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Further afield, there are potential ap-
plications to problems in large-molecule 
chemistry, solid-state physics, and even 
biology. Electrons are everywhere, and 
their motion underlies phenomena in a 
wide range of fields.

Expanding attosecond science be-
yond atomic physics means making atto-
second measurements available to re-
searchers who aren’t experts in that field. 
That’s happening in two ways. “For 
groups that are capable of using ultrafast 
lasers, they can buy attosecond sources 
commercially,” says Francesca Calegari 
with the German Electron Synchrotron, 
“but normally, nonexperts would apply 
for beam time in a laser lab.” Such atto-
second user facilities are springing up 
around the world. Among them are ELI-
ALPS (Extreme Light Infrastructure At-

tosecond Light Pulse Source) in Szeged, 
Hungary, which has been open to users 
since 2018, and the NSF NeXUS (Na-
tional Extreme Ultrafast Science) facility 
at Ohio State, scheduled to open next 
year. Although they’re not based on 
HHG, free-electron lasers such as the 
Linac Coherent Light Source at SLAC are 
also making attosecond pulses available 
to users.

The interdisciplinary connections are 
already bearing fruit. “At the 2022 ATTO 
conference, I was blown away by how di-
verse the field has become,” says Jon Ma-
rangos of Imperial College London. “Atto-
second physics has really transformed 
into a broader attosecond science.”

At the same time, the full potential of 
attosecond measurements may yet be 
discovered. “When you find something 

in nature that’s completely new, then in 
the beginning you don’t know what it 
can be used for,” says Lindroth. “When 
the laser was invented, for a long time 
people just used it to look at energy lev-
els in atoms, but now laser applications 
are everywhere. So I think we need to be 
a little bit patient.”

Johanna Miller
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A n LED’s color depends on the semi-
conductor material it’s made of. 
When current flows through an 

LED, an excited electron crosses the 
semiconductor bandgap. It can then 
relax and recombine with a hole in the 
valence band, resulting in the emission 
of a photon. The light’s color, therefore, 
varies with the energy required to cross 
the bandgap. (To learn more about blue 
LEDs, see Physics Today, December 
2014, page 14.)

But new behavior emerges when a 
semiconductor shrinks to a few nano-
meters in size. When electrons in nano-
crystals get excited, the emitted photons 
can have only certain allowed energies. 

And as the space that an electron can 
occupy shrinks, so too do the allowed 
values of its wavelength, according to 
the particle-in-a- box model in quantum 
mechanics, and the bandgap of the semi-
conductor widens.

Semiconductor nanocrystals are often 
called quantum dots, and the wave-
lengths they shine at depend only on their 
size: Bigger quantum dots emit red and 
orange light, and smaller ones shine green 
and blue. (See the article by Dan Gammon 
and Duncan Steel, Physics Today, October 
2002, page 36.)

For discovering quantum dots and 
for developing a reliable, high- quality 
method to manufacture them, Aleksey 

Yekimov of Nanocrystals Technology 
Inc. in New York, Louis Brus of Colum-
bia University, and Moungi Bawendi 
of MIT were awarded this year’s Nobel 
Prize in Chemistry. Their contributions 
to the field have helped lead to all sorts 
of technological applications, such as 
quantum-dot- based TVs available for 
purchase today, medical- imaging tech-
nology, and highly efficient IR detectors.

Frozen in glass
Since medieval times, glassmakers have 
known that adding small amounts of 
powdered metal- oxide impurities to a 
molten mixture of sand and ash would 
yield various colors of glass when cooled. 
But what wasn’t known was why it 
worked. Hundreds of years later 
emerged the interdisciplinary field of 
colloid science, which focuses on the 
study of small solid or liquid particles 

Makers of quantum dots share Nobel Prize in Chemistry
By confining electrons to nanoscale spaces, the laureates 
created crystals that emit light at specific wavelengths. 
That behavior has been harnessed for displays and other 
technologies.
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mixed and suspended in a solution. But 
the exact mechanism that produces color 
in stained glass remained uncertain until 
the early 1980s.

Yekimov wanted to learn more about 
the growth of colloids in stained glass, so 
he began studying them at the S. I. Vavi-
lov State Optical Institute in Leningrad 
in the Soviet Union. He and his PhD 
mentee, Alexei Onushchenko, tinted sil-
icate glass with a single type of semi
conductor colloid—in their case, a little 
bit of copper chloride—and measured 
the glass’s optical absorption.

