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ABSTRACT 

  

 This dissertation presents novel applications of ligand-capped II-VI 

semiconductor nanocrystals (i.e. CdSe and CdTe). 

 Hybrid polymer-nanocrystal thin films were prepared using a bottom-up 

electrochemical crosslinking method, where thiophene-functionalized CdSe NCs were 

wired to electron-rich 3,4-dioxy-substituded thiophene polymers.  Both nanocomposite 

and effective monolayer (EML) films were achieved by controlling monomer feed ratios 

during the crosslinking steps.  These hybrid thin films showed enhanced 

photoelectrochemical current efficiencies with a variety of solution acceptor molecules 

compared to polymer control films, which was due to sensitization by the CdSe NCs.  

The electronic structure of the polymer played a critical role in the potential (doping) 

dependent hole capture efficiency from photoexcited CdSe NCs.  Furthermore, 

photocurrent efficiencies were correlated with nanocrystal size, which was a direct 

product of frontier orbital energy shifting due to quantum confinement effects. 

 All-inorganic CdTe-CdSe nanocrystal solar cells were fabricated by a facile layer-

by-layer procedure.  A low-temperature sintering strategy was utilized to electronically 

couple the nanocrystal thin films, which maintained the individual electronic properties 

of the nanocrystals.  The electrical characteristics of these solar cells displayed 

predictable trends in open circuit voltage with varying CdSe NC diameter. 
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 Novel CdSe NC diffraction gratings were prepared by a facile microcontact 

molding procedure.  These transmission gratings showed exceptionally high diffraction 

efficiencies that were dependent on optimum grating morphologies and the refractive 

index contrast provided by the nanocrystals, which was size-dependent.   These films also 

showed promise as coupling gratings for internal reflection elements. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Motivation for Semiconducting Nanocrystals in Optoelectronic Devices  

 Semiconductor nanocrystals (NCs) have garnered a great deal of attention as 

replacement chromophores for traditional small molecules and polymers in 

optoelectronic devices such as photoelectrocatalytic thin films,1-8 quantum dot light 

emitting diodes (QD-LEDs),9-12 QD-sensitized solar cells (QDSSCs),13-17 conductive 

polymer/nanocrystal hybrid photodiodes,18-23 and all inorganic nanocrystal photovoltaics 

(PVs).24-32 Nanocrystals offer multiple advantages over organic molecules in the 

aforementioned technologies including: size-tunable band gaps (the position of both the 

valence band and conduction band vary with nanocrystal size), the possibility for 

multiple exciton generation (MEG, which offers the possibility of greater than 100 % 

internal quantum efficiency in electricity and photoelectrochemical fuel production),33-38 

photostability,39 spectrally narrow photoluminescence (ca. 25 nm FWHM for 

monodisperse samples), high quantum yields and solution processability.   Recent 

literature has provided a wealth of available synthetic methods for reproducible syntheses 

of monodisperse nanocrystals on large scales with a variety of shapes ranging from single 

crystal spheres (quantum dots) to hyperbranched structures.40-46  Furthermore, solution 

processable, ligand-capped semiconductor nanocrystals offer cost and time advantages 

relative to bulk semiconductor and vacuum-evaporated small molecule based devices 
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since low-temperature, solution processing methods can be used to construct the active 

layers.  This dissertation focuses on three complementary applications of II-VI 

semiconductor nanocrystals, as i) photoelectrochemical transducer layers, ii) as the 

photoactive components in Type-II heterojunction photovoltaic systems, and iii) as the 

high refractive index optical element in new forms of printable diffraction gratings. 

 Of the aforementioned benefits, the size-quantized properties of ligand-capped, 

semiconducting nanocrystals are of great interest due to our ability to control the 

energetic positions of the frontier orbitals and the overall absorption range of the 

nanocrystals by simply tuning their size from a single reaction scheme, which is 

synthetically more facile when compared to obtaining similar effects in traditional dye 

molecules.  While the theoretical, size-dependent positions of the frontier orbital energies 

can be calculated,47,48 it has been shown that these energetic positions are highly 

dependent on the structure of the organic capping ligands, which ultimately affect the 

solubility and stability of the nanocrystals in a variety of solvents, and the surrounding 

dielectric constant.49, 50   Indeed, these low dielectric ligand shells surely act as charge 

injection barriers that require excess overpotentials for charge transfer, which is 

ultimately seen as a shift in the energetic position of the frontier orbital energy levels.  

The position of the energy levels subsequently controls the photostability of nanocrystals 

towards corrosion.51  Therefore, appropriate ligands must be chosen that make a 

compromise between adequate solubility and compatibility of the nanocrystals with a 

desired solvent or dielectric medium and stability toward light-induced corrosion 
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processes, which essentially controls the lifetime and efficiency of optoelectronic devices 

employing semiconducting nanocrystals. 

 Of the multitude of semiconductor nanocrystals that have been explored, those 

based on II-IV semiconductors (i.e. CdSe, CdTe, CdS, etc.) have been dominant due to 

well-understood synthetic methods for the synthesis of high-quality nanocrystals (i.e. 

highly crystalline, monodisperse nanoparticles/nanocrystals may be routinely achieved).  

