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nanocrystal boundary, while a notable blue shift from bulk materials is observed. CIS

SNCs are highly sensitive to compositions, morphologies, and lattice strains allowing

them to display unique optical and electronic properties. Temperature- dependent

photoluminescence (PL) studies of CIS and CIS capped with Zinc Sulfide (ZnS) SNCs

were carried out in temperatures ranging from 6K – 300K. In this work, PL quenching is

observed for various optical transitions that occur in the SNCs which correspond to

specific energy transitions within the nanocrystals. Temperature-dependent spectroscopy

revealed the interface- defect and surface-defect transitions were thermally active at low

temperatures; however for CIS/ZnS the intrinsic-defect states were relatively stable

because the strong Coulomb interaction between charge carriers.



 
 
 

Temperature Dependent 
Photoluminescence of CuInS2 with 

ZnS Capping 
 
 

 
 

Senior Capstone Thesis 
 

By 
 

Quinn Allen Hailes Jr. 
 
 

 
 
 

PHY 500 
 

May 11, 2014 
 
 
  



  ii

This thesis, submitted by Quinn A. Hailes Jr. in partial fulfillment of 

the requirements for the degree of Bachelor of Science in Physics at 

Hampton University, Virginia is hereby approved by the committee under 

whom the work has been completed. 

 

 

___________________________________ 

Mahmoud Abdel-Fattah, Ph.D.  
Primary Research Advisor 

 

 

___________________________________ 

Donald A. Whitney, Ph.D.  
Interim Chairman, Department of Physics 

 
 
 
 
  



  iii

ABSTRACT 
 

Temperature Dependent Photoluminescence of CuInS2 with ZnS 
Capping 

 
Quinn A. Hailes Jr., Hampton University 

 
April 17, 2014 

 
The commercial interest in Cd-free quantum dots for photonic and biomedical 

applications, has significantly increased in the last ten years. Due to high quantum yield, 
good spectral distribution, and weak photobleaching, semiconductor nanocrystals (SNCs) 
of Copper Indium Disulfide (CIS) have been considered for such applications. For CIS 
SNCs, the optical properties are characteristic of quantum-confined excitons within the 
nanocrystal boundary, while a notable blue shift from bulk materials is observed. CIS 
SNCs are highly sensitive to compositions, morphologies, and lattice strains allowing 
them to display unique optical and electronic properties. Temperature- dependent 
photoluminescence (PL) studies of CIS and CIS capped with Zinc Sulfide (ZnS) SNCs 
were carried out in temperatures ranging from 6K – 300K. In this work, PL quenching is 
observed for various optical transitions that occur in the SNCs which correspond to 
specific energy transitions within the nanocrystals. Temperature-dependent spectroscopy 
revealed the interface- defect and surface-defect transitions were thermally active at low 
temperatures; however for CIS/ZnS the intrinsic-defect states were relatively stable 
because the strong Coulomb interaction between charge carriers. 
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INTRODUCTION 
 

The next big thing in condensed matter and optical physics research is the nano-

sized particle called the quantum dot.  Quantum dots are tiny particles, sometimes called 

nanoparticles, of a semiconductor material.  The sizes of these quantum dots usually 

range from 2 to 10 nanometers in diameter. Louis E. Brus discovered quantum dots in the 

year of 1980.  Due to their small size, quantum dots display unique optical and electrical 

properties.  

Due to the small size of quantum dots, the electrons inside are confined in a small 

space, which is referred to as a quantum well.  When the radius of the semiconductor 

nanocrystal is smaller than the exciton Bohr radius there is quantization of the energy 

levels according to Pauli’s exclusion principle.  The exciton Bohr radius is the average 

distance between the electron in the conduction band and the hole it leaves behind in the 

valence band after excitation. 

 The most obvious characteristic is the emission of photons under excitation, 

which can be visible to the human eye. Moreover, the wavelength of photo-emission 

depends not on the material from which the quantum dot is made, but on the size of the 

quantum dots. Laboratories, who manufacture quantum dots, have the ability to precisely 

control their size through chemical reaction.  Since manufactures have the power to 

control the size this key factor also determines the wavelength of the emission. This will 

also conclude the color of light that is observed.  

Usually as the size of the quantum dot decreases, the difference in energy between 

the largest valence band and the lowest conduction band increases.  More energy will be 

required to excite the dot; therefore more energy is released when the dot returns to the 
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ground state.  This results in a color shift from either red or blue in the emitted light 

depending on the size of the quantum dot.  Ultimately quantum dots can be tuned in 

fabrication to emit any color of light desired. The smaller the quantum dot, the closer it is 

to the blue end of the light spectrum, and the larger the dot, the closer to the red end of 

the light spectrum. Quantum dots can even be tuned beyond visible light, into the infrared 

or into the ultra-violet spectrum. When these nanoparticles are created their outcome is 

either in powder form or a liquid solution. 

