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EXPERIMENT 5 – Optical 
Properties of Quantum Dots 
 
Objective 
Using UV/Vis and Photoluminescence (PL) spectroscopies, observe the absorption and light emission of 
quantum dots of 4-6 different average sizes in the nanometer region.  Use the ‘particle-in-a-box’ model to 
predict and explain the observed effect that quantum dot particle size has on the optical properties. 
 
Introduction 

The first applications of quantum mechanics 
encountered in physical chemistry class are the description 
of simple models system (e.g. particle-in-a-box, harmonic 
oscillator and rigid rotor) and the electronic states of atoms 
like the diatomic molecules, such as CdSe.  In the bulk 
form of CdSe (i.e. extender arrays of the Cd-Se units), the 
system acts as a “semiconductor”.  A goal of this 
experiment is to show that small arrays (“nanocrystals” ) of 
CdSe behave neither like the diatomic nor the bulk 
semiconductor.  In bulk materials, the energy levels that are 
quantized at the atomic or diatomic level broaden into 
bands of energy where the levels inside the bands are so 
closely spaced they are no longer considered to be discrete.  
In a conducting material (e.g. a metal), one of these bands 
of energy is only partly occupied, so the electrons in the 

material are free to move throughout it.  In an insulator, 
there is a band of energy that is completely full of electrons 
(the valance band) and a band of energy above it (the 
conduction band) that is completely empty of electrons.  
These bands are separated by a large energy, so that it is 
very difficult for the electrons to get into the upper band 
where they would be free to move around.  A 
semiconductor, like bulk CdSe, is like an insulator but with 
the two energy bands closer together, making it is easier to 
excite an electron into the conduction band. The difference 
in energy between the bottom of the conduction band and 
the top of the valance band is called the “energy gap”, Eg.  
Electrons can be excited across this gap into the conduction 
band with an applied voltage or a photon with the 
appropriate energy (see Figure 1). These are the principles behind the operation of photodiode detectors 
and light emitting diodes (LED).  When the electron is excited into the valance band it leaves an empty 
space behind that we call a hole. The electron-hole pair is called an exciton.  Once excited, the electron 
can move around in the conduction band, and the hole can move around in the valance band. 

Figure 1. An idealized schematic of the 
difference between the electronic structure of a 
bulk semiconductor(left) and that of a small 
nanocrystal (quantum dot)(right) of the same 
material. As the size of the crystal becomes 
comparable to the wavelength of the electronic 
wavefunction, the broad conduction and 
valence bands of the bulk material narrow to a 
set of discrete groups of energy levels, similar 
to those of an atom or molecule. The absorption 
spectrum goes from a smooth curve to one with 
structure associated with transitions between 
the bands.  
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Quantum Dots (QD) are very small particles (on the order of nanometers) that are made of 

semiconducting materials.  Because of the small size of the dot, the energy bands narrow to discrete 
energy levels much more like an atom’s or diatom’s energy levels than a semiconductor’s energy levels 
(Figure1). The early interpretation of the absorption spectrum of QD [1-2] used a quantum mechanical 
model that was not too dissimilar to that of a “particle in a box”.  It may be more appropriate to refer to 
this simple model as “two particles” (electron and hole) in a sphere” because of the assumed shape.   In 
this early approach the Hamiltonian operator that described the system included the kinetic energy 
operators for the electron and hole and the potential energy due to Coulomb interaction between the two.   
Making the assumption that the Coulomb interaction term was relatively small compared to the kinetic 
energy terms, the lowest energy excited electronic state (i.e. the electron arrangement after electron/hole 
pair generation) was predicted to be:   

 

   E= Eel + Ehole+ Eg      (1) 
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where mh and me are the “effective” mass of the hole and electron, respectively,  R is the radius of the dot, 
and Eg is the bulk semiconductor band gap.  The third term in Eq. 2 is the Coulomb interaction term 
which depends inversely upon the radius and the dielectric coefficient, ε.  The first two terms of Eq. 2, 
which are usually larger in magnitude than the third term, look very similar to the expression for the first 
excited state of a particle in a 3D box: 
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 The major difference between the “particle in a box” expressions (Eq. 4) and the first two terms of Eq. 2 
is that the mass, m, of  “free-particle” (i.e. potential energy =0) has to be replaced my an “effective 
masses” ,   eff

el,holem  .  This is expected because the QD is not an empty space but rather filled with Cd and 
Se atoms.  The relevant parameters for CdSe applicable to this early model are collected in Table I.  
 
