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ABSTRACT

The complex dielectric function of any materials system is important fundamental knowl-

edge. This paper will explore a method for determining the intrinsic complex dielectric

function of CuInS2/ZnS core/shell quantum dots from an absorbance measurement of the

QDs in solution using an iterative error minimization method employed by Dement et al.

for core/shell QDs [1]. The Bruggeman effective medium approach can be used to effectively

model thin films of these QDs using the absorbance extracted intrinsic dielectric function.

The modeled dielectric function of these films agrees well with ellipsometrically determined

dielectric functions of Langmuir-Schaefer deposited thin films. While energy gap values and

other optically accessible information have been reported, to the best of our knowledge this is

the first time the intrinsic complex dielectric function of CuInS2/ZnS QDs and the dielectric

functions of these materials in highly ordered thin films has been explored.
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CHAPTER 1

MY STUDY

In the last few decades quantum dots have been thoroughly studied due to their unique

tunable properties that allow them to be used for many different applications. While these

materials have become a highly active area of research, they are by no means a recent

discovery. However, as the methods for synthesizing quantum dots have become more refined

scientists have been able to manufacture quantum dots with narrow size distributions and

specific qualities to suit a variety of applications. Quantum dots are used as biological

markers, retail security inks, sensitized solar cells, LEDs, televisions, and more. The optical

properties of these materials are influenced by their size, morphology, composition, and

surface structure. With an increasing interest in devices that utilize quantum dots it is

increasingly important to characterize and understand the properties of these materials.

CuInS2 quantum dots are particularly intriguing in that they absorb and emit light in the

visible spectrum like other prominent quantum dot materials studied and utilized heavily in

research today like CdSe without containing any hazardous heavy metals.

The purpose of this study is to further investigate the optical properties of CuInS2/ZnS

core/shell QDs both in solution and in well-ordered two-dimensional layers created using

Langmuir-Schaefer deposition. We follow methods used by Dement et al. in which the

complex dielectric function of CdSe/CdS quantum is determined through an iterative error

minimization procedure in which the real part of the dielectric function is calculated using

a discrete Kramers Kronig transformation of an initial bulk like imaginary dielectric compo-

nent, both of which can then be used to calculate absorption of the quantum dots in solution

[1]. The difference between the calculated absorption values and properly scaled experimen-

tal values is then used to adjust the imaginary part of the initial bulk values. This process

is repeated until the difference between the calculated absorption value and the properly
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scaled, measured values for absorbance agree with each other. A more detailed description

of this iterative procedure can be found in chapter 6 and is shown in Fig. 6.11. Once the

intrinsic complex dielectric function of the core/shell quantum dots is determined it can

then be used to model the dielectric function of thin films. In Dements experiment, thin

films were prepared by spin coating QDs onto a silicon substrate. He then used the intrin-

sic dielectric function in conjunction with effective media approximations (EMA) to model

thin film optical properties which were then compared to experimentally determined values

using ellipsometry. However, we will be preparing our thin films of CuInS2/ZnS quantum

dots using Langmuir-Schaefer deposition as opposed to spin coating which should allow for

a more well-ordered film. This deposition technique should provide better control over the

film morphology than the spin coating of QDs as done by Dement and co-workers.

This method of studying the properties of thin films is particularly powerful in that

the complex dielectric function of a film of any given semiconductor quantum dot can be

accurately modeled using the measured absorbance spectrum and the values of the bulk

dielectric function. Should this method prove itself to be robust enough it could allow for

researchers and engineers to quickly determine how various quantum dot systems, comprised

of varying core and shell structures, modified with surface ligands of their choice, will behave

optically as a thin film or when embedded in different materials. This could allow for

rapid prototyping of quantum dot devices and/or the optimization of quantum dot synthesis

procedures. For a given quantum dot system we can also use the results from the solution

extracted dielectric function in conjunction with experimental spectroscopic ellipsometry

results of a thin film of the given material to extract information about the packing fraction

of these materials in the film, and therefore quality of said film. Further, a study of the

optical properties of well-ordered films of quantum dots could give insight into the effect

of dot-to-dot interactions in QD arrays as interparticle spacing is reduced as compared to

isolated quantum dots in solution.
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CHAPTER 2

QUANTUM DOTS AS A MATERIAL SYSTEM

2.1 Bulk Semiconductors

Bulk semiconductors have optical properties that are a result of the fact that there are

at least N atomic orbitals, accessible energy levels that electrons may occupy, for N atoms

that are a part of a periodic lattice in a solid. As the number of atoms in the lattice becomes

larger and larger these energy levels begin to form continuous bands that are dispersed over

momentum, or k, space [2, 3]. Semiconductors are materials that have a valance band that is

fully or nearly fully filled with a bandgap of anywhere from a few tenths of an electron volt to

around 4 or 5 electron volts. At a temperature of absolute zero a perfect semiconductor will

have no electrons in its conduction band and behave like an insulator, but as the temperature

rises some electrons are thermally excited from the valance band to the conduction band,

these electrons are called intrinsic carriers. As the temperature rises the probability that an

orbital with a given energy E is occupied is described by the Fermi Dirac distribution:

f(E) =
1

exp(E−EF

kBT
) + 1

(2.1)

where kB is Boltzmanns constant, T is temperature in Kelvin, and Ef is the Fermi energy.

The Fermi energy of a material is defined as the energy at which the probability for

an electron to occupy that orbital is equal to 0.5. It can also be thought of as the energy

required to add an electron to the system. The number of electrons that occupy orbitals in

the conduction band affects the semiconductors conductivity. When a semiconductor has a

Fermi energy that positioned midway between the valance band and the conduction band it

is referred to as intrinsic. This means that at a given temperature there are equal numbers

of electrons in the conduction band as there are holes in the valance band. Alternatively,

semiconductors can have Fermi energies that reside closer to the conduction band, known

as n type semiconductors, or closer to the valance band, known as p type semiconductors,
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that are both referred to as extrinsic semiconductors. This can be a result of defects in the

crystals structure, such as point defects like crystal impurities (dopant atoms), vacancies,

dislocations, and dangling bonds both on the surface and in the bulk material that create

defect energy states that lie within the energy bandgap. These defects can donate electrons,

as is the case for n type, or accept electrons, as in the case of p type semiconductors, causing

an imbalance of electrons in the conduction band and holes in the valance band resulting in

the shifting of the Fermi energy of the material. When electrons are excited either thermally

or through photon excitation a hole is formed in the valance band. The electron and hole

are oppositely charged and interact with each other via a coulomb potential and collectively

can be described as a quasi-particle called an exciton and can mathematically be describe

by a single wavefunction [4].

2.2 Semiconductor Quantum Dots

Quantum dots share many of the same properties as their bulk counterparts, however as

a result of their dimensions they begin to exhibit deviations from standard semiconductor

physics. These deviations begin to manifest themselves when particles begin to shrink below

the exciton Bohr radius defined as [4]:

aB =
ǫh̄

e2

(
1

m∗

e

+
1

m∗

h

)
(2.2)

where e is the electron charge, ǫ is the dielectric constant of the semiconductor, and m∗

e and

m∗

h are the effective mass of the electron and hole in the semiconductor respectively. Effective

mass is used in solid state physics to represent how the electron or hole moves in a periodic

structure like a crystal lattice. An effective mass that is higher than that of a free electron

in space is correlated with a lower mobility, how quickly a charge carrier can move through

a material with an applied electric field, and a more localized wave function in the material

while a lower effective mass is associated with a charge carrier that has a higher mobility

or a more delocalized wavefunction in the material than in free space. As semiconductors

become smaller eventually their dimensions become smaller than the Bohr radius resulting
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in the confinement of the exciton wavefunction. The result of this confinement is that the

physics that describe the electronic behavior of the semiconductor crystal becomes something

in between that of individual particles and that of a bulk material. The confinement of a

wavefunction in a semiconductor nanoparticle can be thought of much like the traditional

particle in a box problem in that the wavefunction has some potential that is negative and

finite inside the nanoparticle and infinite potential outside the particle and a wavefunction

must equal zero at the boundary between the two. The effect of this confinement is similar

to that of a particle in a box resulting in discrete energy states near the band edge of the

quantum dots. In the case of a quantum dot rather than a 3-dimensional square box it is

better to use a spherical potential to describe the system. The wavefunction of the charge

carriers can then be defined as the product of Bloch wavefunctions that describe the bulk

properties of the semiconductor and an envelope function, to account for the confinement

of the charge carriers, comprised of a spherical harmonic term multiplied by a radial Bessel

function [4, 5]. The Schrodinger equation can then be solved using this wavefunction to

determine the discrete energy levels of confined electrons and holes as [4, 5]

Ee
n,l =

2 h̄ x2
nl

m∗

e r2
, Eh

n,l =
2 h̄ x2

nl

m∗

h r2
(2.3)

where the bandgap, Etotal
gap , is defined as

Etotal
gap = Ebulk

gap + Ee
1,0 + Eh

1,0 (2.4)

where x2
nl are the roots of the Bessel function, m

∗

e and m∗

h are the effective masses of the

electron and hole respectively, r is the radius of the quantum dot, and Ebulk
gap is the bandgap

of the bulk semiconductor. The immediately apparent result of Eqs. 2.3 and 2.4 is that the

bandgap of semiconductor nanocrystals can be tuned by controlling the size of the quantum

dots as the bandgap increases as the radius decreases and has a 1/r2 dependence.