CdSe NCs have been extensively explored because their optical absorption and emission 

properties are easily controlled throughout the entire visible wavelength range.52-54  

Furthermore, CdSe nanocrystals possess proper energy level alignment with a number of 

donor and acceptor materials for the conversion of visible light into both high energy 

fuels (i.e. hydrogen from aqueous solutions) in photoelectrochemical reaction schemes 

and electricity in thin film photovoltaics.51  The utilization of ligand-capped CdSe NCs in 

a variety of optoelectronic devices will be the focus of this dissertation, where in two of 

the studies, we took advantage of our ability to control frontier orbital energies, and 

photoelectrical properties, and in the third study, we took advantage of both their 

polarizability (high refractive index) and their ability to self-organize in printed thin film 

and diffraction grating formats.  Each end use employed a range of nanocrystal diameters 

in order to observe the effects of quantum confinement on the properties of as-prepared 

devices and thin films. 

 

1.2 Photoelectrochemical Cells Employing CdSe NCs as Photocatalysts 
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Photoelectrochemical reactions at semiconductor liquid junctions have been 

extensively studied since the early 1970’s, where Fujishima and Honda demonstrated that 

single-crystalline TiO2 (rutile) could perform the photoassisted decomposition of water 

into hydrogen and oxygen (termed solar water splitting) without an external voltage 

(actually it did require a small voltage, SrTiO3 did not).55  The conversion of solar energy 

to electrical or chemical energy is principally based on absorption of solar energy by the 

semiconductor material, creating an exciton (excited state; electron-hole pair).  The 

excited hole (in the valence band, VB) and electron (in the conduction band, CB) 

generated through light absorption may be further utilized to drive otherwise 

energetically uphill chemical reactions.  These basic processes for conversion of solar 

energy into electricity may be described in a simple reaction scheme (negating external 

fields and other counter electrodes) that begins with absorption of light by the 

semiconductor (SC) to create an exciton (SC*) 

              

! 

SC+ h" #SC*                                                 (1.1) 

If the electron-hole pair can be separated before it recombines (e.g. radiative or 

nonradiative decay), electricity and chemical energy conversion may result.  Transfer of 

excited electrons may be accomplished by exposing the excited SC electrode to a suitable 

electron acceptor species (A) that has a reduction potential more positive than the CB of 

the SC, which forms the radical anion of the acceptor (A
-.
) 

            

! 

SC*+A"SC
+

+ A
•#

                                             (1.2) 

In order to prevent photooxidation (corrosion) of the semiconductor, a suitable electron 

donor (D), which has an oxidation potential negative of the SC VB, must be present in 
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order to reduce the oxidized semiconductor (SC+) converting the donor into the radical 

cation (D
+.

) 

           

! 

SC
+

+D"SC+D
+•

                                             (1.3) 

The overall reaction can be written by summing equations 4.1 through 4.3, 

                    

! 

D+ A+ h" #
SC

D
+•

+ A
$•

                                           (1.4) 

where it can be seen that the SC electrode is a photocatalyst (also known as a 

photosensitizer) for the production of oxidized D (D
+.

) and reduced A (A
-.
) using light. 

 This basic reaction scheme provides insight as to the necessary properties of the 

materials and their implementation for the efficient conversion of solar energy into either 

electricity or chemical fuels:56 1) the primary light absorber (be it a semiconductor or 

organic molecule/polymer) must possess large absorptivity (i.e. the total device must 

have a high optical density) in the visible and/or near-IR region of the solar spectrum in 

order to efficiently harvest the radiant solar energy; 2) charge separation events must 

occur on very fast (ps) timescales while charge recombination (back reaction) rates must 

be slow (ca. 103 slower than charge separation); 3) the photosensitizer must be vectorially 

aligned with respect to the charge transfer step in that electron donors and acceptors are 

spatially separated from one another so as to mitigate recombination processes (e.g. D
+. + 

A
-.
 ! A + D); and 4) the materials and processing steps that produce a working device 

must have little environmental impact and be inexpensive so as to compete with 

traditional methods of energy production (e.g. fossil fuels). 
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 Ligand-capped CdSe NCs appear to be ideal candidates for photoelectrochemical 

reactions due to their high molar absorptivity (up to 107 L mol-1 cm-1)57 and relatively 

small electron affinity,51 which provides for efficient light absorption and subsequent 

transfer of photoexcited electrons to solution acceptor species (e.g. H+ to produce H2), 

respectively.  Photoelectrochemical reactions at bulk II-IV semiconductors (e.g. CdS and 

CdSe) are well understood and have been utilized for the efficient production of 

hydrogen from aqueous solutions, provided high concentrations of strong reducing agents 

(i.e. sacrificial donors) were available to mitigate corrosion (dissolution) of the 

semiconductor.  The photocorrosion process is a direct result of the relatively negative 

energetic position of the valence band, which provides for an extremely oxidizing hole in 

the semiconductor upon excitation and charge transfer.  If a suitable electron donor is not 

present to quench the hole after electron transfer, dissolution of the semiconductor results 

from corrosion processes. 

 It has been demonstrated in the literature that blended films of CdSe NCs and 

hole-conducting, conjugated polymers (e.g. polythiophene, MEH-PPV, etc.) form a 

Type-II heterojunction where the polymer acts as a hole scavenger for the CdSe NC.18, 58-

62  Solid-state, semiconducting polymers have shown sufficient donor ability to suppress 

corrosion of the quantum dots in the solid state.  These blended films, however, lack any 

vectorial alignment and only function when extremely high loadings of NCs (ca. 90 wt. 

%) were available so as to permit close contact between each NC, which created 

percolation pathways for electrons in the device.  Willner and coworkers have 

demonstrated that asymmetry could be built into ultrathin film systems where CdS NCs 
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were chemisorbed to electrode surfaces using electrochemical crosslinking methods.  

