic state correlation diagram for bulk semiconductors and NCs.

Brus, L. E. J Chem Phys 1984, 80 (9), 4403-44009.
Brus, L. E. J Phys Chem 1986, 90 (12), 2555-2560.
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« 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 1 )
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.

Synthesis

Improved universal synthetic methodology

Moungi G. Bawendi
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Synthesis and Characterization of Nearly Monodisperse CdE
(E = 5§, Se, Te) Semiconductor Nanocrystallites

C. B, Marray, ). 1. Nerrls, and M, G. Bawendi”
Comiribwtion from the Department of Cheminiry, Marsachusettr fnstitate of Tecknodogy,
Cambridipe,

Massackuseits 02139

Revetved March 22, 1993

Abmiract: A wimple rowie o the production of high-guality CdE (E = 5, Se, Te) semicoaductar nasocsvatallises i
presanted. Crystallites from ~12 & to ~11% A ir diameter wilh consistent crystal structure, sorface derivatization,
s & high degree of monodispersity are prepared in & single reaction.  The symthesis i based on the pyrolysis of
organometallic reagents by injectbon tmo & kot cooedinating solvent. This pravides temporally discrede nucleation pad
permits coatralled growth of macroscopic quantities of nanccrystallites, Size seleative precipitntion of crvmallises from
porticns of the growth mluticn iscdaies samples with narrow sive distributions {<5% rma in diameter). High simple
guality results in sharp absarption {eatures and sirong “band-sdge” emission which is tunable with particis slte and

choice of matersal Trammissbon electron macroscopy and X-ray powder dilTraction in combination
simulations Indicate the presence of bulk structural properties in crystallites as small & 20 A |n diameter,

1. Introduciion

The study of nanoeeies sized eryalaliites provides an oppor-
tumity o ohserve the evolution of material properties with size.
This inrermedisiz skze reglme ls where the colleciive belavior of
balk materints cmerges from the disorete nature of molecular
properifes. The differing rales witk which each of ihe bulk
propertiss develops provides ihe pomibility of observiag and
perhaps costrolling novel behavior. Monknesr optical effecs
Fruen highly polarizabie excited states and novel photochemical
bebavior are two such examples.”

The phiytical prapertios of semiconductar nxnocryslallives are
dominated by the spatial confimemen: of excitations {electroaic
and vibmianal), Quanium conlinemenl, the widening HOMO
LLUIMO gap with decreasing crysiallite size, and ity impiications
far the electroaic structure and photopbysics of the crystallites
have generated considerable inzeresi'? A number af optical
studien have begun probing the phedcescited sisles in such
crystalkites '

Although consideratle progress had boen made in 1 controlbed
synibesis of [1-V] semicandecior crystalfites, | interpretation of
sophisticated optical experiments often remadns difficull dus 10

with computer

polydispersitios (n size and shape, surface electronic defects due
warface deriv, hom, knd poor erystallinity, Thestedy
al an apprapriate kigh quality model spitem @ esentin] in
dintinguishieg progertiss wruly inkerens 1 the sanameter aize
regima from dhone assoczabed with variations n wmmphe quality.
Each ssmple must display n high degree of mndunpuﬂ:f {slze,
whape, e ), regularity in crystailite
wurface derivatization (eap).

This paper presents u relailvely simple synibatic route to 1the
production of kigh-quality noarly monodisperse (<5% rma In
dismeter) samples of CdE (E = §, Se, Te) nanometer wize
cryvialliten, with 13 cmphasss on CdSe. The sywibesis beglas
winks the rapidd Infection of argancmetallic reagents into a bot
coordinating sobvent 1o produce o temporally discreis homoge-
meeins nicheation. Slow growth and smnealing in the soondinating
wabvent resulis in uniform |m'.|'lmiu1'lld.m|,m 1] ﬂ‘illl-‘i'l}'
I core seructare. Stes sel precipitation provides po
of pearly namocrystalliy mehdlw
i 4 variety af walvenis. The esymallines are alighily prolate wish
an aspect ratiool 1.1 10 1.). The average crywiallide slee, defined
By is mafor aals, b tsnable from ~13 1@ ~1715 A Room
temperature oplical absorption asd luminescence experiments
lhﬁl than the samgiles kre of high optical quality, Tranumissian

M.L: microscopy and X-ray powder diffracticn are esed in
e combinatien with compuier slmulstions 1 chameierize nano-
Dl Aliviasbae, crystallie strugtural festures
4 Chres Phyr.
2 Ml A
IEEE J. [wasrum 1. Experimenial Section
WL Rohberg, L
ﬂpﬁﬂ, o, Mer, Lol Coral, &1 Resil " Y Hewbcmdmi _.crn.: ™
s 'E'-'ml_ 5 wnd phovshing coalconides were carsiad oul using wandan
: 0, 3485 (g sl sl T iphumphing [TOP] and bis{srimeibyhibyl)
AL W, WS, ) waifide | (THS 5] were used &s parchased from Flels. Elenrme prade
3 Har. Runar gyt (#9.994+%) sclesium and sellurium wbon wers purchused from Alfa.
i 1; Hilaeki, Anhydrows metkanol 1-buisnct. pyredine, asd henase wefe fretchased
: A i'El;l-;I from & veristy of sourcem Tri- phosphime mids [TOPO] wan
- _5“" 4] from Alls and porifisd by disrilistion, resisisg rhe frscelon
Lin, L ©.; Rubd, 5, W = v M. Phia, R, B 1990, 4, 1450 irchaned
1) Elmiv, A1 Hacha, F| Schanse Kisin V. C., Ricord. D: Foyisana,  iraaaferred hetween 360 and 300 °C 4t ~| Torr, Dimethyicadmium
C.i Kudrpatiey, | A Yassve, T ¥ Roding, A, F; Elres, AL L. J, Onr, Sor |MzeCd] waa purchassd from Grganomaaltion Ing. and pardfisd by
Ari. § 199, 10 filtrmtion {8250 pm) wed veouum tranafer. B oiese |jaelenlum
T vy 4 s [{TMS)ie] and Bisjren-snidimichylailylpelerium [{BDMS|Te]

ware prepaned vis lineratre metiods™* and siored # =35 "C in a drybou
Appropiale susses of selesium wd telluchoms sbol wens Simobeel dicecily