In reality the wavefunctions of excitons are not contained in an infinite well but rather

a finite well resulting from either the ligands that surround the quantum dot as in many

colloidal quantum dots or a shell material that is grown around the core both of which have
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a larger bandgap than the core. When quantum dots are synthesized such that they are

comprised of a core material and a shell material the shell can impact the core quantum dots

electronic behavior in multiple ways. Because quantum dots diameters are on the order of

only a few nanometers lattice mismatch can play a large roll in how these heterostructures

behave. Small differences in the lattice parameters can induce large lattice strain at this

scale. This can be a major issue but also provides the opportunity for scientists to take

advantage of the affects of lattice strain to further tune QD optical properties. It has been

shown that compressive lattice strain can increase the energy gap and tensile strain can

reduce the gap in a study by Smith el al. [6]. They found that their ability to tune bandgaps

using compressive lattice strain induced by growing a shell was greatest on smaller quantum

dots of around 4 nm or smaller and allowed them to tune their dots in a way that allowed

them to emit green light all the way to near infrared light, beyond what is possible for larger

unstressed dots of the same material. This further deepens the tunability of the bandgap of

quantum dots beyond just controlling the diameter of the core quantum dot.

Growing a shell on a quantum dot can also improve the photoluminescence (PL) of a

quantum dot. As nanoparticles get smaller the ratio of their surface area to volume in-

creases, scaling as 1/r since surface area scales with r2 and volume scales as r3. As a result

of this surface defects like dangling bonds and vacancies that create trap states that result

in non-radiative recombination become a large issue leading to the significant quenching of

photoluminescence. Growing a shell around a quantum dot is beneficial in that it passivates

the dangling bonds as well as confines the core charge carrier wavefunctions consistently

unlike bare quantum dots where confinement can vary depending on what medium they are

in. As discussed previously the choice of a shell material must be chosen so that unwanted

results of lattice strain are avoided, and the bandgap is larger than the core to confine the

wavefunctions to the core. The toxicity of the shell must also be considered so that they may

be suitable for their desired application. Similarly, the surfaces of quantum dots may be pas-

sivated by attaching organic ligands to their surface. These ligands serve multiple purposes
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in that they can passivate surface traps to increase photoluminescence, cross link particles,

provide stability in polar or non-polar solvents and liquids, increase biocompatibility, and

can facilitate the formation of well-ordered monolayers [2, 4, 7, 8].

2.3 CuInS2/ZnS Quantum Dots

CuInS2 quantum dots are of particular interest as they are emerging as one of the lead-

ing alternatives to traditional quantum dots that contain toxic heavy metals like cadmium

and lead due to their highly tunable properties. Ternary metal chalcogenide semiconductor

quantum dots consisting of group I, III, and V, elements can be tuned to “emit light from

the visible spectrum to the near infrared, have high absorption coefficients, and exhibit a

large stokes shift in their photoluminescent properties,” [9] making them useful for applica-

tions ranging from quantum dot incorporated solar collectors, to bio-imaging, to white light

emitting LEDS [10–12].

While bulk CuInS2 crystals exhibit chalcopyrite structure the structure of their nano-sized

counterparts are very much dependent on their synthesis method and have been synthesized

with wurtzite and zinc blende structures in addition to bulk-like chalcopyrite structure [13–

16]. In comparison to the bulk bandgap of 1.45 eV, these QDs have size varying bandgaps

that have been reported to range from approximately 1.6 eV at a size of 10 nm all the way

up to 2.3 eV as they shrink in size to about 2.5 nm [17]. A ZnS shell is often grown on

CuInS2 QDs as it is non-toxic, has good lattice match with CuInS2 of approximately 1 to 3

percent, and has a larger bandgap of 3.66 eV. The size dependent bandgap of these quantum

dots is consistent with the increasing of quantum confinement of exitonic wavefunctions as

dimensions of a quantum dot are decreased in a potential well, like the growth of a ZnS shell.

The optical properties of CIS are sensitive to the atomic composition and therefore can

be exploited to further tune them. Stoichiometric CuInS2 quantum dots show very little

photoluminescent quantum yield (PLQY) around 1%, while those same quantum dots with

a shell have a PLQY of 55%, where PLQY is defined as the ratio of absorbed to emitted

photons [18]. To study the effects of off stoichiometry CuInS2 QDs Chen et al. varied the
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molar ratio of Cu:In from 0.3 to 2.9 in their study and found a maximum PLQY was achieved

at a ratio of 0.7 cu/in [9]. Deng and collogues also investigated the effects of the ratios of

precursors by adjusting the feed ratio of Cu:In during the synthesis of the core, and the ratio

of the Zn precursors, used during the growth of a ZnS shell, to the Cu precursors used during

the core synthesis [19]. They achieved the highest PLQY of CuInS2/ZnS QDs to date of

80% when they grew their cores with a Cu:In ratio of 0.75, which is in good agreement with

Chen, and a Zn:Cu precurser ratio of 5:1. The growth of the ZnS shell on a CuInS2 core

results in the alloying of core due to diffusion of Zn cations into the core and Cu cations

into the shell as a result of the concentration gradient of cations that exists at the interface

between the core and shell [20, 21]. The degree of alloying of the quantum dots is still largely

uncertain and likely depends on the size of the quantum dots and the method of synthesis.

As a result of the alloying of the core during the growth of the shell the effective core size

shrinks leading to a blue shift of the absorption and PL spectra from that of the bare core

[21].

The exact mechanisms for the photoluminescence of CuInS2 are under debate. However,

recently there is a general consensus that it is likely due to either a delocalized electron

recombining with a localized hole on Cu site [18, 22, 23], or due to donor acceptor pair

(DAP) pair recombination within the bandgap [12]. The absorption spectrum of CuInS2

QDs exhibit a long low energy absorption tail and a poorly defined first absorption feature

that is indicative of intragap defect states like those needed for DAP recombination. In

addition to this evidence, CIS QDs have been observed to have two main PL bands that are

attributed to donor acceptor pair recombination [24]. Yan and coworkers proposed that the

low energy band originates from intraband energy recombination in the ZnS shell alloyed

with Cu cations from the core and the high energy PL band originates from intraband

recombination in the CuInS2 core alloyed with Zn cations [20]. Time resolved PL can be

used to determine the two PL emission peaks [25, 26] demonstrating that PL lifetimes of

CuInS2 nanocrystals occur in the range of 200 to 400 ns, much longer than that of exciton

8



recombination from band edges in binary semiconductor nanocrystals that occur on the order

of tens of nanoseconds[24, 25]. Additionally, the PL emission peak can be observed to shift

to higher energy as excitation intensity increases. With increased intensity the probability

of generating the donor acceptor pairs that are responsible for the high energy band of the

PL spectrum increases more than the lower energy distant DAPs [24, 27]. The ratio of these

two emission bands are also known to be affected by storage and synthesis procedure [27].

Regardless of which mechanism dominates the PL spectrum of a given CuInS2 QD, all of the

proposed pathways of recombination exist within the bandgap of the core and shell which

leads to a large absorption to PL emission stokes shift [18].
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CHAPTER 3

LANGMUIR TROUGHS AS A METHOD OF FILM GROWTH

Due to the unique opto-electronic properties of quantum dots as discussed earlier these

materials are commonly integrated into devices and studied using various depositional meth-

ods to form thin films by means of evaporation assisted self-assembly [28, 29], spin casting

[30, 31], electrostatic deposition [32], polyelectrolyte deposition [32], and Langmuir-Blodgett

and Langmuir-Schaefer techniques [33–37] to tune the properties of the overall device. How-

ever, most of these methods produce films with varying degrees of control over packing

fraction, film thickness, and consistency. This study utilizes the Langmuir method as it

allows for the deposition of highlly controlled monolayers of quantum dots on a prepared

substrate. This method allows us to minimize void space in our films, deposit layers one at a

time, and control interparticle spacing for analysis of films of various thicknesses of CuInS2

quantum dots using UV-Vis spectroscopy, PL spectroscopy, TEM, and ellipsometry.