 Table I. Relevant parameters for CdSe Quantum Dots 

Eg eff
elm   eff

holem   ε 

2.15×10-19 J 7.29×10-32 kg 5.47×10-31 kg 5.0 

 
The above model for the energies of the lowest excited state (i.e. the electron arrangement after 
electron/hole pair generation) would predict that upon excitation the QD would give off a photon 
(photoluminescence) that has the same energy as that absorbed.  In actuality it is observed that 
photoluminescence wavelength is always red shifted relative to the absorption wavelength.   More recent 
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modeling of the absorption and photoluminescence of QD [3-
6] reveals that the energy level pattern is not as simple as 
indicated in Figure 1.  Instead of a near continuum of energy 
levels for the holes and electrons they should be considered as 
discrete energies, much like we associate with individual 
orbital energies in atoms and molecules. Furthermore, the 
nature of the interaction of  the radiation with the QD (i.e. the 
selection rules for inducing transitions) needs to be 
considered.  The predicted energies of the newer theory are 
depicted in Figure 2 for CdSe as calculated in Ref.  7. 
 The starting point for both newer and older model is 
one of independent quantization of the hole and electron.  
This produces two sets on independent quantum levels as 
depicted in Figure 2.  The lowest energy excitation in CdSe 
(i.e the lowest energy “exciton”) has the hole in the 1S3/2 level 
and the electron in the 1Se level. Similar to what is done in 
atoms and molecules, the wavefunctions for this hypothetical 
independent particle system is taken as the product of the two 
functions and designated as “1S3/21Se” .  There are a total of 
eight functions associated with the “1S3/2 1Se”  state:   the spin 

up (↑)  and spin down 
(↓)  set for the “1Se” 
electron functions and 
four, more complicated, 
“1S3/2”  hole functions 
which are labeled with 
the projection of J=3/2 
angular momentum 
eigenfunction  (i.e. MJ 
=-3/2,-1/2,1/2,and 3/2).   The “1S3/2 1Se”   state would be eight fold 
degenerate if:  a) there was no electron-hole interaction; b) the 
interaction with the lattice was zero.  For the hexagonal lattice 
structure of CdSe the lattice interaction splits the 8 levels into two 
groups of 4 (See Figure 3).  The lattice interaction is QD size 
independent and for a CdSe QD the spitting (indicates as “A” in 
Figure 3) is ≈ 25 meV(= 200 cm-1) (estimated from Figure 2d of 
Ref. 8).  The non-zero electron-hole exchange interaction, which is 
size dependent, splits these two groups into 4 groups which can be 
labeled according to the magnitude of the projection of total angular 
momentum , FM (=2×0, 2×1 and 2).  The total angular momentum, 
F, is determined from the vector sum of the electron spin angular 
momentum S, and J angular momentum of the hole: 
  F S J= +

rr r
 = 1 & 2   (5) 

Taken together, the hexagonal lattice structure and electron-hole 
exchange interaction split the original “spherical” eightfold 
degenerate state into five levels as indicated in Figure 3.  

The above energy level description is required to 
understand the absorption and photoluminescence  processes.  
Selection rules dictate that upon exposure to light the QD will be 
excited to the FM  =0  and 1 levels on the “1S3/21Se”  set of states 

Figure 2. Based on Figure 3 of Ref. 7. 
Plotted here are the electron and hole 
energies. The electron energy, which 
increases upward, is referred to the bottom 
of the conduction band of the bulk.  The 
hole energy, which increases downward, is 
referred to the top of the valence band of 
the bulk. The absorption spectra of the 
CdSe nanocrystals is dependent upon the 
energy spectrum.  The lowest energy 
absorption (i.e. peak “a” of Fig 1) is the 
transition to the 1S3/21Se state.  The 
nomenclature ( i.e. 1S3/2  and 1Se ) refers to 
the angular momentum. 

Figure 3. This is the “fine 
structure” energy level pattern 
associated with the “1S3/21Se” 
excited state of CdSe plotted as an 
inverse function of QD volume. The 
splitting  “A” is a due to the 
interaction with the lattice and is 
approximately 200 cm-1 As the QD 
gets smaller (right hand side) the 
electron-hole exchange energy gets 
larger because the entities are in 
closer proximity. The five groups of 
levels are labeled by the magnitude 
of the projection of total angular 
momentum, (=2×0, 2×1 and 2).   
The lowed energy level,  =2 , 
cannot relax to the ground state, i.e., 
no hole/electron recombination→ 
photoluminescence. 
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but not the FM  = 2 .  It will also be excited to other exciton state (e.g “1P3/21Se”).  A thermal distribution 
of population in the is rapidly established due to electron-phonon interactions [11].  

In this experiment, you will record the visible 
absorption and photoluminescence (PL) spectra of a variety of 
different size colloidal CdSe nanocrystals ( “Quantum dots” ).  
This class of material was discovered in 1983 [7] when 
researches were attempting to determine how the properties of 
bulk semiconductors change as they systematically reduced the 
size of the crystal.  As the size was reduced to  < 100 Å it was 
observed that the electronic spectra no longer looked like that of 
the bulk even though the unit cell and bond lengths remained 
close to those of the bulk.  This change in behavior is attributed 
to “Quantum Confinement Effects”, which occur once the 
diameter of the particle becomes comparable, or smaller, than 
the wavelength of the electronic wavefunction. The electronic 
absorption spectrum of the bulk material is broad, weak, and 
generally featureless, whereas those for the quantum dots formed from the same material are  relatively 
strong, and exhibit sharp (narrow wavelength spread) absorptions.  The specific absorption wavelength is 
affected by both the nature of the material and the size of the nanocrystal.  There are numerous existing, 
or envisioned, technological applications of quantum dots.  Some of the uses include sensitizers in solar 
cells [8], diode laser material [9] and as quantum computing media [10].   