These surface-tethered NCs showed that photocurrents could be observed with high 

efficiency, provided that high concentrations of solution donor molecules were present.3-8, 

63-67  This work seeks to combine these methodologies, whereby CdSe NCs are 

electrochemically  crosslinked to electron-rich 3,4-dioxy-substituted thiophene polymers, 

which are subsequently linked to ITO substrates. 

 Figure 1.1 shows a schematic illustration of the focus of this research project, 

which is to present a novel methodology for the construction of vectorial aligned, 

photoactive thin films utilizing CdSe semiconducting NCs that are electrochemically 

crosslinked to electron-rich donor polymers (e.g. PEDOT) as a platform for the photo-

reduction of solution acceptors (e.g. protons to form hydrogen).  It is believed that close 

proximity of the CdSe NCs to electron-rich donor polymers, which is facilitated by 

electrochemical “wiring” of the NCs to the polymer, will suppress corrosion of the 

nanocrystals during the photocatalytic reaction.  Furthermore, wiring of the polymer to 

the ITO hole-collection electrode should provide for efficient charge collection, which 

has recently shown to increase charge transfer rates for similar polymer films.68  Finally, 

addition of a Pt catalyst to the system should lower overpotentials and increase 

efficiencies for hydrogen evolution reactions.69-73   
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Figure 1.1. Schematic diagram of CdSe NC-sensitized electron-rich polymer 

(PEDOT) films that are linked to the ITO electrode through a surface modifier 

(ProDOT-CA) by electrochemical methods.  The expanded view is the proposed 

scheme for photocatalytic hydrogen generation at a CdSe-Pt heterodimer, where hole 

capture is facilitated by close proximity of the electron rich polymer.  

!
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1.3 CdTe-CdSe NC Solar Cells 

 Solar cells (photovoltaics) composed of organic small molecules, polymers, and 

inorganic semiconducting nanocrystals have gained a great deal of attention due to their 

decreased cost and ease of processability relative to traditional single- or poly-crystalline 

semiconductor photovoltaics.74-76  While these next generation solar cells show 

significantly lower efficiencies compared their more traditional inorganic counterparts, 

the field is still relatively new and higher efficiencies are expected once new materials 

and processing steps are better understood.77  All inorganic nanocrystal solar cells are an 

intriguing class of next generation solar cells, whereby semiconductor nanocrystals are 

either deposited as single-layer Schottky solar cells25, 27, 29, 36, 78, 79 or as more conventional 

bilayer heterojunction solar cells.24, 31, 80, 81  The main advantages of photovoltaics based 

on semiconducting nanocrystals are the size-quantized energetics of these nanomaterials, 

which have been shown to have significant effects on the overall efficiency of solar 

cells.25, 26, 79  Furthermore, the idea of multiple exciton generation (MEG) is an intriguing 

prospect, where a single photon of energy greater than twice the band gap of the 

nanocrystal can be converted into multiple excitons.36-38, 82-84  MEG offers the ability to 

increase the internal (and possibly external) efficiency of cells based on inorganic 

nanocrystals to over 100%, which would effectively increase the power conversion 

efficiency of these cells.  The field of solar cells based solely on inorganic nanocrystals is 

still quite immature; however, there have been recent reports of power conversion 

efficiencies (AM 1.5) of over 3% for these cells,24 which is approaching the upper limit of 

efficiencies currently obtained for polymer-based organic photovoltaics (OPVs, ca. 
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5%).85  If all inorganic nanocyrstal solar cells are to be a competitive alternative to more 

traditional OPVs, the relationship between nanocrystal diameter (quantum confinement) 

and device performance must be understood. 

 There are only a handful of comprehensive examples in the literature that have 

demonstrated the effects of quantum confinement on the performance of all nanocrystal 

solar cells.  Nozik and coworkers have recently demonstrated that the open circuit voltage 

of Schottky solar cells based on PbSe nanocrystals was dependent on the diameter and 

work function of the metal contact in a predictable manner.25  Alivisatos and coworkers 

have recently demonstrated that both the open circuit voltage and short circuit 

photocurrent could be varied in a predictable manner by systematically adjusting the 

calcogenide ratio in ternary PbSxSe1-x nanocrystal solar cells, which adjusted the positions 

of the nanocrystal energy levels.79  These results are extremely important in 

understanding how all inorganic nanocrystal Schottky solar cells operate.  Solar cells 

based on lead calcogenide nanocrystals produce exceptionally large short cicuit 

photocurrents (ca. 20 mA/cm2) relative to traditional organic photovoltaics due to their 

wide absorption range out to near IR wavelengths; however, the open circuit voltage is 

quite small (ca. 0.2-0.4 V).   

 Alternatively, Alivisatos and coworkers have presented all nanocrystal solar cells 

comprised of CuS-CdS,80 and CdTe-CdSe24 heterojunctions that display increased open 

circuit voltages relative to single layer Schottky solar cells by virtue of increased optical 

band gaps, but suffer from lower short circuit photocurrents.  However, the effect of 
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quantum confinement on these heterojunction solar cells still remains unclear since only 

one size of each nanocrystal was studied.  Furthermore, in the case of CdTe-CdSe 

nanocrystal solar cells, the device was sintered to temperatures that caused nanocrystal 

fusion, which converted the nanocrystalline material into bulk.  The goal of this research 

focus is to better understand the effect of quantum confinement on CdTe-CdSe 

nanocrystal solar cells.  The key to this goal is to maintain the size-quantized properties 

of the nanocrystals in working devices, which necessitate some level of sintering in order 

to couple the nanocrystals for efficient transport.24, 79  For this study, one size of CdTe 

nanocrystal will be used and the CdSe nanocrystal diameter will be varied in order to 

determine the effect of quantum confinement on the performance of CdTe-CdSe all 

inorganic nanocrystal solar cells.  