The Langmuir method, by which quantum dots can be deposited onto substrates, is a

simple yet effective way to construct ordered monolayers in a controlled fashion. This method

consists of some kind of trough or well with barriers that can move to reduce or increase

the two-dimensional surface of the subphase, that is typically water, on which quantum dots

that are in a colloidal solution are deposited onto. The solvent in which the quantum dots

are suspended in is then allowed to evaporate, typically around 10-20 minutes. Once the

solvent evaporates, the QDs are left at the air-water interface due to the hydrophobic nature

of the capping ligands. The barriers on the Langmuir trough are then compressed until

QDs form an orderly monolayer with very little to no void spaces. A substrate may then

be lowered into the water vertically, known as Langmuir-Blodgett deposition [34, 37, 38], or

horizontally, known as Langmuir-Schaefer deposition [35, 39–41], to pick up the monolayers

of QDs. This process can then be repeated to produce multilayers of QDs in a layer-by-layer
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process if more than one monolayer of quantum dots is desired.

When adding the QDs to the surface of the water one can take advantage of their self-

assembly mechanisms to form ordered structures on the air-subphase boundary. In a study by

Huang et al. they observed that using a low concentration of quantum dots in solution of 0.06

to 0.3 mg/mL resulted in the formation of a more ordered monolayer than when depositing

higher concentrations of their colloidal solutions onto the surface of their Langmuir trough

due to the self-assembling nature of their dodecanethiol-encapsulated gold particles [42].

They determined that when droplets of low concentrations of their particles were deposited

onto the surface of the water in succession the particles were able to agglomerate onto small

domains of the particles in a more controlled fashion allowing for the particles to arrange

themselves in an ordered fashion. They observed that high concentrations of nanoparticles

in their colloidal solutions resulted in an increase in defects in their films.

The formation of these monolayers is a complex process and is highly tunable as there are

multiple proposed mechanisms for the self-assembly of monolayers of quantum dots. Studies

have also been conducted to observe the effects of the evaporation rate of the solvent on the

ordering of these monolayers of quantum dots. Huang et al. tested the ordering of films

comprised of their gold particles suspended in chloroform and benzene (at a concentration of

0.06 mg/mL) prepared using the Langmuir-Blodgett method [42]. They observed that the

slower evaporating benzene solution resulted in a film with a greater number of defects than

the faster evaporating chloroform solution. They proposed that this was a result of the extra

time that the particles had to rearrange once deposited before the benzene evaporated,

allowing for the small domains of quantum dots that had formed to coalesce in a similar

fashion to when higher concentration solutions were spread on water [42].

While the initial ordering of quantum dots and their domain do impact the final film

structure, one of the major benefits of creating monolayers with a Langmuir trough is that

the compression of the barriers assists in the rearrangement of initial domains of dots formed

by self-assembly. A study by Boucheron et al. showed that at low compressive pressures these
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films undergo large scale rearrangement to reduce film stresses while at larger compression

pressures the films have large amounts of stress that are released through avalanches of

particles and as a result void spaces in the films can be reduced [36]. While creating a

monolayer of gold nanoparticles capped with dodecanethiol Huang et al. observed that their

films had a relatively consistent void space percentage of 6 to 8% while their films were

compressed from 0 to 20 mN/m and then saw a drastic reduction in void space to 0.1%

as they continued to compress the films to 25 mN/m [43].This result indicates that the

reordering of the particles may not be a gradual process but occur as a sudden event.

The entire Langmuir process is monitored using a Wilhelmy plate force sensor that mea-

sures the surface tension of the water and is plotted vs trough area. The force sensor operates

by immersing a Wilhelmy plate (typically a piece of paper, filter or ring) across the air wa-

ter interface and measuring the force experienced by the plate. The force balance for the

submerged Wilhelmy plate is as follows [44]:

Force = (ρP lwt)g − (ρL dwt)g + 2(w + t)(ST ) cos θ (3.1)

where l, w, t is the length, width, and thickness of the Wilhelmy plate respectively, d is the

depth that the plate is submerged, ρP and ρL are the densities of the plate and subphase

liquid respectively, ST is the surface tension, and θ is the contact angle between the surface

and liquid. The first term in Eq. 2.4 is the weight of the plate, the second is a buoyant force

term, and the last is the force due to surface tension. This equation simplifies nicely since

we zero the force sensor before any measurements are taken eliminating the first term, the

fact that the force balance keeps the plate at the same height regardless of surface tension,

eliminating the second term, and lastly we can assume complete wetting of the plate leading

to θ equaling 0. With these simplification of Eq. 3.1 the resulting equation for surface

tension is simplified to:

ST =
Force

Perimeter
(3.2)

where the units of surface tension as reported are in mN/m.
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Figure 3.1: An example of a typical Langmuir isotherm.

When QDs are spread initially, and the solvent in which the QDs were suspended fully

evaporates, the QDs are left on the surface in what is referred to as the gas, or liquid

expanded, phase of the Langmuir method. At this point the two-dimensional plane of the

air-water interface is much larger than the area that is occupied by the particles on the

interface. As a result, the barriers of the trough may be compressed or expanded and there

will be no observable change in the surface tension of the surface of the subphase, region I in

Fig. 3.1. In the liquid expanded phase the particles are able to move around relatively freely

on the interface much like ideal gas molecules. As the barriers are compressed further there

comes a point where the particles are close enough that they begin to interact with each

other, their movement becomes more restricted, and is often referred to as the liquid phase

of the two-dimensional (2D) particle film, region II in Fig. 3.1. This transition can be seen

in the Langmuir pressure area isotherm in Fig. 3.1 as the point at which the surface tension

begins to rise as the area is compressed around 28 cm2. Further compression has a linear

rise in pressure until a second transition occurs around 9 mN/m at 18 cm2 as the particles
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are compressed to the point where they are no longer free to move around and behave as a

2D solid in region III. As these films are compressed further the pressure rises sharply due to

their densely packed nature until the film is no longer able to maintain a 2D monolayer and

the film collapses. This will either create bilayer or multilayer domains throughout the film

to relieve the stress, or particles can end up being forced downwards into the subphase and

the surface tension will abruptly begin to decrease as shown around 13 cm2 and 21 mN/m

in Fig. 3.1. The pressure at which this occurs is known as the collapse pressure of the film.

For this reason, deposition is generally undergone at least a few mN/m to 10 mN/m before

the collapse pressure as films are stable and poses less voids and defects in this range [43]. It

is important to note that the slopes of these isotherms, pressures and areas at which these

phase changes occur, and collapse pressures are dependent upon the specific quantum dot

system. In reality, the phase changes are not always as sudden and sharp as the transitions

shown in Fig. 3.1 and often appear more rounded. Additionally, some material systems may

form intermediate phases and/or skip the liquid phase and a single transition from gas to

solid phases can be observed [39, 42].

One of the most important factors when creating Langmuir-Blodgett or Langmuir-Schaefer

monolayers of quantum dots is the choice of capping ligand on the quantum dot. As men-

tioned earlier in addition to surface defect passivation, ligands serve an important purpose

of determining whether a QD is hydrophilic or hydrophobic. This needs to be taken into

account when designing a deposition process as this will impact the choice of subphase in

the trough. The quantum dots must be insoluble in the subphase to ensure they rest at the

air-subphase interphase. This also impacts the choice of substrate, or the surface modifica-

tion necessary, to deposit the QDs onto, as the substrate must have the same hydrophobicity

of the QDs to facilitate thermodynamically favorable conditions compared to the subphase

interface to facilitate the transfer of the quantum dots to the substrate [40].

The stability of quantum dot films relies heavily on the choice of ligand. If a ligand

allows for wetting of the quantum dot at the air-subphase interface than the rate at which
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the quantum dots will transfer into the subphase will increase. Films with low stability

exhibit a shrinking of Langmuir area as a function of time when held at constant pressure.