(4] Dy, M. BL; Seidier, M. D1 Ory. Chom, 193, 47, 1054,
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Absorbance {arbirary units)

Wavelangth (nm)

A0 400

Figure 1. Example of the effect of size-selective precipitation on the
absorption spectrumof ~37 A diameter CdSe nanocrystallites. {a) Room
temperature optical absorpiion spectrum of the nanocrystallites in the
growth sclution befare size-sslective precipitation. (b) Spectrum after
one size-selective precipitation fram the growth solution with methanol.
(e} Spectrum after dispersion in | -butanal and size-selective precipitation
with methanol. {d) Spectrum afler & final size-selective precipitation
from 1-butasol ‘methanol.

Absorbance {arbitrary units)
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Wavelangth (nm)

700

Figure 2. Room temperature optical absorption spectra of ~20-30 A
diameter CdS, CdSe, and CdTe crystallites,
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The hot-injection

synthesis How Moungi Bawendi
produced quantum dots

STABILISING GAS

Bawandi injected substances
that can form cadmium
selanide info hat salvent, The

THERMOMETER

volume was enough 1o salurals
the solvent around the neadle

SOLVENT

2 Small erystals of cadmium selemde
immediately formed, but because the
injection cooled the solvent the
crystats stopped forming CRYSTALS

3 When Bawendi increased
the temperature of the
salvent, the crystals pnce

again started to grow. The
longer this confinued, the
larger the crystals became

& Johan Jarnestad/The Roval Swedish Academy of Sciences
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TEM and HRTEM image of CdSe nanocrystal with an average
UV-visible spectrum and corresponding XRD pattern of CdS nanocrystals diameter of 5.1 nm. Luminescent spectrum of 3.5 nm CdSe

nanocrystals.

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

Quantum dots: Seeds of Nanoscience
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Light-emitting diode (LED) from CdSe nanocrystals

and a semiconducting polymer

PPVpeaks | | CdSe peaks

N

« Light emission arises from the recombination of holes ;
High current

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.

Electroluminescence

 Due the quantum size effect the colour of this emission :
can be varied from red to yellow by changing the Liw ctent g
nanocrystal size. 1E

420 460 500 540 580 620 680 700
Wavelength (nm)

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 Iuminescence
quantum yield at room temperature of up
to 50%, with better long-term stability
and reduced bleaching.

1] —

i
=
£ as0 & Boc
(M}
E T
=
w Bl ST,
[ Gume) | |
530 1 f_E" |
1 l‘\-\-._.-o- 4
|
j I
480 560 300

EMISSION WAVELENGTH [nml

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

Log(Intensity)
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0 J ‘I'IimE{ns}l ~ 500

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.
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Synthesis of water-soluble quantum dots - new

tool for labelling biomolecules

Functionalization using polysilanes Functionalization using thiols

(A)

Left: Schematic of a ZnS-capped CdSe QD that is covalently coupled to a
Two-color labeling of mouse 3T3 fibroblast with green and protein by mercaptoacetic acid. Right: Luminescence images of cultured
red CdSe NCs. HelLa cells that were incubated with (A) mercapto-QDs and (B) QD-
transferrin conjugates.

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.
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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.

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

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

L oy -
e e CdSe Ag” Ag.Se

After X-ray |
Exchange: AgySe \ Diffraction  Fluorescence Absorption

Reverse
Exchange; CdSe
——————

-

Diffraction Wave]ength (nm)
g Al Angle

Son, D. H.; Hughes, S. M.; Yin, Y.; Alivisatos, A. P. Science 2004, 306, 1009—- 1012.
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TEM images of nanoplatelets. a, Five-monolayer-thick CdSe NPLs. Energies of the electron/light-hole (green) and electron/heavy-hole (black) transitions
b, Six-monolayer-thick CdSe NPLs standing partly on their side. c, versus the NPL thickness for CdSe (a), CdS (b) and CdTe (c). d, Schematic
Six-monolayer-thick CdS NPLs. d, Six-monolayer-thick CdTe NPLs. 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.



Timeline of luminescence performance enhancement
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QD research

timeline illustrating evolution
of
luminescence performance.

nanostructure and

® Spherical Quantum Well

oy

K _Blinking Suppression
;o PL QY ~ 100%

[}

® &

Conventional Core/Shell
| 1 1 1 1 |

0

1 2 3 4 5 6
Shell Thickness (h, nm)



Expanding science and lessons learnt

Catalysis

Biological applications

Simple finding, report them early
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F. P. Garcia de Arquer, D. V. Talapin, V. I. Klimoyv, Y. Arakawa, M. Bayer, E. H. Sargent, Science 2021, 373, eaaz8541.



Legacy of Mendeleev continues

Modern Periodic Table

ACSPublications
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Dmitri lvanovich Mendeleev (1834-1907)
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