 

1.4 Microcontact Molding of CdSe NC Diffraction Gratings 

 Diffraction elements are an integral component of dispersive optical 

instrumentation and may be further employed as chemical sensors, provided the grating 

material is responsive to a change in the local chemical environment.86-89  In its simplest 

definition, diffraction is the redirection of radiation when it encounters a periodic 

modulation in the complex index of refraction [n’(")] of any material.90    The complex 

index of refraction is a product of both the real (n) and imaginary (k) components of the 

refractive index following 

   

! 

n'(") = n(") + ik(")                                                (1.5) 
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which shows that both n and k are functions of the wavelength of light (!).  The real (n) 

and imaginary component (k) of the refractive index is more commonly referred to as the 

index of refraction and the absorptivity, respectively. 

 Figure 1.2 shows a simplistic transmission diffraction grating composed of a thin 

film of spatially modulated dielectric material deposited on a transparent substrate.  

Considering the simplest case of monochromatic radiation incident normal to the 

substrate, the incident beam power becomes distributed at various angles from its original 

path due to constructive interference.  The diffracted beam(s) appears at angles (") that 

satisfy the grating equation for normal incidence 

     

! 

m" = d sin#                                                         (1.6) 

which produces a diffraction pattern, where m is the diffraction order (0 for undiffracted 

light and ±1, ±2, etc for diffracted spots), d is the grating period,  and ! is the wavelength 

of the radiation.  The diffraction efficiency of a material is defined by Equation 1.7 

          

! 

DE =
"Idiff

Io
                                                          (1.7) 

where #Idiff is the sum of the intensity of the diffracted radiation and Io is the incident light 

intensity.  Fayer and coworkers have demonstrated that DE is proportional to the 

difference in the complex index of refraction between nulls and peaks of a spatially  
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Figure 1.2. Schematic illustration of a transmission diffraction grating deposited on a 

transparent substrate.  The periodic modulation in the complex index of refraction 

provided by the deposited grating material (blue) disperses the incident radiation into 

diffracted beams according to Equation 1.6. 
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modulated dielectric material, where the DE is given by equation 1.8 for a sinusoidal 

volume grating90 

! 

DE = e

"2.303OD(# )

cos$ sinh
2 %&k(#)T

#cos$
+ sin

2 %&n(#)T

#cos$

' 

( ) 
* 

+ , 
                          (1.8) 

where #k(!) and #n(!) are defined as the difference in absorptivity and refractive index, 

respectively, between the grating material and the superstrate (i.e. atmosphere or solvent), 

OD is the average optical density of the grating material, and T is the thickness of the 

grating features.  Equation 1.8 states that any material that possesses a periodic 

modulation in either n or k (or both) will diffract incident radiation with efficiencies 

dependent on the contrast in refractive index between the grating material and the 

surrounding medium (superstrate). 

 CdSe nanocrystals appear to be ideal candidates for diffraction grating materials 

operating in the visible wavelength range due to their inherently high molar absorptivity 

and dielectric constant; however, there are not any examples in the literature of 

diffraction gratings composed of CdSe NCs, or any NCs for that matter.  There are 

numerous examples in the literature of patterned metal and semiconducting nanocrystals 

on a variety of substrates for applications in sensing, optics and nanoelectronics.91-95  In 

these nanopaticle assemblies, particles have been organized by a variety of methods 

including microcontact printing and molding,92, 96, 97   templating/lithographic methods,98, 

99 and Langmuir-Blodgett techniques.100, 101  Of these assembly methods, microcontact 
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printing/molding techniques posses several fabrication advantages related to speed, 

simplicity, cost and the capability for large area films with high resolution features.102, 103 

 Figure 1.3 shows a schematic representation of both microcontact printing and 

molding procedures, which have been extensively described by Whitesides and 

coworkers.9, 102  Both processes begin with selection of an appropriate master that may 

either be commercially available or fabricated by lithographic techniques, which 

ultimately determines the pattern and scale of the transferred material features.  Next, 

curing polymeric precursors over the master template forms a soft mold or stamp, which 

is commonly referred to as a replica.  Traditionally, poly(dimethylsiloxane) (PDMS) is 

the preferred elastomer of choice for replicas since it is inexpensive, chemically inert 

with a variety of solvents and has a low surface free energy, which facilitates release of 

the replica from the master template and the surface of the desired substrate after transfer.  

The cured PDMS replica is then “inked” by either dropcasting or spincasting the material 

to be transferred, which is schematically represented as spheres in Figure 1.3 d.  Bawendi 

and coworkers have shown that the morphology of the dried “ink” on the stamp is 

determined by the chemical compatibility of the solvent with the PDMS mold.9  

Specifically, solvents that wet the stamp well provide for conformal coating of the ink on 

the entire stamp, while dewetting behavior is observed for solvents that are incompatible 

with the PDMS substrate, which causes accumulation of the ink in the troughs of the 

elastomer during drying.  This wetting or dewetting behavior provides for transfer of 

material from the peaks or troughs  
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Figure 1.3. Schematic illustration of microcontact printing and molding processes.  (a) 

The master ultimately defines the pattern that will be transferred. (b) PDMS 

precursors are cured over the mold, which produces an elastomer replica (c). (d) The 

replica is then inked with an appropriate solution.  If the ink conformally coats the 

PDMS stamp, microcontact printing of the ink occurs from the peaks of the stamp.  