If the monolayer is fully stable the film can be held at a constant pressure without the

need for the barriers to continue compressing the film, indicating that no quantum dots are

transferred to the subphase or forced into regions of bi-layer domains. Trioctylphosphine

oxide (TOPO) is often used to cap QDs for Langmuir Blodgett depositions as QDs capped

with TOPO have been shown to form stable monolayers losing anywhere from 6% to 10%

of the original film area over timespans from half an hour up to 7 hours for differing sizes of

CdSe and CdSe/ZnS QDs capped with TOPO in various studies[8, 33, 37]. Some area loss

at constant pressure can also be attributed to the rearrangement or aggregation of the dots

on the surface over time.

The length of the ligands can also impact the stability and interparticle distance of the

ordered nanoparticles. It has previously been shown that once a critical length of ligand

is reached the collapse pressure of a monolayer can be increased quite dramatically [41].

It should be noted however, that interparticle spacing is not equal to exactly two times

the length of the ligands as you might expect if they were fully rigid as the ligands can

interdigitate, fold, and rearrange their orientation as they are compressed. The use of excess

free ligands added to colloidal solutions before spreading the quantum dots on a surface as

well as after they have been deposited have also shown to assist in the self-assembly and

reorganization of quantum dots in to well-ordered monolayers [29, 45, 46].
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CHAPTER 4

CHARACTERIZATION TECHNIQUES

4.1 Ellipsometry

Ellipsometry is a powerful method of thin film characterization that analyzes the way in

which beam of light changes as it reflects off a thin film to determine desired properties of that

film such as roughness, thickness, and effective dielectric functions of single and multilayer

films when appropriate models are used. An incoming incident beam of linearly polarized

light with known polarization, comprised of p and s waves, with electric fields parallel and

perpendicular to the plane of incidence respectively. These p and s waves are reflected and

transmitted at the air and film interface and the film and substrate interface as shown in

Fig. 4.1.

Figure 4.1: Diagram of incident light reflecting and refracting at the interfaces in a thin film
on a substrate (adopted from [47])
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The total reflection coefficients for p and s polarized light film on a substrate like shown

in Fig 4.1 are [47]:

Rp =
r
p
12 + r

p
23 exp(−i2β)

1 + r
p
12r

p
23 exp(−i2β)

Rs =
rs12 + rs23 exp(−i2β)

1 + rs12r
s
23 exp(−i2β)

(4.1)

where rp,sab are the Fresnel reflection coefficients of the reflection of p and s polarized light at

each interface:

r
p
ab =

Nb cos(θa)−Na cos(θb)

Nb cos(θa) +Na cos(θb)
rsab =

Na cos(θa)−Nb cos(θb)

Na cos(θa) +Nb cos(θb)
(4.2)

and β is the phase change from the top to the bottom of the film:

β = 2π

(
d

λ

)
N2 cos(θ2) (4.3)

The ratio of the total reflection coefficients, Rp/Rs are related to the ellipsometric parameters,

psi (Ψ) and delta (∆), in the fundamental equation of ellipsometry:

ρ = tan(Ψ)ei∆ =
Rp

Rs

(4.4)

which is comprised of the relative amplitude change, tan(Ψ), multiplied by a relative phase

change term, ei∆, of the light beam, as a result of the reflection off the sample [47, 48].

As the film gets thicker the path length increases for the light traveling through the film

and as a result the phase change (∆) will vary, as will the magnitude of the reflected wave

related to Ψ as a function of wavelength. Often times film thickness is determined from

regions of the spectrum that a material is transparent, meaning that the imaginary part of

the dielectric function, k, is equal to zero, reducing the number of parameters to be fit. As

the film thickness increases, oscillations occur with reduced spacing in the parameter Ψ, due

to interference shifting towards longer wavelengths as a result increased path length for the

beam of reflected light. However, in ultrathin films on the order of a few nanometers and

under, ∆ is more sensitive to a change in thickness than Ψ.

The ellipsometric parameters, Psi and Delta, also rely on the optical constants of the

film that is being analyzed. While the film thickness affects the path length, the optical

constants, n and k, impact the angle at which the light reflects, the speed of the light in the
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material, and the absorption of the light in the material. Therefore, an appropriate model

must be constructed that at a minimum consists of an optical constant dispersion in addi-

tion to a thickness parameter to define the thin film. Other parameters can be included in

a model for ellipsometric analysis include roughness, gradation, interfacial mixing to name

a few, resulting in more complicated expressions for the reflection coefficients shown above.

This is all handled in the J.A. Woollam CompleteEASE software by setting appropriate elec-

tromagnetic boundary conditions that satisfy the desired model in using a matrix approach.

It is important to take care when choosing the number of parameters to fit at any one time

as you cant fit more unknown parameters than information than you have experimentally

determined. More information can be obtained about the film by measuring more than one

wavelength, taking data at multiple angles of incidence, including transmission data, and

even taking measurements with varying ambient index of refractions [48]. For films such

as dielectrics, semiconductors, and organics that have both transparent and absorbing re-

gions thickness can be fit to the transparent region where only the real part of the dielectric

function and thickness are unknown before fixing the thickness and expanding the fit into

the absorbing region. The uniqueness of a parameter can be investigated by allowing that

parameter to take on values over a range of interest. At each value within that range the pa-

rameter of interest is fixed and all the other fit parameters involved in the model are allowed

to vary to find the best fit, usually in the form of a normalized chi-square statistic that has

been proven to give an unbiased estimate of the quality of the fit. A properly constructed

model should provide unique fit parameters, meaning that there is a narrow range of values

that provide a good fit, and a physically meaningful dielectric dispersion.

4.2 Absorbance Spectroscopy

Another useful characterization technique for quantum dots is absorption spectroscopy,

the study of how these nanoparticles absorb at different wavelengths. In general for bulk

materials absorbance is defined as the log with base 10 of the ratio of incident intensity, I0,
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and the intensity of light transmitted through the sample It:

A = log

(
I0

It

)
(4.5)

For a homogeneous material with a complex index of refraction, ñ = n + ik, that varies

with wavelength the intensity, I, as a function of distance in the material, x, for a given

wavelength, λ, can be defined as:

I(x) = I0e
−

4πk

λ
x (4.6)

Where we can further define a material specific property, α, the thickness independent ab-

sorption coefficient for bulk materials:

α =
4πk

λ
=

ln(10)A

L
(4.7)

An equation analogous to Eq. 4.7 can be found for quantum dots in solution, with volume

fraction f , using Maxwell Garnett mixing theory. This approach treats the quantum dots

as polarizable points, with a complex dielectric function ǫ̃ = ǫr + iǫi = (ñ)2, in a transparent

solvent, with ǫs = n2
s . The resulting equation for the absorption coefficient for quantum dots

in solution, µ, in the case where the colloid is dilute such that f<<1 is [49]:

µ =
2π

λns

|FLF|
2
fǫi =

n

ns

|FLF|
2
fα (4.8)

where n and ns are the index of refractions of the QD and solvent respectively and FLF is the

local field factor, defined as ratio between the internal local electric field that results from

the polarization of the dielectric particle and an external driving electric field:

FLF =
3ǫs

ǫ̃+ 2ǫs
(4.9)

Eq. 4.8, the absorption coefficient of quantum dots dispersed in a solvent, makes it

clear that the absorption is greatly influenced by the local field factor that results from

the dielectric screening. As with Eq. 4.7 for bulk materials we can take Eq. 4.8 one step

further by dividing out the volume fraction to define an intrinsic absorption coefficient for
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an individual quantum dot in a given solvent, µi:

µi =
2π

λns

|FLF|
2
ǫi =

ln(10)A

fL
(4.10)

In colloidal solution the relationship between absorption and concentration of QDs is linear

with respect to concentration and is described by the Beer-Lambert Law:

A(λ) = ε(λ)cL (4.11)

Where ε is the molar extinction coefficient with units, 1/M cm, c is the concentration of the

colloidal solution in mol/L, and L is the path length of the light through the colloid in cm.

From Eq. 4.11 the absorbance cross section of a single quantum dot, σ, can be defined as:

σ = VQDµi =
ln(10)

NA

ε (4.12)

Eq. 4.11 is a useful equation in that if either the concentration or the molar extinction

coefficient is known, the other can quickly be determined with only an absorbance measure-

ment. It is clear from Eq. 4.11 that ε is wavelength dependent, but there is also a size

dependence due to quantum confinement effects that may not be immediately apparent. As

a result of the discretized energy states the molar extinction coefficient is size dependent at

energies near the band edge in these quantum dots. While at higher energies, far above the

bandgap of the material, the electronic structure, and therefore ε, becomes bulk like once

more. Additionally, at high energies above the band gap the extinction coefficient is much

larger than at the first absorption feature which results in higher sensitivity for determining

the concentration of a colloidal solution using Eq. 4.11 [17, 50].