Based on the absorption measure-
ments, they inferred that small CuCl 
crystals were forming in the molten glass 
solution. Variations in temperature reg-
ulated the size of the CuCl crystals, and 
subsequent x-ray scattering measure-
ments showed that the crystals ranged 
from just a few nanometers to tens of 
nanometers in size. Yekimov and Onush-
chenko also observed that the smaller 
nanocrystals emit shorter wavelengths 
of light, whereas larger ones have longer 
wavelengths.1

Yekimov correctly identified in 1981 
that quantum confinement effects are 
responsible for the changing wave-
lengths of light. Sufficiently energetic 
electrons can jump across the materi-
al’s bandgap to the conduction band. 
When the electrons are electrostatically 
attracted to the holes left in the valence 
band, they combine. In doing so, they 
emit photons at a specific wavelength, 
and for nanocrystals, that wavelength is 

limited by the 3D confinement of the 
electrons.

Shortly after Yekimov’s discovery, he 
began collaborating with a theoretician 
named Alexander Efros, who was based 
at the Ioffe Institute in Leningrad and is 
now at the US Naval Research Laboratory. 
They further studied the size-dependent 
optical and electronic properties of vari-
ous semiconductor nanocrystals, but they 
faced a challenge. The nanocrystals were 
frozen in glass, so the researchers had 
limited opportunities to manipulate or 
change them further.

“One day I was called into the special 
department of the Ioffe Institute,” says 
Efros, “where the chief of the depart-
ment said, ‘Do you know Louis Brus? 
Who is Louis Brus?’ He gave me an open 
envelope, which was a preprint of a jour-
nal that the Ioffe Institute didn’t have.” 
Inside was a copy of a 1983 paper that 
Brus had recently published.2 (He had 
found a translated copy of Yekimov’s 
first paper and was intrigued.) “We 
learned that some people on the other 
edge of the world are working on the 
same topic,” says Efros, “and it was very 
exciting for us.”

In liquid
The Cold War had prevented most ex-
changes between Soviet and US scien-
tists. So unbeknownst to Yekimov and 
Efros, Brus had also been researching 
quantum dots, at Bell Labs in Murray 
Hill, New Jersey. He was preparing 
nanometer-sized cadmium sulfide crys-
tals by precipitating them out of a liquid 
that was injected with precursor ions. He 
observed that over time, the CdS crystals 
dissolved and then recrystallized to 
larger sizes, with the aged ones reaching 
a diameter of up to 12 nm.

“The initial observation was acciden-
tal,” says Brus. “I tried to figure out what 
it meant, and it took a while to sort 
through possibilities.” After ruling out a 
suspected electromagnetic effect, Brus 
slowed down the reaction that formed 
the CdS nanocrystals and got smaller 
samples. Using absorption spectroscopy, 
he and his colleagues found that the 
older, larger particles had a spectrum 

similar to that of bulk CdS, but the 
younger, smaller particles exhibited a 
shift to shorter wavelengths.2 Yekimov 
had observed the same effect a year 
earlier.

“I realized that what I was dealing 
with was relevant to the future of micro-
electronics,” says Brus. “As the size in 
transistors became smaller all the time, 
eventually we would enter a regime 
where silicon and the transistor would 
no longer behave like bulk silicon.” He 
presented the initial findings to his 
managers at Bell Labs. “They were quite 
happy for me to go ahead and pursue 
this subject systematically,” Brus says.

With an interdisciplinary group of 
scientists working with him, Brus inves-
tigated other chemical methods to make 
the nanocrystals in the mid 1980s. By 
adding the reagents more slowly, the 
researchers found that they could con-
trol the reaction better and grow existing 
nanocrystals without nucleating as many 
new ones.3

Brus credits his research success, in 
part, to the reliable funding of Bell Labs, 
which didn’t require regular grant pro-
posals from him or others working there. 
“I don’t think it could have been done in 
a university,” says Brus. “Under the way 
the NSF and the DOD work, it would 
have been hard to get funding.”

Fewer flaws
Brus brought several young chemists to 
Bell Labs as postdocs in the 1980s, in-
cluding Moungi Bawendi. Under the 
guidance of Brus, Bawendi worked there 
in 1988–90 trying to improve the synthe-
sis of the colloidal nanocrystals, which 
had variations in size, shape, crystal 
structure, and surface states. All those 
heterogeneities made it difficult to iso-
late the size-dependent effects Brus first 
saw a few years earlier.

Bawendi left Bell Labs at the end of 
the decade for MIT. Although he had 
ideas for improvement, he didn’t have 
an established protocol yet. Three 
graduate students—Christopher Mur-
ray, Manoj Nirmal, and David Norris—
joined Bawendi at MIT to tackle the 
problem in his first year there.