However, if the ink is chemically incompatible with the stamp, dewetting of the ink 

occurs during drying, which fills the troughs of the stamp with material that is 

subsequently transferred. (e) The stamp is brought into contact with a suitable 

substrate where the ink is deposited. 

(a) 

(b) 

(c) 

(e) 

(d) 
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of the stamp, respectively, which delineates the procedure as either stamping or molding, 

respectively.  

 The goal of this research focus is to prepare transmission diffraction gratings from 

toluene-based CdSe NC inks by microcontact printing using PDMS elastomer molds, 

which has not been previously described in the literature.  A series of commercially 

available Al-coated diffraction gratings with varying, sub-micron periodicity will be 

utilized as masters for the PDMS molding step in order to determine the size and fidelity 

of transferred nanocrystal features.  The PDMS replicas are to be inked with a variety of 

CdSe nanocrystal sizes and subsequently transferred to a variety of substrates.  The DE of 

as-deposited gratings will be measured in a transmission geometry on transparent 

substrates.  It is believed that the DE will be a function of the diameter of the 

nanocrystals since it is well known that the molar absorptivity significantly varies with 

size.57  These assumptions were based on the premise that the CdSe NC inks would 

homogeneously coat the PDMS stamp after solvent drying, which ultimately determines 

the length scale at which continuous grating features may be transferred.  Finally, the 

photoluminescence (PL) spectrum of a diffraction grating will be monitored as a function 

of polar angle about the incident spot. This PL study will provide insight into the 

possibility of diffracted fluorescence intensity, which has yet to be described in the 

literature for fluorescent grating materials.   

 

1.5 Research Focus 
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 These three studies are enabling in the sense that they directly lead to additional 

studies and new technologies using ligand-capped II-VI NCs.  The synthetic methods 

developed here, coupled with the new methods of characterizing their 

photoelectrochemical, photoelectric and optical properties permit three new applications 

of these materials.  We confirm the sensitivity of energy conversion efficiencies to 

frontier orbital energies (i.e. NC size) in both the photoelectrochemical and photovoltaic 

applications, and show that control of these parameters will play a significant role in their 

future applications. 
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CHAPTER 2 

EXPERIMENTAL METHODS 

 

2.1 CdSe and CdTe NC Synthesis via Hot Injection Protocol 

2.1.1 Materials 

Cadmium oxide (~ 1 µm, 99.5%), selenium powder (~ 100 mesh, 99.5%), 

tellurium powder (200 mesh, 99.8 %), technical grade (90%) trioctylphosphine oxide 

(TOPO), octadecene (ODE, 90 %), oleic acid (OA, 90 %), tributylphosphine (TBP, 97%), 

stearic acid (SA, 99%), and hexadecylamine (HDA, 90%) were purchased from Aldrich.  

Chloroform (EMD, ACS grade) was purchased from VWR. 

 

2.1.2 CdSe NC Synthesis 

Caution: This synthetic procedure is performed at high temperatures (up to 350 

°C) and uses pyrophoric reactants (TBP) that readily react with oxygen.  Personal 

laboratory safety procedures are stressed and all possible care must be taken to secure 

glassware.  This reaction procedure, which falls under the broad category of “hot 

injection” techniques, was originally reported by Peng and coworkers and has been 

further adapted to produce large batches (5X scale up of reported procedure) of a range of 
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nanocrystal diameters.1  Standard Schlenk (air free) procedures were used during the 

synthesis process.   

In a typical synthesis, a selenium injection solution was prepared in a glove box 

under nitrogen.  The injection solution was prepared by mixing selenium (0.510 g, 6.46 

mmol) and TBP (6.25 mL) in a scintillation vial, which was capped by a rubber septum 

and fixed with two turns of Cu wire.  After ~ 30 min. of heating (~ 150 °C, on a hot plate) 

and vigorously stirring with a PTFE stir bar, the suspended selenium became soluble to 

afford a light yellow solution (note: unless fresh reactants are used, Se might not fully 

dissolve in the TBP solvent).  The Se solution is allowed to cool to RT (ca. 25 °C) in the 

glove box before injection into a heated Cd solution.   

Figure 2.1 shows a schematic for the controlled heating of reaction solutions 

(outside the N2 glove box).  The reaction vessel is situated in a heating mantle connected 

to a variac, which controls the proper heating level.  A stainless steal thermocouple 

(Omega) is inserted into the reaction flask through a rubber septum in order to measure 

reaction temperature, which is input into a temperature controller (Omega).  The 

temperature controller thus controls the variac and a feedback loop is set up where the 

temperature controller turns the variac on and off so as to attain the desired temperature 

(input on the temperature controller).   

In a laminar flow hood, CdO (0.0983 g, 0.766 mmol) and SA (0.8974 g, 3.15 

mmol) were loaded into a 50 mL 3-neck round bottom flask with a PTFE stir bar.  The 

reaction flask is heated to 150 °C in air with a round bottom heating mantle (if the  
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Figure  2.1. Reaction setup for controlled heating for the “hot injection” synthesis of 

CdSe (or CdTe) NCs 
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heating mantle was too large, glass wool was used to provide suitable heat transfer).  