The Absorption spectrum can also reveal other useful information about a quantum dot

system such as the bandgap of the material. The bandgap can be determined by creating a

Tauc plot which plots (Ahv)1/n vs hv, the energy of the incident light in eV [2, 51, 52]. The

exponent n is chosen to be 1
2
, 3
2
, 2, or 3, for direct allowed, direct forbidden, indirect allowed,

and indirect forbidden electronic transitions respectively in the material. For the case of

CuInS2, n is chosen to be 1
2
since it is known to have a direct bandgap. Once the measured
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absorption data is plotted in a Tauc plot, the bandgap of the material can be determined by

fitting the first linear portion of the plotted data. The bandgap is indicated by the energy

at which this linear fit intercepts the horizontal axis. It is beneficial to have prior knowledge

of whether or not a material has a direct or indirect band structure in order to choose the

appropriate n and also a general idea of the bandgap to determine what portion of the data

to fit.

Typically, the absorption spectrum of quantum dots will exhibit a small shoulder or small

absorption features after the onset of absorption that correspond to the electronic energy

transitions of the material. As discussed earlier the allowed transitions in a quantum dots

are size dependent, therefore the position of this feature can be used to determine the size of

quantum dots in a solution. Since these features often arent well defined it can be difficult

to determine the energy that the feature is located at. To determine the spectral position

of an absorption feature a second derivative analysis of the absorption spectrum is required.

The local minimum of the second derivative has been shown to be able to reliably determine

the location of the first absorption feature [17].

4.3 Photoluminescence Studies

Traditional photoluminescence spectroscopy measures the photoluminescence of quantum

dots over a wavelength range with a fixed excitation wavelength. The energy of the incident

excitation light must be higher than the band gap of a material in order to excite any elec-

trons from states in the valance band to the conduction band. As those excited electrons

relax, they can either couple with phonons in the crystal where its energy is dispersed with-

out emitting a photon or they can recombine with holes and emit light that is then collected

by a photodetector. Often the photoluminescence quantum yield (PLQY) is measured for

quantum dots which utilizes an integrating sphere to measure the ratio of the number of

photons emitted to the number of photons absorbed. An example use case for this quantity

would be used to optimize sample preparations as well as compare batches of quantum dots

to one another [19]. Another variation of PL spectroscopy is known as photoluminescent
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excitation spectroscopy (PLE) where the excitation energy is varied while a single emission

wavelength, near the emission peak, is monitored [53, 54]. PLE can provide insight into size

distributions as well as the absorption bands in the material while providing a better signal

to noise ratio than traditional absorption measurements. Time resolved photoluminescence

measurements can be used to isolate spectral features to study possible mechanisms of re-

combination. And as with many properties with quantum dots, PL is also size dependent

and thusly can provide another method for determining the size of quantum dots.

4.4 Electron Microscopy

Electron microscopy is often used in the preliminary stages of any study of quantum

dots. High resolution transmission electron microscopy (TEM) allows for direct observation

of lattice parameters and crystallinity by way of diffraction patterns, morphology, size dis-

tributions, interparticle spacing, lattice defects like dislocations and stacking faults. This

analysis is typically completed using ImageJ or a similar program. Within the software,

regions that exhibit lattice fringing can be analyzed using FFT processing to determine the

lattice spacing [14], or by simply measuring the spacing on the lattice fringes directly. In

some instances, if the core and shell structures have different enough lattice parameters strain

can present itself as the bending of the lattice fringes in the TEM images [55]. Sometimes it

may even be possible to determine core and shell sizes if either the core or shell is crystalline

and the other material lacks crystal structure making the boundary between the two clear

[56]. TEM is also useful in the assessment of the quality of thin films on the order of a few

layers of nanoparticles to assess their short, and long, range order as well as film coverage,

or void fraction in the film [34, 40].
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CHAPTER 5

METHODS AND CONSTRAINTS

CuInS2/ZnS Quantum Dots -

The work contained in this paper was completed using purchased quantum dots synthe-

sized by UbiQD Inc., located in Los Alamos, NM. The QDs were received as a powder that

we subsequently suspended in chloroform in a sealed container for storage at room tempera-

ture. The quantum dots are capped with a combination of carboxylates (oleate), carboxylic

acids (oleic acid), and thiols. The exact synthesis procedure is unknown to us but the likely

approach to synthesis is described in patents held by Hunter McDaniel [57].

UV-Vis Spectroscopy -

UV-Vis spectroscopy measurements were obtained using a Cary 5G spectrophotometer.

Dilute solutions of CIS/ZnS QDs in chloroform were prepared in 1cm quartz cuvettes. Base-

line measurements were taken using identical quartz cuvettes filled with chloroform. The

measurements were taken at room temperature. Absorbance measurements were also taken

of thin films consisting of 1, 2, and 3 Langmuir-Schaefer deposited monolayers on quarts

slides. The slides were taped to a metal mounting plate ensuring the light beam of the

spectrophotometer passed through the deposited film. A measurement was also taken of a

quartz slide that had been treated with HMDS for a baseline measurement.

Transmission Electron Microscopy -

TEM samples were prepared for imaging by drop casting dilute solutions of CuInS2/ZnS

quantum dots in chloroform onto 400 mesh holey carbon grids for sizing and morphological

analysis. Samples were also prepared samples for imaging by attaching the carbon grids to

a quartz slide using a small amount of carbon-based adhesive like those used for attaching
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samples to specimen stubs for SEM imaging, also known as Leit tabs, and proceeded to

deposit one monolayer of quantum dots by way of the Langmuir Schaefer method. TEM

imaging was performed using a Philips CM200 transmission electron microscope operating

at 200 kV with the guidance of Dr. Gary Zito. Sizing and morphological analysis was then

performed using ImageJ software.

Langmuir-Schaefer Film Procedure -

Quartz substrates were prepared for deposition by cleaning them with a chloroform dip

followed by a UV-Ozone clean for 10 minutes on each side of the slide. The surface was

then modified by suspending the quartz above Hexamethyldisilazane (HMDS) in a beaker

covered with a watch glass. The HMDS was allowed to coat the quartz glass overnight for

12-16 hours by way of gas phase deposition. Langmuir Schaefer deposition was performed

using a Nima Langmuir 112D trough at room temperature. Cleaning of the Teflon trough

was done before every deposition in the form of filling the trough with DI water and immedi-

ately draining it, subsequently wiping down the trough with chloroform and waiting a couple

of minutes for the chloroform to fully evaporate. The trough is then filled with fresh ultra-

pure DI water. The ultrapure water used for these experiments had a resistivity of 18.2MΩ

and was produced by a Direct-Q UV-R water purification system. Lastly the barriers were

closed to their maximum closed position, monitoring the change in surface tension, and the

surface of the water was aspirated off to remove any remaining surfactants. This aspirating

procedure was repeated until the closing of the barriers resulted in a surface tension increase

of no more than 0.2 mN/m. With the trough clean and surface of the water clear of nearly

all surfactants anywhere from 5 to 7.5 µL of 3.33 mg/L CuInS2/ZnS chloroform solution

was deposited onto the surface of the water. The chloroform was allowed to evaporate for

30 minutes. The barriers were then compressed at a steady speed of 4 cm2/min until it

reached a deposition pressure of 13 mN/m. The quartz slides were then slowly lowered onto

the compressed monolayer of QDs at an angle approximately 13 degrees off horizontal not
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allowing the sample to be submerged ensuring that the QDs are only deposited on one side

of the slide. For multiple layer depositions the slide is raised, and the surface pressure was al-

lowed to return to 13 mN/m. The dipper was then moved to a new location of the Langmuir

trough so that the slide would be stamped in a new part of the film for each subsequent layer.

Spectroscopic Ellipsometry -

Spectroscopic ellipsometry measurements were performed on a J.A. Woollam D2000 el-

lipsometer. The measurements were collected at three angles, 60, 65, and 70 degrees, in

reflection mode from 210 nm to 1000 nm. Initially the bare quartz substrate was charac-

terized, followed by a quartz substrate coated in HMDS, and finally the quartz slides with

one, two, and three layers of Langmuir Schaefer deposited QD films. Scotch tape was placed

on the backside of all samples measured to eliminate backside reflections. The measured

data was modeled in the CompleteEASE Software using Kramers Kronig consistent disper-

sion models that were comprised of a linear combination of general and Lorentzian oscillators.