 Quantum dots can be classified into different types based on their composition 

and structure.  Core-Shell Quantum dots can be made of single component materials with 

uniform compositions such as chalcogenides of metals like cadmium or zinc like 

cadmium selenide.  The optical properties of core-type nanocrystals can be fine-tuned by 

changing the quantum dot size.  Core-Shell Quantum Dots have a small region of one 

material embedded in another material that has a larger band gap.  The ZnS/CIS used in 

this experiment is an example of a core-shell quantum dot.  The luminescent properties of 

quantum dots come from the recombination of electron-hole pairs through radiative 

decay.  However, the exciton decay can also occur through nonradiative methods, 

reducing the fluorescence quantum yield.  A way to improve the efficiency and 

brightness of quantum dots is to grow shells of higher band gap material around them. 

Lastly, combining together two semiconductors with different band gap energies forms 

alloyed quantum dots.  The synthesis of an alloyed quantum dots is different from the 

previous two mentioned.  When alloyed quantum dots are manufactured they go through 

an extra annealing process that produces the alloy.  Alloyed quantum dots have unique 

and additional composition properties aside from the properties that come about due to 
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quantum confinement effects.  The unique size and composition tunable properties of 

these very small quantum dots make them useful in a range of applications and new 

technology.  

 In recent years scientists have began intensive research with quantum dots for use 

in lighting and displays. Currently white-light emitting diodes (LEDs) consist of a blue 

emitting LED coated with a phosphor that is excited by the LED and emits a yellow or 

orange light. The mixture of blue and yellow produces a cold white light lacking red 

photons, therefore many objects looks unnatural under the lighting.  There are phosphors 

that can produce color closer to that of an incandescent light, but they come with a drop 

in energy efficiency.  

 

Schrodinger Equation: Particle In A 3-Dimensional Box 

Quantum dots can be explained as a particle in a three-dimensional box.  A box 

with edge length L is located in the region 0< x, y, z < L.  Classically, a particle would 

move around inside a box, colliding with the walls.  After a collision, the component of 

particles momentum normal to the wall is reversed (flipped in the opposite direction), 

while the other two components of momentum are unaffected.  The collisions occurring 

in the box preserve the magnitude of each momentum component, plus the total particle 

energy.  These four quantities |px|, |py|, |pz|, and Energy (E) are constants in classical 

physics and will be used to find quantum states. 

A wave function Ψ in quantum mechanics is used to describe the quantum state of 

a system of one or more particles, and contains all the information about the system.  The 

wave function Ψ in three dimensions is a function of r and t.  The magnitude of Ψ 
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determines the probability density P(r, t) = |Ψ(r, t)|2, which is the probability per unit 

volume.  Multiplying by the volume components dV gives the probability of find the 

particle within the volume element dV at the point r at time t. 

Quantum Dots can be described like particles that are confined in a box, the wave 

function Ψ is zero at the walls and outside the box. The wave function inside the box is 

found from Schrödinger’s equation, 

−h2

2m
∇2Ψ +U(r)Ψ = ih∂Ψ

∂t
(1)  

Since quantum dots are three-dimensional particles the Laplacian operator is used, 

∇2 = ∂
∂x2 +

∂
∂y2 +

∂
∂z2 (2) 

V(r) is the potential energy as a function of all the space coordinates: V(r) = V(x, y, z).  

The Laplacian multiplied with the constants is defined as the kinetic energy operator.  

The left side of equation 1 is defined as the Hamiltonian operator [H] applied to Ψ and 

the right side of the equation is the energy operator [E] applied to Ψ.   

Stationary states are those for which all probabilities are constant in time, and are 

given by solutions to Schrödinger’s equation in the separable form, 

Ψ(r, t)=φ(r)e−iωt (3) 

Where the exponential is the time dependent component of the Schrödinger equation and 

ϕ(r) is known as the time-independent Schrödinger equation for a particle whose energy 

is E = ħω: 

− h2

2m
∇2φ(r) +V (r)φ(r) = Eφ(r) (4)  
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Since the particle is free inside the box, the potential energy V(r) = 0 for 0 < x, y, z < L.  