After ~ 30 min., the reddish-brown slurry became optically clear indicating formation of 

cadmium stearate.  To the hot reaction vessel, HDA (9.73 g, 40.3 mmol) and TOPO (9.83 

g, 25.4 mmol) were added through a glass funnel.  The flask was fitted with a condenser 

(cooled to 3 °C) and heated to 120 °C with stirring under vacuum for 30 min. to remove 

excess O2.  The reaction flask was backfilled with Ar and heated to 320 °C (injection 

temperatures vary from 230 to 350 °C in order to control NC diameter, with higher 

temperatures providing for larger diameters).  At this temperature, the selenium solution 

was swiftly injected with a 12-gauge needle into the reaction flask.  Upon injection, the 

solution temperature dropped to 280 °C.  The solution was maintained at 280 °C for the 

desired amount of time (usually no more than 3 min.) to reach the desired NC size.  

Needle tip (~ 100 µL) aliquots may be removed at specified time intervals in order to 

determine the size (spectral) evolution of the nanocrystal reaction. The round bottom 

flask was then removed from the heating mantle and quickly cooled (~ 2 min) to ~ 70 °C 

was by blowing compressed lab air (LA) over the flask.  Once at 70 °C, CHCl3 (~ 50 mL) 

was added in order to prevent the reaction from solidifying.  The raw reaction solution in 

CHCl3 (~ 90 mL) was then stored in a refrigerator (at least over night). 

 

2.1.3 CdTe NC Synthesis 

Standard Schlenk procedures were used during the synthesis process.  Once again, 

Peng and coworkers have described this procedure in detail.2  In a typical synthesis, a 
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tellurium injection solution was prepared in a N2 glove box.  The injection solution was 

prepared by mixing Te powder (0.076 g, 0.593 mmol) with TBP (0.682 g, 3.37 mmol) 

and ODE (9.176 g, 36.3 mmol) in a scintillation vial with heat (~ 150 °C) and stirring 

with a PTFE stir bar.  After ca. 1 hr, the solution was a bright yellow color.  The vial was 

sealed with two turns of Cu wire and a rubber septum.  The Te injection solution was 

allowed to cool to RT in the glove box where it remained just prior to injection.  CdO 

(0.070 g, 0.548 mmol), OA (0.738 g, 2.61 mmol), ODE (19.2 g, 76.0 mmol), and a PTFE 

stir bar were loaded into a 50 mL 3-neck round bottom flask that was fit with a 

thermocouple, a cooled condenser (3 °C) and septa.  The flask was heated to 100 °C 

under vacuum with stirring for 20 minutes to remove excess oxygen.  The flask was then 

backfilled with Ar and heated to 310 °C.  The reaction solution gradually became 

colorless during heating, indicating formation of cadmium oleate complex.  The Te 

solution was quickly injected into the reaction flask with a 12-gauge needle, where the 

reaction temperature dropped to 260 °C.  The reaction temperature was maintained at 260 

°C for 2 minutes where it was then pulled off the heating mantle and cooled with a stream 

of air.  Once the reaction reached 50 °C, 12 mL of hexanes was added.  The reaction was 

then stored in a refrigerator prior to removal of excess ligand. 

 

2.2 NC Purification and Ligand Exchange 

2.2.1 Materials  
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Ethanol (Decon Laboratories Inc., absolute), acetone (EMD, ACS grade), 

methanol (EMD, DriSolv), pyridine (EMD, DriSolv), hexanes (EMD, ACS grade), THF 

(EMD, DriSolv) and acetonitrile (EMD, DriSolv) were purchased from VWR. 

 

2.2.2 CdSe NC Purification (precipitation methods) 

After sitting in the refrigerator at least over night, the raw reaction solution is 

removed for purification (i.e. removal of excess unreacted precursors and ligands).  A 

whitish/colored solid (color of solid varies from yellow to dark brown for the smallest to 

the largest nanocrystals, respectively) formed on the top of the nanoparticle solution 

while in the refrigerator.  The raw reaction mixture is centrifuged without waiting for the 

mixture to reach RT  (5000 rpm, 5 min) in order to densify the solid (excess ligand) 

floating on an otherwise optically clear CHCl3 solution of nanocrystals.  The soluble 

portion of nanocrystals is removed by inserting an 18-gauge needle into the bottom of the 

plastic centrifuge tube.  The soluble liquid portion is removed with a large volume (60 

mL) syringe, making sure not to disturb the compact solid layer.  The reaction usually 

produces a total of ~ 60 mL of optically clear NC solution in CHCl3.  The nanocrystal 

solution is equally distributed between 4-50 mL centrifuge tubes (~ 15 mL per tube).  The 

NCs were then precipitated by addition of an excess of acetone with vortexing (usually 

2X the CHCl3 volume, or 30 mL in this case to each centrifuge tube).  It was also noted 

that larger volume ratios (i.e. > 2:1::acetone:CHCl3) were sometimes necessary in order 

to precipitate the smallest NCs (e.g. ! 3.5 nm in diameter).  The turbid NC suspension is 
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then centrifuged (5000 rpm, 5 min), which provides a solid nanocrystal pellet and a 

colorless supernatant.  The supernatant is decanted and the solid nanocrystal pellets are 

each dissolved with vortexing in ~ 5 mL CHCl3.  The nanocrystals are again precipitated 

by addition of acetone and vortexing (10 mL to each tube).   The turbid NC suspension is 

centrifuged (6000 rpm, 5 min).  The four pellets are finally combined after discarding the 

supernatant in a total of ~ 10 mL CHCl3 with vortexing.  A third and final precipitation is 

made by vortexing after addition of acetone (20 mL).  The turbid suspension is 

centrifuged (8000 rpm, 5 min) and the supernatant is discarded.  The final solid pellet is 

dissolved by vortexing with hexanes (10 mL) and centrifuged (8000 rpm, 20 min).  In 

this case, only the soluble, optically clear supernatant of NCs in hexanes is saved.  The 

NCs in hexanes are then filtered through a 0.2 µm PTFE filter and dried down with Ar to 

get the final mass of particles (ranging from 50 to 200 mg of “clean” particles). 