Constraints -

Since these quantum dots were purchased as prepared, the details of the exact synthesis

are unknown to us. Without this knowledge building accurate models for analysis is made

more difficult. We are able to determine an effective core size utilizing known size depen-

dencies of the absorption and PL spectrums. This knowledge used with TEM derived size

distributions reveals the apparent shell thickness. However, due to the nature of core CuInS2

quantum dots to alloy when a ZnS shell is grown on them it would be beneficial to have

information regarding the bare core nanoparticles before the shell was grown for analytical

purposes. We are also unaware of the exact capping ligand ratios that encapsulates the

quantum dots. This can have a large effect on both electronic properties, individually and

in as a film, as well as their physical properties as it pertains to assembling well-ordered

monolayers using a Langmuir Blodgett method.
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CHAPTER 6

RESULTS AND DISCUSSION

We initially began the investigation of the CuInS2/ZnS core shell quantum dots that we

purchased from UbiQD using TEM imaging. In order to build up our understanding of the

material system it was important to assess the size and shape of the quantum dots. QDs

suspended in chloroform were solution cast onto holey carbon grids for imaging and can be

seen in Fig. 6.1. We can see that there is evidence of self-assembly behavior as seen with

many quantum dot systems. Diffraction patterns from the lattice planes are also visible

in the image indicating that these quantum dots are highly ordered and exhibit significant

crystallinity. A clearer view of these diffraction patterns is shown in the inset of Fig. 6.1. The

average spacing of the lattice fringes was determined by FFT analysis using ImageJ software

and was found to be 0.314± .2 nm. This spacing is consistent with the known lattice spacing

of 0.321 nm for the 112 direction of tetragonal chalcopyrite CuInS2 [58], however it should

also be noted that the 110 lattice spacing of wurtzite CIS is 0.34 so higher resolution images

or XRD patterning of the core QDs would be beneficial to increase our confidence levels and

understanding of the morphology of these dots[59].

The optical properties of these quantum dots in solution were then characterized using

UV-Vis spectroscopy performed from 200 nm, the lower operating range of the equipment,

and 1000 nm, as they are non-absorbing above this region. Fig. 6.2 shows the measured

absorbance of the quantum dots suspended in chloroform. A second derivative analysis of

the solution absorbance revealed that the location of the first absorption feature of these

quantum dots to be at 362 nm, or equivalently 3.42 eV. These absorbance measurements

reveal a long lower energy absorption tail at wavelengths longer than the first absorption

feature which is typical of CuInS2 quantum dots due to their large number of intragap

energy states. A Tauc plot of the absorbance data the bandgap, shown in the inset of Fig.
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0.314 nm 

Figure 6.1: TEM image of drop cast CuInS2/ZnS quantum dots on a holey carbon grid. The
inset shows a close-up view of lattice fringing.

6.2, revealed the band gap of the QDs in solution to be 2.87 eV. The bandgap of these

quantum dots is quite a bit higher than the 1.45 eV bandgap of bulk CuInS2. Beyond the

first absorption feature there is strong absorption resulting from higher energy transitions in

the core as well as the onset of absorption from the ZnS shell which has a bulk bandgap of

3.66 eV (339 nm). This absorbance measurement will also be used to extract the intrinsic

dielectric functions of the quantum dots later on in this section.

The photoluminescence spectrum was also collected for the quantum dots in solution and

can be seen in Fig. 6.3. The peak photoluminescence was found by fitting a Gaussian curve

to the data from 527 to 635 nm (1.95-2.35 eV) and was found to be located at 567 nm (2.19

eV). As is expected for CuInS2 quantum dots there is a large Stokes shift from the first

absorption feature which is attributed to excited carriers relaxing into the intraband states

and recombining at a lower energy that they initially absorbed during excitation. There is

also a visible PL feature on the lower energy side of the spectrum located at approximately
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Figure 6.2: UV-Vis absorbance spectrum of CuInS2/ZnS quantum dots suspended in chlo-
roform. The inset shows the corresponding Tauc plot.

611 nm (2.03 eV). This can be attributed to the lower energy photoluminescence band that

is known to exist for CIS QDs due to distant donor acceptor pair recombination.

With a better understanding of these QD optical properties in solution we began to

assemble monolayers of the quantum dots using a Langmuir trough. The CuInS2/ZnS QDs

produced isotherms with consistent phase transformations from liquid like to solid phases

around 9 mN/m and collapse pressures of around 45 mN/m. Depositions were performed

at 13 mN/m on quartz substrates that we had modified to be hydrophobic with a coating

of HMDS [60]. We confirmed that the prepared quartz substrates were in fact hydrophobic

by analyzing the contact angle of purified water before and after treatment with HMDS as

seen in Fig. 6.4 below. Depositions of these films using a vertical quartz slide (Langmuir

Blodgett) resulted in poor and inconsistent transfer ratios, while horizontal, or Langmuir

Schaefer, deposition proved to be superior and was performed for all samples that were to

be analyzed.
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Figure 6.3: Photoluminescence spectrum of CuInS2/ZnS quantum dots suspended in chlo-
roform with an excitation wavelength of 388 nm.

We observed a small shoulder like feature on nearly every isotherm within the first few

mN/m of tension increase, in Fig. 6.5 this can be seen at just under 45 cm2. This region

of the isotherm in which we observe the rate, or slope, at which the surface tension is

increasing begins to decrease around 45 cm2 and then begins to increase once more at a at

about 37 cm2 could be an indication of relaxation events in our film. This seems to be a

similar phenomenon as those seen in previously studied CdSe QD Langmuir films which could

indicate the formation of bilayer regions or an increase in transfer of QDs to the subphase

[39]. Additional transfer of quantum dots from the monolayer to either the subphase or

to bilayer formation occurred while holding the surface tension constant for deposition. In

order for the NIMA software to hold the film of our quantum dots at a constant pressure

the trough barriers had to continue to slowly compress the film. The slow compression of

the film under constant pressures is a known indicator of quantum dot loss as seen in other

studies where CdSe quantum dots were lost to the subphase[8].
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Figure 6.4: Contact angle images of water on unprepared quartz substrates (a.) and the
contact angle of water after the quartz substrate was prepared by HMDS vapor deposition
(b.).
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Figure 6.5: Typical Langmuir surface tension vs are isotherm for our CuInS2/ZnS quantum
dots spread on ultrapure water for deposition. The inset shows an isotherm compression
taken to collapse pressure.
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A monolayer Langmuir film was deposited at 13 mN/m using a Langmuir Schaefer stamp-

ing technique and then imaged using a transmission electron microscope as shown in Fig. 6.6

below. The diameter of the quantum dots was found to be 3.93 ± .61 nm with an average

center-to-center spacing of 5.8 ± .95 nm by analyzing quantum dots from Fig. 6.6 (a) in

the ImageJ software. The quantum dots diameters were manually taken to be the longest

edge-to-edge distance across the quantum dot as they are not perfectly spherical. Keeping in

mind that the ligands can fold and interdigitate to a certain extent we can deduce that the

capping ligand layer measures approximately 0.94 nm. These images reveal that while there

are sections of highly ordered monolayers, Fig 6.6 (a) and (c) shows darker bilayer regions

similar to those seen in multilayer CdSe QD films [40, 61]. Additionally, there appears to be

small regions of void space, the lightest regions in in 6.6 (d), in these films. Without knowl-

edge of the exact ratios of capping ligands on these particles it is hard to determine the exact

cause of these bilayers but we propose that it is likely due to a stress relaxation mechanism

during compression of the film and that these regions could potentially be minimized or

eliminated all together with more favorable ligands.

After optimizing our Langmuir-Schaefer deposition method the best we could we pro-

duced three sample consisting of 1, 2, and 3 layers of the QDs for spectroscopic analysis.

We began by measuring the absorbance spectrum of all three samples, shown in Fig. 6.7. It

should also be noted that the plots for the 1, 2, and 3 layers were all adjusted so that the

absorption region from 596 to 794 nm was zeroed as the QDs are known to be transparent

in this region to minimize the effects of known instrumental drift due to the lamps warming.

We can see that the deposited dots also maintain similar absorption features including the

pronounced low energy absorption tail that were observed in the solution absorbance mea-

surements. A second derivative analysis of the three absorbance spectra did not result in a

clear first absorbance feature, however a Tauc plot, shown in Fig. 6.8, of the 3-layer sample,

shows us that the bandgap, 2.84 eV, of the deposited dots remains unchanged from that of

the dots in solution.