To solve the wave function the mathematical technique of separation of variables is used:  

φ(r) =φ(x, y, z)=φ1(x)φ2 (y)φ3(z) (5) 

Substituting equation 5 into equation 4 and dividing every term by the ϕ(x, y, z) gives 

{V(r) = 0} 

− h2

2m
1
φ1

d 2φ1

dx2 − h2

2m
1
φ2

d 2φ2

dy2 − h2

2m
1
φ3

d 2φ3

dz2 = E (6) 

In this form the independent variables (x, y, z) are isolated: the first term on the left only 

depends on x, the second only depends on y, and the third only depends on z.  To satisfy 

the equations everywhere inside the cube, each of the these terms must be equal to a 

constant: 

− h2

2m
1
φ1

d 2φ1

dx2 = E1

− h2

2m
1
φ2

d 2φ2

dy2 = E2 (7)

− h2

2m
1
φ3

d 2φ3

dz2 = E3

 

The stationary states for a particle confined in a box are gathered from these three 

separate equations.   The energies E1, E2, and E3 represent the energy of motion along the 

three Cartesian axes x, y, and z respectively.  Consistent with this identification because 

of the superposition principle, the Schrödinger equation entails that E1 + E2 + E3 = E 

The first of equations 7 is the same as a one-dimensional particle for an infinite 

square well.  The general solution for that equation is sinxk1 + cosxk1 where k1 = 

√((2mE1)/ħ2) is the wavenumber of oscillations.  However only “sine” meets the 

boundary condition for the wave function, that must disappear at the wall x = 0.  This 
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also makes the wave function disappear at the other end of the wall x = L implying k1 L= 

n1π where, n1 can be any positive integer.  In short, one must fit an integral number of 

half-wavelengths into the box along the direction marked by x for this example.  The 

magnitude of a particle momentum along the x direction must have discrete values 

px = hk1 = n1
πh
L

n1 =1, 2,... (9) 

This will be identical for the remaining to equations in the y and z direction.  The 

magnitudes of the particles momentum in all three directions are similarly quantized: 

px = hk1 = n1
πh
L

n1 =1, 2,...

py = hk2 = n2
πh
L

n2 =1, 2,... (10)

pz = hk3 = n3
πh
L

n3 =1, 2,...

 

ni = 0 is not allowed because that value leads to a Φ that is also zero and a wave function 

Φ(r) that doesn’t  exist.  The particle kinetic energy is limited to the following discrete 

values: 

E = 1
2m

( px
2 + py

2
+ pz

2 )

= π 2h2

2mL2 n1
2 + n2

2 + n3
2( ) (11)

 

Confining a particle in a three-dimensional box serves to quantize its momentum and 

energy shown by equation 10 and equation 11.  Three quantum numbers are needed to 

specify the quantum condition, corresponding to the three independent degrees of 

freedom for a particle in space.   When all equations above are gathered the wave 

function Ψ describes the behavior of a particle confined in a three-dimensional box at a 

given time: 
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Ψ(x, y, z, t) = Asin(k1x)sin(k2y)sin(k3z)e−iwt for 0 < x, y, z < L
= 0 otherwise

 

The constant A is chosen to satisfy the normalization requirement.  Any wave function 

must be continuous, normalize-able, and differentiable.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

When looking at the various energy levels of excited quantum dots, they can display 

different energy transitions depending on the defect that is related to the surface 

imperfections.  In semiconductor nanocrystals there are three transitional defects that can 

occur after the absorbance of energy, which is surface, shallow, and deep.  In figure 2 the 

energy diagram displays visually the different transitions. 

Figure 1. Energy Levels of particle in box 
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Experiment 
 
The main experiment in this study is low temperature photoluminescence excitation. This 

experiment involves the use of a mechanical vacuum pump and a close cycle He-cryostat. 

The helium cryostat ranges from temperatures as low as 6K to 300K.  Before performing 

any measurements the quantum dots were mixed with toluene solution.  Once the 

quantum dot dissolved in the solution they were placed on glass slides.  The glass slides 

were coated multiple times so they would display a stronger intensity.  After the quantum 

dots dried on the glass vial, it was then placed into the vacuum chamber.  The vacuum 

chamber decreased the atmospheric pressure and removed all other unwanted gasses 

while a mechanical pump takes the pressure down to 0.03 Torr in the chamber.  After the 

atmosphere is ~0.03 Torr or less the He-cryostat cycles liquid helium around the chamber 

is turned on and reduces the temperature to ~6K.  A temperature controller system is used 

to regulate the temperature from 6K to 300K in different intervals.  A gold plated clamp 

that is attached to a brass rod held the glass slides.  The gold plate has copper wire 

attached to it connecting it to the helium unit so it can quickly change the temperature of 

the glass.  Surrounding the brass rod is a steel tube that has 1 window on each of the 4 

sides.  These windows allows for a variety of spectroscopic studies such as 

photoluminescence and absorption to be measured.  In photoluminescence excitation the 

samples is placed on a round glass with a 25mm diameter inside the vacuum chamber and 

the temperature is decreased down to about 6K. The material is then excited by a HeCd 

UV laser at 325nm. After excitation, the fluorescence is focused by two collimating 

lenses into a UV fiber optic cable.  The fiber optic sends the signals to a spectrometer, 

which sends the data to a computer and gives a spectral reading based on wavelength and 



intensity. Low temperature is a key palt of the experiments because at temperatures close 

to absolute zero, the1mal e.xcitations in the quantum dots become minimal. This allows 

for very precise measurements of emission spectra from laser excitation. 