 

2.2.3 CdTe NC Purification (extraction and precipitation methods) 

 Once removed from the refrigerator, the entire NC solution had solidified.  The 

CdTe NCs in hexanes/ODE solution (dark brown) are sonicated in order to bring the 

solution up to RT to afford a totally soluble optically clear solution.  An extraction was 

performed by the addition of methanol (MeOH, 24 mL) to the hexanes/ODE solution of 

NCs with vortexing to mix the contents.  The mixture was then centrifuged (5000 rpm for 

5 min.), where a dark NC layer formed above a clear MeOH layer.  The ODE/hexanes (~ 

24 mL) layer (NCs) was removed and the clear MeOH layer was discarded.  The 
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ODE/hexanes solution was then separated between 2-50 mL centrifuge tubes (~ 12 mL 

each), where ethanol (EtOH, 24 mL) was added to each tube (i.e. 2X the ODE/hexanes 

volume) with vortexing to afford a turbid suspension.  The suspension was centrifuged 

(5000 rpm, 5 min.) to afford a dark brown pellet and cloudy, colorless supernatant, which 

was discarded.  Both pellets were combined and dissolved in hexanes (10 mL total) with 

vortexing.  EtOH (20 mL) was added to the hexanes solution of NCs with vortexing to 

provide a turbid solution, which was centrifuged (5000 rpm, 5 min.).  After 

centrifugation, the colorless supernatant (not cloudy) was discarded and the solid pellet 

was again dissolved in hexanes (10 mL) with vortexing.  The NCs in hexanes were 

filtered through a 0.2 µm PTFE filter and dried down with Ar to afford a solid (typically 

50 to 100 mg of solid). 

 

2.2.4 CdSe NC Pyridine Exchange 

 Ligand exchange procedures may be found throughout the literature, but a very 

thorough explanation of the process may be found in an early paper from Bawendi and 

coworkers.3  After the CdSe NCs are deemed to be purified by TGA analysis (see 2.3.2), 

they are put through a ligand exchange process in order to exchange the native ligands 

(TOPO, HDA, etc.) for pyridine (Figure 2.2).  The pyridine-capped CdSe NCs may be 

further exchanged with an electroactive propylene-3,4-dioxythiophene (ProDOT) 

monomer (10-((3-methyl-3,4-dihydro-2H-thieno[3,4-b][1,4]dioxepin-3-yl)methoxy)-10-

oxodecanoic acid, ProDOT-CA).   
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Figure 2.2.  (a) Model of a stoichiometric, wurtzite (hexagonl) CdSe NC and the 

typical ligands (HDA, hexadecylamine and TOPO, trioctylphospine oxide) used for 

their synthesis.  (b) The native ligands may be displaced (exchanged) with pyridine for 

further functionalization. 

(a) 

(b) 



! 45!

Degassed (30 min. with Ar) pyridine is added to dried and purified nanocrystals in a 

clean scintillation vial (~ 10 mg/mL).  Even with extensive vortexing, the NCs are barely 

if at all soluble in pyridine.  The vial is capped with its original cap, where PTFE tape 

was first wrapped around the top of the glass vial to act as a gasket material.  The cap is 

further fixed to the vial with another round of PTFE tape.  The vial is then placed in a 

covered/preheated (~ 70 °C) sonicator overnight (> 12 hrs.) to disperse the NCs in 

pyridine.  While it was found that only a couple hours of sonication is necessary to 

render the NCs soluble in pyridine, experimental results demonstrated that a much 

greater success rate for NC recovery after the exchange process could be achieved when 

the first dispersion in pyridine was carried out overnight.  After overnight sonication, the 

now fully soluble NCs in pyridine are placed into a refrigerator for at least an hour to 

cool (it was found that longer times in the refrigerator provide better results, so the 

solutions were usually left in over night).  After removal from the refrigerator, the cold 

NC solution in pyridine became turbid (or, if left in the fridge over night, a neat 

precipitate had settled at the bottom of an otherwise optically clear solution) and was 

centrifuged (8000 rpm, 10 min.).  Only the soluble fraction (NCs in pyridine) was 

retained while the insoluble white/NC colored pellet, which is assumed to mostly be the 

original ligands, was discarded.  The soluble NCs in pyridine were then filtered through a 

0.2 µm PTFE filter prior to addition of hexanes (degassed with Ar for 30 min) with 

vortexing, which renders the NC suspensions turbid.  In general, it was found that it takes 

ca. 7X the volume of hexanes to NC solution in pyridine in order to precipitate the NCs 

(e.g. 5 mL of NCs in pyridine requires ca. 35 mL or more of hexanes for the solution to 
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become cloudy, indicating precipitation).  After the sufficient volume of hexanes is added 

to precipitate the NCs in pyridine, the suspension is centrifuged (8000 rpm, 20 min.) to 

obtain a solid pellet and what may or may not be a colored supernatant.  Even if the 

supernatant was highly colored due to NC retention in the pyridine/hexanes co-solvent, 

the supernatant was always discarded.  Early efforts were focused on trying to recover the 