31



0

10

20

30

40

50

60

70

80

90

Diameter (nm)

C
o
u
n
ts

Avg. - 3.93 nm

S.D. - 15.4 %

(a)                                                            (b) 

 

  

  

 

 

 

(c)                                                               (d) 

Figure 6.6: TEM images of varying magnifications (a, c, and d) of a Langmuir-Schaefer
monolayer deposited at 12 mN/m on a holey carbon grid. The upper right portion of the
figure (b) is histogram of quantum dot diameters of from TEM image (a) using ImageJ
software.
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The uniformity of our deposition technique was investigated by integrating the absorbance

for the three samples shown in the inset of Fig. 6.7 as well. The plot of the integrated

absorbances has a clear linear trend indicating that the deposition of each additional layer

of quantum dots was consistent with the first layer.
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Figure 6.7: Absorbance measurement for 1 (green), 2 (orange), and 3 (yellow) layer
Langmuir-Schaefer depositions on quarts substrates. A double blank (blue) measurement
is also included in the graph. The inset of the graph shows a plot of integrated absorbance
vs number of layers.

Having confirmed that there are no major changes in the optical properties of the quan-

tum dots when deposited in a film, we can begin the process of modeling thin films of the

quantum dots using the intrinsic dielectric function of the quantum dots extracted from

the solution based absorption spectrum using methods laid out by Dement et. al [1, 62].

Combining Eq. 4.9 and 4.10 we recall that the wavelength dependent intrinsic absorption

33



 

2 2.4 2.8 3.2 3.6

(𝐴ℎ𝑣)2
(a

rb
. 
u
n
it

s
)

ℎ𝑣 (eV)

Figure 6.8: Tauc plot of the 3-layer Langmuir-Schaefer sample deposited on quartz.

coefficient for quantum dots in solution is:

µi(λ) =
2π

λns

∣∣∣∣
3n2

s

ǫ̃(λ) + 2n2
s

∣∣∣∣
2

ǫi =
2π

λns

9n4
s

(ǫr(λ) + 2n2
s )

2 + ǫi(λ)2ǫi
(λ) (6.1)

where ǫr and ǫi are the real and imaginary parts of the complex dielectric function of the

suspended quantum dots and ns is the refractive index of the solvent, 1.4 for chloroform in

our calculations. It has been shown that at high energies above the bandgap the optical

properties of CuInS2 can be estimated from bulk optical constants due to a reduction in

quantum confinement effects [17]. Because of this we can use bulk constants to calculate µi

for the quantum dots at high energies. However, the fact that we are not using a simple core

dot complicates this process. In order to determine an appropriate effective bulk dielectric

function for the quantum dots we can treat the core and shell as one composite material

using an effective media approximation. We applied the two component Bruggeman EMA:

finc
ǫinc − ǫeff

ǫinc + 2ǫeff
+ fh

ǫh − ǫeff

ǫh + 2ǫeff
= 0 (6.2)

where finc and fh are the volume fractions of the inclusions and host respectively and ǫinc,

ǫh, and ǫeff are the complex dielectric functions of the inclusions, host, and composite. For
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our calculations the CuInS2 core is treated as the inclusions in a ZnS host to determine the

single effective complex dielectric function of the core/shell composite. The Bruggeman EMA

treats the inclusions and host material equally and therefore is considered to be symmetric

with respect to the individual components of a multi-component medium [63]. In order

to determine the volume fractions of the inclusions, the CuInS2 core, and the host, ZnS

shell, we needed to first determine the core size. While there are sizing curves for PL peak

position for CuInS2 QDs, this route should be avoided as the size dependence of the PL

peak position is unreliable. This is due to the large number of defects and varying levels of

core alloying in CuInS2 dots that both lead to an inconsistent photoluminescence from one

batch to another [17]. Additionally, as mentioned earlier, the storage conditions can affect

the relative magnitudes of the low and high energy PL bands which will affect the combined

PL peak position. For those reasons we used a sizing curve based on the position of the

first absorption feature in electron volts, E1, for chalcopyrite CuInS2 that is the result of an

empirical fitting of aggregated data by Xia and colleagues of the size dependent location of

the first absorption feature [17]:

E1(d) = 1.532 +
1

0.0882d2 + 0.587d− 0.517
(6.3)

This fitting curve is likely only valid for QDs with diameters under 10 nm as all of

the data analyzed by Xia was for QDs under 10 nm that exhibited size dependent exciton

absorption peaks. With the first absorption feature located at 3.425 eV solving Eq. 6.3 for

the diameter results in a core diameter of 1.51 nm. Assuming spherical quantum dots the

volume fraction of the particle that is core,finc, is 0.0564. Values for the complex dielectric

function of bulk ZnS was taken from Adachi [64] and the data for bulk CuInS2 was taken

from [65]. The bulk dielectric functions used are presented in the left side of Fig. 6.9 below.

The result of applying Eq. 6.2 to describe the effective dielectric function of the core/shell

composite material is shown in the right side of Fig. 6.9. The effective dielectric function

of the core/shell composite closely resembles the bulk dielectric function of ZnS due to the

large volume fraction of the shell, at 0.9436.
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Figure 6.9: The real (solid line) and imaginary (dashed line) dielectric functions of bulk
CuInS2 (Blue) and ZnS (Orange) on the left-hand graph. The right graph shows the effective
dielectric function of the core/shell composite.

These values for the effective complex dielectric function of the composite quantum dot

can then be used to calculate the intrinsic absorption coefficient of the QDs in a chloroform

solution using Eq. 4.11. The results of this calculation can be seen in Fig. 6.10 below (orange

line). For comparison this same core/shell composite dielectric function was used to calculate

the bulk absorption coefficient using Eq. 4.7 (blue line). The effects of the dielectric screening

can clearly be seen in Fig. 6.10 as the magnitude of the intrinsic absorption coefficient is far

smaller for the quantum dots in solution than that of the bulk absorption coefficient.

We can then use these results to scale our measured solution absorbance to the calcu-

lated intrinsic absorption coefficient using bulk values at 300 nm (4.1 eV). This new scaled

absorbance can now be treated as the effective intrinsic absorption coefficient of the QDs

in solution based on the assumption that the QDs have bulklike optical properties at suffi-

ciently high energies. Once our absorption is scaled, we can proceed with the calculation of

the intrinsic complex dielectric function of the quantum dots based on our scaled absorbance
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measurement. It is not trivial to solve for the real and imaginary components of the quantum

dot dielectric function that replicates the measured absorption spectrum. However, we can

simplify the process by utilizing the Kramers-Kronig relations which relates the real and

imaginary parts of the complex dielectric function to each other such that they maintain the

property that an electric field must be applied to a material before it can respond to said

field:

ǫr(E) = ǫinf +
2

π

∫
∞

0

E ′ǫi(E
′)

E ′ 2 − E2
dE ′ (6.4)

Using a discrete form of Eq. 6.4 and fixing the dielectric function values to the effective

bulk core/shell composite values previously found for wavelengths shorter than 300nm the

complex dielectric function for our quantum dots can be derived from the measured ab-

sorbance using an iterative error minimization process developed and used by Alves-Santos,

Dement, and Moreels [1, 62, 66]. The iterative minimization loop, seen below in Fig. 6.11,
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is initially seeded with the imaginary part of core/shell composite dielectric function. After

enough iterations of the loop, the calculated absorption coefficient will converge to agree

with the scaled absorbance data and the intrinsic complex dielectric function of the QDs has

been found. The results of this procedure can be seen in Fig. 6.12.

With the intrinsic optical properties of the quantum dots calculated from the absorbance

measurement we turned our attention to determining the effective dielectric function for

thin films comprised of the quantum dots. We began by measuring the samples we produced

using spectroscopic ellipsometry from 200 to 1000 nm in reflection mode at 60, 65, and 70

degrees. The raw ellipsometry data can be seen below in Fig. 6.14. To properly build the

ellipsometric model we characterized a blank quartz substrate, followed by a quartz substrate

that had been modified with the HMDS, and then finally the samples themselves with J.A.

Woollams CompleteEASE software. The layers included in the CompleteEASE model are

shown below in Fig. 6.13. Since the backsides of quartz substrates produce reflections, we

applied scotch tape to the undersides of all analyzed slides to eliminate unwanted reflections.