One of the main objectives of this experiment is to demonstrate that simple quantum mechanical 
models are useful for qualitative description of complex systems.  Specifically, we will use the “particle-
in-a box” model to predict the observed absorption spectrum of the CdSe nanocrystals. 
 
Experimental 

Before coming to the lab, you should review the material on the quantum mechanical behavior of 
particles in confined potential spaces (also known as “particle in a box”).  You should also review the 
basics of optical spectroscopy, including Beer-Lambert law.  Much of this information can be found in 
any standard Physical Chemistry textbook.  You should be familiar with the following concepts: 
 
• electronic states of quantum objects in confined potential spaces (“particle in a box”) 
• structure of colloidal nanocrystals with emphasis on CdSe quantum dots 
• molar extinction coefficients , molar concentrations  and the Beer-Lambert law 

 
The absorption and PL measurements will be performed using a “Vernier SpectroVis Plus 

Spectrometer”.  The operation manual for this instrument is found on Blackboard as “pdf” file entitled “ 
VernierSpectroManual. pdf”.  You should read this prior to coming to the lab.  

 
A. Become familiar with the programs used to collect the data. A sample containing a dye will be 
used for this purpose will be provided. The cuvettes are made out of glass and a fragile and 
expensive- please be careful.  The QD are from NN-Labs, LLC . There are six samples, which will be 
provided to you in sealed glass cuvettes. The QD are dissolved in toluene, which is a known 
carcinogen. Do not open the cuvettes! Report any spills! 
B. Record a background absorption spectra of toluene then record the absorption spectrum of each 
your 6 samples.  Make sure to store your spectra and that the spectra are of sufficient quality. 
C. Record PL spectra of toluene and the 6 samples. Use both the 500 nm or 405 nm radiation 
options of the Vernier SpectroVis Plus Spectrometer for the excitation of an emission spectra. You 
will record a total of 14 spectra (6 samples, 1 background and two wavelengths). 
D. Use the standard provided to calibrate the response of the instrument (needed for intensity to 
concentration conversion). 

Figure 4. Picture of CdSe Quantum 
Dots in a Toluene solution under UV 
radiation.  
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Data Analysis 

A. Determine the wavelength and wavenumbers of absorption peaks and photoluminescence peaks. 
Include a Table of this information in your report. 

B. Use the photoluminescence information in Table 1 (above), Eq.2 (above) and your measured 
wavelengths to estimate the radius, R , of the six QD samples.  Tabulate results and include in the 
report. 
C. The size of the QD can also be obtained from scanning tunneling microscope (SEM) images. It 
has been found [12] that the following phenomenological expression relates the SEM determined 
diameters, D,  to the absorption wavelength of the lowest energy spectral feature, absλ  , of CdSe QD: 

( )
( )

9 3 4 6 2 3

3 1 2

(1.6122 10 ) 2.6575 10

1.6242 10 0.4277 41.57

abs abs

abs abs

D nm nm

nm nm

λ λ

λ λ

− − − −

− −

= × ⋅ − × ⋅

+ × ⋅ − ⋅ +
   (6) 

Use Eq. 6 to predict the diameters of the 6 DQ , tabulate the results and compare with those obtained  
in part “B”. 
D. Use the ionic radii of Cd and Se and estimate how many CdSe units there are in the six QD 
samples. Include in report. 
E. It has been experimentally determined that the room temperature molar extinction coefficient, 
ε(T=298K), for CdSe QD is related to the diameter as follows [12]: 

  1 2.65 2.65( 298 ) (5857 )T K L mol nm Dε − −= ≈ ⋅ ⋅ ⋅     (7)  
  
Use Beers-Lambert law,  Eq. 7, and your  diameters (both from part “B” and “C” ) to determine the 
concentration.  Use the calibration information obtained from the standard and background runs 
F. In your reports discuss the following 

1. Systematic trends observe in the PL for the two excitation wavelengths. 
2. Systematic trends the shift of the PL spectrum relative to the absorption peak. 
3. The consistency of the energy level plots of Figures 2 and 3 with the PL spectral 
dependence on QD size 

Safety, Special Instructions, Tips, and Advice 
 

1. You must wear gloves and goggles when handling organic solvents and chemicals. 
2. Toluene is a known carcinogen, gloves, goggles and a lab coat must be worn when handling 

samples dissolved in Toluene. 
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