FIGURE 1. CADMIUM SELENIDE NANOCRYSTALS absorb and emit differently col-
ored light depending solely on the semiconductor’s size. Moungi Bawendi and his 
then graduate students Christopher Murray and David Norris developed a synthesis 
technique in 1993 to make defect-free semiconductor nanocrystals with narrow size 
distributions. (Adapted from ref. 3.)
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“Moungi had a vision of what he 
wanted to do and created a really excit-
ing environment for us,” says Norris. 
“We each had our own research areas, 
and Chris Murray’s project was to focus 
on synthesizing better nanocrystals.” 
Bawendi initially directed Murray to 
continue down the path he had found 
promising while at Bell Labs, in which 
salts are mixed into a liquid solution, 
initially at low temperature to encourage 
the crystallization of nanometer- sized 
semiconductors.

Most samples made with that method 
were rife with defects, but Bawendi rea-
soned that if the nanocrystals were 
heated up after the synthesis, the defects 
could be removed and the samples’ op-
tical properties improved. So Murray 
began making semiconductor nano-
crystals and then trying to remove the 
defects. But, he says, “I found it very 
difficult for all the reasons that they did 
at Bell Labs before. So I thought maybe 
it would be better to avoid the nucle-
ation of the defects in the first place.”

Looking for a solution, Murray went 
to the basement of one of MIT’s libraries 
and started reading about colloid science 
and chemical- vapor deposition, which 
places volatile precursors onto a reactive 
substrate to produce high- quality thin 
films. Based on the literature, Bawendi 
and Murray decided to abandon room- 
temperature synthesis and grow the 

nanocrystals at about 300 °C. After 
tweaking the solvents so that they had a 
higher boiling point, Murray says, “the 
pieces started coming together.”

By injecting the precursor materials 
into a heated solvent and then carefully 
controlling the temperature, Bawendi 
and his students succeeded in growing 
nanocrystals of specific sizes. The result-
ing quantum dots were nearly free of 
defects, their sizes could be precisely 
tuned, and the method was adaptable to 
all sorts of semiconductors.4 Figure 1 
shows how the peak wavelength of light 
absorbed by the synthesized cadmium 
selenide nanocrystals depends critically 
on their size.

Detectors and displays
Shortly before publishing the 1993 paper, 
Bawendi’s three graduate students—
Murray, Nirmal, and  Norris—went to 
their first conference to present the re-
sults. “And I still remember,” says Nor-
ris, “nobody was interested in our post-
ers. All three of us were just completely 
depressed after that.”

Nirmal and Norris graduated from 
MIT in the mid 1990s and pursued other 
research, unsure if nanocrystals were a 
good topic to continue with in their ca-
reers. Only after a few years of the com-
munity tinkering with the new synthesis 
method with other materials did the 
possible applications become apparent.

Today some research groups are 
working on IR detectors based on quan-
tum dots. Similar to how they can emit 
specific wavelengths of light in the visi-
ble range, quantum dots can be tuned for 
different IR wavelengths and then spread 
across a substrate. The layer could be 
incorporated into a highly sensitive cam-
era. On a car, for example, such a detec-
tor could more clearly illuminate people 
and pets not visible from the road.

Quantum- dot-based detectors in the 
near- IR work, but the technology gets 
worse at the mid- IR and at longer wave-
lengths. “We’re using photon detectors, 
which can do high- speed observations, 
but they have to be cooled with liquid 
nitrogen, and they are super expensive, 
around $50 000 each,” says University of 
Chicago’s Philippe Guyot- Sionnest.

More basic research needs to be done 
before an IR detector based on quantum 
dots is a commercial possibility. But if 
the remaining challenges can be sur-
mounted, Guyot- Sionnest says, “in prin-
ciple, this would lead to very, very low 
cost infrared images that would slash the 
cost down by a factor of 1000.”

Now you don’t need to be a synthetic 
chemist to work with quantum dots. 
They’re for sale in various sizes at scien-
tific supply retailers and are capable of 
emitting specific wavelengths to suit all 
sorts of requirements. And they’re al-
ready available in some consumer prod-
ucts too.

The ”Q” in Samsung’s QLED TVs, for 
example, stands for the monolayer of 
quantum dots that’s included in the 
screen, shown in figure 2. That technol-
ogy was made possible by the develop-
ment of highly luminescent zinc sele-
nide nanocrystals by Guyot- Sionnest 
and former graduate student Margaret 
Hines.5 Guyot- Sionnest says, “All the 
applications today are using this bright 
fluorescence.”

Alex Lopatka
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FIGURE 2. QUANTUM DOTS are used in some new TVs and other displays. A blue 
LED backlight illuminates a thin film of quantum dots, which in their excited state emit 
brighter light than an LCD screen.  Quantum- dot TVs also have larger color ranges, re-
quire less power, and can be incorporated into bigger and  more- flexible displays. 
(Jyurek/Wikimedia Commons/CC  BY- SA 3.0.)
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