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Metals, insulators, & semiconductors

EF

DOS

E
ne

rg
y

Metal

EF

DOS

E
ne

rg
y

Semimetal

EF

DOS

E
ne

rg
y

Semiconductor

/Insulator

Conduction 
Band

Valence 
Band

• In a metal, the Fermi level cuts through a band to produce a partially filled band.  

• In a semiconductor/insulator, there is an energy gap between the filled bands 

and the empty bands.  The distinction between a semiconductor and an 

insulator is artificial, but as the gap becomes large the material usually becomes 

a poor conductor of electricity. 

• A semimetal results when the band gap goes to zero.



Semiconductors

• Semiconductors can carry a current when some of their electrons gain 

enough energy to “jump” the band gap and move into the conducting 

band, leaving a positive “hole” behind. 

• We call the electron-hole pairs “excitons.”

• Excitons for a given semiconductor material have a particular size (the 

separation between the electron and the corresponding hole) called the 

“exciton Bohr radius.”

• In a bulk semiconductor the 

excitons are only confined to the 

large volume of the semiconductor 

itself, so the minimum allowed 

energy level of the exciton is very 

small and the energy levels are 

close together; this helps make 

continuous energy bands. 



Quantum dots
• Quantum dots are semiconductor nanocrystals.

• They are made of many of the same materials as ordinary 

semiconductors.

• Unlike ordinary bulk semiconductors, which are generally 

macroscopic objects, quantum dots are extremely small, on the 

order of a few nanometers.



Quantum dots
• In a quantum dot, relatively few atoms are present and the excitons are 

confined to a much smaller space, on the order of the material’s exciton 

Bohr radius. 

• This leads to discrete, quantized energy levels more like those of an 

atom than the continuous bands of a bulk semiconductor. 

• Quantum dots have band gap tunable by size. We can engineer their 

optical and electrical properties.

• Smaller QDs have a large bandgap.

• Absorbance and luminescence spectrums are blue shifted with 

decreasing particle size.
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Quantum dots
• Nanocrystals  (2-10 nm) of semiconductor compounds

• Small size leads to confinement of excitons (electron-hole pairs)

• Quantized energy levels and altered relaxation dynamics

• Absorption and emission occur at specific wavelengths, which are 

related to QD size

• Examples: CdSe, CdTe, CdS, PbSe, PbTe

Nat. Mater., 2005, 4, 436



Organic fluorescent dyes

• Conventional dyes suffer from narrow excitation spectra, requiring excitation 

by light of a specific wavelength, which varies between particular dyes.

• Conventional dyes also have broad emission spectra, meaning the spectra 

of different dyes may overlap to a large extent.

DAPI FITC Texas red



Properties of QDs (vs organic dyes)

• QDs have broad 

absorption spectra, 

allowing excitation by a 

wide range of 

wavelengths.

• QDs have narrow emission 

spectra, which can be 

controlled in a relatively 

simple manner by variation 

of core size and 

composition, and through 

variation of surface 

coatings.

Nat. Mater., 2005, 4, 436



High photostability of QDs
• Photostability is a critical feature in most 

fluorescence applications

• Organic fluorophores generally bleach 

after only a few minutes on exposure to 

light

• QDs are extremely stable and can 

undergo repeated cycles of excitation 

and fluorescence for hours with a high 

level of brightness and photobleaching 

threshold

• QDs also have a long fluorescent 

lifetime after excitation

Nat. Biotechnol., 2003, 21, 41



Advantages and uses of QDs

Adv. Mater. 2018, 30, 1706356

Science 2005, 307, 538



Biofunctionalization of QDs

Applied Spectroscopy 2013, 67 (3), 215



Quantum dots

• The narrow emission and broad absorption spectra of QDs makes 

them well suited to multiplexed imaging

Cyan Nucleus 655 nm QDs

Magenta Ki-67 protein 605 nm QDs

Orange Mitochondria 525 nm QDs

Green Microtubules 565 nm QDs

Red Actin filaments 705 nm QDs

Nat. Mater., 2005, 4, 436



Single particle tracking

• Single-particle tracking in a live cell.

• The brightness and photostability of QDs permit single QDs observation 

over a long period of time.

Science 2005, 307, 538



Multiplexed sensors for cocaine and adenosine

Anal. Chem. 2007, 79, 4120-4125



Cd-free QDs

Magnetically engineered Cd-free quantum dots (CuInS2@ZnS:Mn) as dual-modality 

probes for fluorescence/magnetic resonance imaging of tumors

Biomaterials 2014, 35, 1608e1617

A nude mouse with subcutaneous tumor



Cd-free QDs

Adv. Mater. 2018, 30, 1706356



Graphene quantum dots

• The term graphene quantum dots (GQDs) is usually used to describe 

miniscule fragments, limited in size, or domains, of single-layer to tens of 

layers of graphene. 

• While graphene usually does not have a bandgap, graphene quantum 

dots do contain a bandgap due to quantum confinement and edge 

effects.

Adv. Mater. 2012, 24, 5333–5338

Carbon 2012, 50, 4738–4743



Graphene quantum dots

• GQDs often possess properties like low toxicity, stable 

photoluminescence, chemical stability and pronounced quantum 

confinement effect

• So GQDs are attractive for biological, opto-electronics, energy and 

environmental applications.

Carbon 2012, 50, 4738–4743 Adv. Opt. Mater. 2014, 2, 1016



Graphene quantum dot  for biological applications

J. Mater. Chem. B, 2018, 6, 3219

H2O2 detection via FRET
In vivo imaging using GQD

Anal. Chem., 2016, 88, 4833

ACS Appl. Mater. Interfaces, 2017, 9, 22332



Adv. Sci. 2017, 4, 1700325

Carbon dots



Up-conversion NPs
• Lanthanide-doped NP consists of host material and one or several kinds 

of lanthanide ions which replace the original ions in the host material

• Upconversion luminescence, emission of shorter wavelength than the 

excitation light, can be easily achieved using lanthanide-doped NPs

• Upconversion luminescence is advantageous for imaging applications 

because of the deep tissue penetration by the excitation at longer 

wavelengths and absence of auto-fluorescence



U-conversion NPs applications

Multicolor UCL imaging

Comparison of imaging sensitivities 

between UCNPs and QDs

Nanoscale, 2013, 5, 23



Lateral flow device using UC NPs

Biosens Bioelectron 2018, 112, 209

Rapid and background-free detection of avian influenza virus in opaque sample using 

NIR-to-NIR upconversion nanoparticle-based lateral flow immunoassay platform



Lateral flow device using UC NPs

100-fold enhancement →

Core: Yb (48%) Tm3+ (2%)

Shell: 1. NaYF4 with further shell growth

2. Ca2+ ion doping 

→ Enhanced NIR emission

30 nm 45 nm

• Local changes in the crystal 

structure and reduction of surface 

defects

• Minimization of surface detect-

induced energy quenching

Biosens Bioelectron 2018, 112, 209



Lateral flow device using UC NPs

(C) Colorimetric sensing (based on AuNPs)

(E) Fluorescence sensing (based on Ca2+ doped UCNPs)

→ Improves sensitivity / Applicable to opaque real sample

Biosens Bioelectron 2018, 112, 209



Different types of Q Dots

Applied Spectroscopy 2013, 67 (3), 215