Experimental Setup 
Top View 

Focusing 
Lens 

Mirror 

Minor 

Sample 

10 

ffiQ_P_9<;.al Fibers 

Collimating 
Lens 

Minor 

Figure 3. Experimental Setup 
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Results / Discussion 
 

For the photoluminescence spectra in figure 3(a) the peak emission is at 550nm 

while 3(b) the peak emission is at 615nm. Figure 3(a) shows the PL spectra that all three 

transition states contribute to that was discussed in the energy diagram previously.  The 

three major transitions contribute to the spectra at different wavelengths.  At higher 

energies the surface defect related transition is observed.  While the intermediate energies 

correlate to shallow defected related transitions.  The final transition observed is deep 

defect related.  A quenching in the spectrum related to the deep defect related transition is 

observed. This implies that the deep defect related transition state is temperature 

dependent as to when looking at the shorter wavelengths no surface defect transition is 

noticed.  For the deep defect related transition is possibly due to an Indium atom 

occupying a copper vacancy.  Figure 3(b) displays the photoluminescence spectra of 

CIS/ZnS 615nm.  In this spectra all three energy transitions are present.  At shorter 

wavelengths a narrow spectrum is observed due to the surface related defects.  At the 

surface of the capped quantum dot a sulfur vacancy can attribute to the narrow spectrum.  

The spectrum quenches around 40K to higher temperatures.  This is probably due to 

Donor-acceptor pair recombination of a sulfur vacancy at the donor level to a copper rich 

acceptor level.  
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Figure 4. Photoluminescence spectra of (a)CIS/ZnS 
550nm (b)CIS/ZnS 615nm at various temperatures, 

325nm excitation [China] 

Figme 4(a) displays the low temperature photoluminescence spectra of core shell CIS and 

4(b) displays the low temperature photoluminescence spectra of core shell CIS capped 

with ZnS. The role of trap states is evident when looking at the temperature dependent 

PL spectra. The PL spectra of CIS sample quenched when the temperature was increased 

above 60 K for the shallow defect related transition. However when capped with ZnS the 

spectra remained constant with all measmed temperatmes but the intensity of the PL 

12 



increased a little compared to core shell CIS. The quenching of the emission occurs at 

high temperature by ionization or the1mal emptying of the trapping centers if trapped 

electrons or holes play a role in the non-radiative recombination. Thus the them1al 

activation energy of quenching process can be related to the ionization energy of the 

trapping centers. From various reference papers figure 4(c) is the expected 

photoluminescence spectra of CIS core shell. The coulomb interaction is stronger at the 

center of the quantum dot therefore the defects that occm inside should remain thennally 

stable. Quenching occurs at high temperatures due to the optical propetiies of the sample. 

At low temperatures the intensity of light is present but as the temperature of the sample 

is increased the observation of photons decrease because due to the presence of non 

radiative decay. 

Tempenlhtre-Det>endent P t·op erties CIS 

c ) C IS C ote Shell 

500 600 700 

vVav eleugtl1 (n.m) 

13 

--6k --90k 
-- 10k --100k 
--20k -- "1 20k 
-- 30k - - 150k 
--40k -- 180k 
-- 50k -- 210k 

60k -- 240k 
-- 70k -- 270k 
-- SOk -- 300k 

8 00 900 



400 

Tem 1:.erature-Dependent. Pt-ope•-ties C IS/ZnS 

-- 6K -- 90K 
d ) C I S IZnS -- 10K -- 100K 

-- 20K - - 120K 

500 

-- 30K--150K 
-- 40K -- 1 SOK 

50K-- 210K 
-- 60K 240K 

70K-- 270K 
-- 80K -- 300K 

600 700 800 900 
Wav elen gth (nm.) 

Figure 5_ Photoluminescence spectra of(c) CIS core 
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Conclusion 

Low-temperature photoluminescence studies of CIS quantum dots in a toluene 

solution were carried out in temperatures ranging from 6K- 300K. The low range of 

temperatures allows for the increase in the emission intensity of fluorescence and overall 

energy change to be observed.  As the emission intensity increased observations were 

made about the transitions states that were present in the quantum dot.  The difference in 

the spectra is most likely due to the surface imperfections, which relates to the different 

energy states and transition. The interface-defect and surface defect transitions were 

thermally active at low temperatures. CIS/ZnS the Intrinsic-defect states were relatively 

stable because the strong Coulomb interaction between charge carriers. 
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