The samples were initially fit in the transparent region of the film from 750 to 1000 nm with

a Cauchy model to determine their thicknesses. The initial thicknesses for the 1, 2, and

3 layers were 6.08 nm, 8.43 nm, and 9.63 nm respectively. However, all these thicknesses

were quite uncertain and the uniqueness range of thicknesses that fit the data with low

MSEs was very high, on the order of 20 to 40 nm. Upon fixing the initial thicknesses, the

Cauchy model was replaced with a b-spline layer and expanded into shorter wavelengths.

This new fit was then parameterized and replaced with a general oscillator model so that

the dispersion could then be described using a combination of Kramers-Kronig consistent

oscillators. In order to fit the b-spline effectively 3 to 4 Gaussian oscillators within the visible

portion of the spectrum and one Tauc-Lorentz oscillator in the UV to account for absorption

above the bandgap was used. Following the parameterization of the layer fit with a general

oscillator the thickness and roughness was then allowed to vary once more. The final fitted

thickness and roughness of each sample were all within 2 to 3 nm of the initial fit in the
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Figure 6.11: Iterative error minimization loop used for calculating the intrinsic dielectric
function of the QDs from absorbance measurement.
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transparent region. The thicknesses for the 1, 2, and 3 layers were found to be 6.01± 1.735,

8.6± 0.003, and 9.63± 0.004 in nm respectively, with roughnesss of 0± 1.446, 3.96± 0.005,

and 2.83± 0.005 in nm respectively, and MSEs of 0.547, 0.659, and 0.755 respectively. Once

the model fitting is complete the complete ease environment allows for the resulting complex

dielectric function of the general oscillator layer, the QD thin film, to be exported and is

plotted in Fig. 6.15.
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Figure 6.13: Layers included in the final CompleteEASE ellipsometric model.
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The complex dielectric function of the thin films can also be calculated using the intrinsic

complex dielectric function of the QDs extracted from the absorbance measurement. We

can model the film as an effective medium, where in this instance the two components

involved are the quantum dots and the surrounding material. In the film the surroundings

are comprised of some unknown combination of capping ligands and void space. To calculate

an effective dielectric function for the films by applying Eq. 6.2 we also need information

about the packing fraction in the film. Since we are primarily interested in demonstrating

the applicability of this method to our particular quantum dot material system, rather than

calculating a packing fraction using spherical packing models in conjunction with information

extracted from TEM imaging, we solved Eq. 6.2 for the packing fraction and surrounding

refractive index that fit the results from our ellipsometric analysis the best. In order to

find the best fit a global minimum in the root mean square error (RMS) between calculated

effective complex dielectric function of the film and the experimentally determined values

was found, allowing the packing fractions to vary between 0 and 0.74, the upper bound is

chosen as the maximum value for close packing in hard spheres, and refractive index for the

surroundings to vary from 1 to 1.459. The allowed range for the surroundings was chosen to

range from the refractive index of 1, indicating surroundings consisting of 100% void, and

1.459, the upper bound here chosen to be the refractive index of dodecanethiol due to the

patents for these materials referencing dodecanethiol precursors are used for synthesis that

likely end up among other ligands capping the quantum dots. The values of the packing

fraction of the QDs (inclusions) and indexes of refraction of the surroundings that best fit

the ellipsometric data were 0.27 and 1.31, 0.262 and 1.452, and 0.31 and 1.325 for the 1, 2,

and 3-layer films respectively. The variation in the refractive index of the surroundings for

the 1, 2, and 3 layer samples could be the result of differences in the amount of void space in

the film. The surroundings, or host, material in our effective media approximations is some

combination of void space and ligands a change in the ratio of void spaces (n=1) and ligands

(n ≈ 1.45) from sample to sample will effect the refractive index of the surroundings ns.
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The resulting real and imaginary parts of the dielectric functions of CuInS2/ZnS thin

films found using ellipsometry and modeling using the solution extracted dielectric functions

and effective medium approximations can be seen in Fig. 6.15. The variation in the global

minimums between the three samples that were found is likely due to non-uniformity in

the thin films suggesting that there is variation in void percentage and monolayer packing

order in the films. This result is consistent with the TEM images that show bilayer and

void regions intermixed amongst regions of highly ordered monolayers as seen in Fig. 6.6.

The resulting real part of the Bruggeman dielectric functions never agreed with the values

from the ellipsometric extracted parameters as well as the imaginary portions. Regardless,

the solution extracted dielectric functions still exhibit the primary trends of the dielectric

dispersion as determined with ellipsometry. The first absorption feature we see in these

dispersions can be attributed to the absorption due to the core of the QD and the second

higher energy feature appears to be located near the absorption edge for bulk ZnS and is

therefore likely to a result of shell contributing to the absorption at high energies. The fact

that the intrinsic complex dielectric functions of the QDs extracted from the absorbance

measurements can model films comprised of those dots furthers our earlier conclusion that

the deposition of these CuInS2/ZnS quantum dots in well-ordered films did not significantly

alter their optical properties. We believe with a better understanding of the synthesis and

morphology of CuInS2/ZnS quantum dots a more effective model could be constructed that

produce a better fit to the real part of the dielectric function. It is also worth noting that if

higher energy data of the complex dielectric function of bulk CuInS2 and ZnS were available,

its inclusion in the discrete Kramers-Kronig transformation in the iterative procedure would

also likely improve upon the agreement between the modeled and experimental real dielectric

functions. A correction term for the imaginary portion of the dielectric function at long

wavelengths that ensures no absorption (k = 0) could also improve the fit. Without this

correction term we observe a non zero absorption at long wavelengths for our calculated

values that is not present in the ellipsometry results that is likely a result of the truncation
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of the Kramers Kronig integral in its discrete form.

Given that the results of the film optical property calculations using the solution ab-

sorption extracted dielectric function of the QDs agreed with results of the ellipsometry

measurements and modeling we conclude that this technique for modeling thin films of

quantum dots shows great promise for future research. It is remarkable that given the con-

straints on this project the solution absorbance extracted dielectric function agreed so well

with the experimentally determined dielectric function. This technique allows for better

understanding of the morphological and optical properties of thin films comprised of ligand

stabilized, core/shell quantum dots. When used in conjunction with traditional ellipsometry

this method can give insight into the packing fraction and amount of void space in films

as demonstrated within this paper in addition to work done by Dement in which his group

modeled films of CdSe/CdS quantum dots deposited using a spin coating procedure[1]. To

our knowledge this is the first time that this technique that has been used on a core shell

quantum dot other than CdSe/CdS and the first time it has been used to study the complex

dielectric function of highly ordered quantum dots deposited by way of Langmuir-Schaefer

deposition. The usefulness of this method for extracting the intrinsic complex dielectric

function of core/shell quantum dots lies in the fact that the complex dielectric function of

films containing quantum dots of varying shell thicknesses, sizes, capping ligands, and host

material can be modeled quickly, with only one absorbance measurement. As a result, sci-

entists and engineers may employ this technique to plan or make decisions in regard to how

they might design a device or how they want to synthesize these materials taking into ac-

count how specific changes to the morphologies of their quantum dots will change the optical

properties of their system as a whole.
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CHAPTER 7

FUTURE WORK

There are many paths that this work can continue down, as there are just as many

questions raised as there are answered within this paper. To begin with it would likely be

worthwhile to make an attempt to improve upon the quality of the films produced by the

Langmuir method reducing void spaces and bilayer regions. One could modify the exterior of

the quantum dots with ligands that provide better assembly of the dots. This would require

control over the synthesis of the quantum dots or knowledge of the existing capping ligands

to design a ligand exchange procedure. In addition to potentially improving the Langmuir

monolayer quality, varying the capping ligands would allow for the study of the impact that

interparticle distance has on the optical properties of films of CuInS2/ZnS QDs. Varying the

subphase temperature may also have an effect on the quality of the films and is worth being

explored [41].

Modeling core/shell quantum dots can become rather complex rather quickly depending

on the models you choose for you analysis. In this case we use the relatively simple two

component Bruggeman EMA, Eq. 6.2, to describe both the core and shell as one effective

medium, and also for the film comprised of the dots and the ligands. However, there have

been other models proposed for the intrinsic absorption coefficient for a core shell quantum

dot by Neeves that might increase the accuracy of the calculation of intrinsic dielectric

function of the quantum dots [49, 67]. One could also consider using a three-part Bruggeman

EMA for calculating the effective dielectric function of films from the solution extracted

optical properties of the QDS considering the three components to be ligand, void, and

quantum dots. It would also be worth exploring the applicability of this method for the

three CuInS2 crystal structures, wurtzite, chalcopyrite, and zinc blende.
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