NCs in the supernatant by rotovaping down the solvent and beginning the pyridine 

exchange again, but it was rarely found that these NCs could be recovered in sufficient 

yield to warrant the excess time needed to restart the pyridine exchange process.  Instead, 

the exchange was started over with a new batch of purified NCs, which was deemed more 

productive.  While this pyridine exchange procedure was performed many times (> 50 

times) by the author, it was found that this first precipitation step could be quite 

unpredictable in the yield of solid particles after centrifugation.  However, after the first 

precipitation step, the NCs behaved much more reproducibly.  The solid NC pellet, after 

the first precipitation step, was dissolved in the same volume of pyridine used to dissolve 

the originally purified NCs with vortexing.  The NCs readily dispersed in pyridine to 

afford an optically clear solution.  The NCs in pyridine were then degassed with Ar for 

30 min. prior to following the aforementioned procedure for capping the scintillation vial 

with PTFE tape.  The NCs in pyridine were again placed in a covered/preheated sonicator 

(~ 70 °C, 3 hrs).  The NCs in pyridine were then placed into a refrigerator to cool (~ 1 

hr).  After removal from the refrigerator, the solution of NCs in pyridine was still fully 

soluble without any detectable precipitate.  Again, an excess of hexanes (~ 7X the 

volume of pyridine) was added to the pyridine solution with vortexing to afford a turbid 
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suspension, which was centrifuged (8000 rpm, 5 min).  After this second precipitation, 

the supernatant is almost always colorless or only lightly colored, implying that the NC 

surface is more fully exchanged with pyridine, rendering them insoluble in the 

hexanes/pyridine co-solvent.  The supernatant is discarded and the pellet is easily 

dispersed in pyridine (same volume used previously) with vortexing.  A final sonication 

(~ 70 °C, 3 hrs) and precipitation step was performed as previously stated to afford 

pyridine-capped nanocrystals.  The final pellet is then dissolved in pyridine (1 mL) with 

vortexing.  MeOH (10 mL) is then added to the pyridine solution either for storage or for 

continued exchange with ProDOT-CA. 

 

2.2.5 CdSe NC Electroactive Monomer (ProDOT-CA) Exchange 

 Pyridine-capped nanocrystals were further functionalized with the electroactive 

monomer ligand ProDOT-CA by displacing the pyridine ligands as shown in Figure 2.3.  

Since the ProDOT-CA ligand was not commercially available or available in large 

quantities, it was necessary to be very frugal with the utilization of this ligand.  In order 

to functionalize pyridine-capped CdSe NCs with a monolayer of the ProDOT-CA ligand, 

one must: 1) determine the total number of nanocrystals (moles) in solution, 2) assume a 

coverage of the ProDOT-CA ligand on the nanocrystal surface in order to determine the 

necessary mass of ligand, 3) find a suitable electrochemical solvent that the monomer-

functionalized  NCs are  soluble  in  with   supporting  electrolyte  (considering  the   end  
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Figure 2.3. Scheme for functionalizing pyridine-capped CdSe NCs with an 

electroactive monomer ligand (ProDOT-CA). 
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application for ProDOT-CA-capped nanocrystals is to be electrochemically 

polymerized). 

 The process of determining the mass of ProDOT-CA necessary to fully cover all 

the pyridine-capped NCs in a given solution was developed by the author and was found 

to at least qualitatively accomplish the necessary goals of dispersion and stability in the 

necessary solvents.  The first step in the process is to determine the total number (moles) 

of as prepared, pyridine-capped NCs.  An extremely useful paper published by Peng and 

coworkers facilitated this calculation.4  In this paper, a very comprehensive study was 

performed that provides three very important equations relating properties easily obtained 

from UV-visible absorbance spectroscopy to NC properties such as diameter and molar 

absorptivity.  It is important to note that while the Peng paper gives equations for CdS, 

CdSe, and CdTe NCs, only the equations for CdSe will be provided here.  The first 

correlation provided is that between the first excitonic absorption peak (!, 1S(e)-1S3/2(h) 

transition) and the NC core diameter (D) measured by transmission electron microscopy 

(TEM): 

! 

D = (1.6122 x 10
"9

)#4
" (2.6575 x 10

"6
)#3

+ (1.6242 x 10
"3

)#2
" 0.4277# + 41.57   (2.1) 

Equation 2.1 is a very useful for determining the diameter of nanocrystals simply by 

taking the absorbance spectrum, which is very practical for those who do not have access 

or time to access a high-resolution TEM.  The next relationship was made between the 

diameter (D) of the NCs and the molar extinction coefficient (") by using a combination 
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of atomic absorption spectroscopy and controlled NC etching methods, which provided 

two equations: 

! 

" =1600 #E (D)
3
                                                          (2.2) 

! 

" = 5857 (D)
2.65

                                                           (2.3) 

Equation 2.2 takes into account the transition energy (#E) in eV of the first excitonic 

peak according to theoretical considerations, while equation 2.3 is simply an empirical fit 

to the tabulated data.  In order to calculate the total moles of NCs in any solution, the 

author followed the following procedure: 1) take the absorbance spectrum of a 

quantitatively diluted (typically 1:61 v/v dilution; 50 µl NC solution in 3 mL of solvent) 

NC solution of interest, 2) determine the diameter of the nanocrystals using equation 2.1, 

3) use the calculated diameter to determine the molar absorptivity (") of the NCs by 

averaging equations 2.2 and 2.3, 4) measure the magnitude of a baseline corrected 

absorbance spectrum of the NC solution at the first excitonic peak , 5) with knowledge of 

the sample cell path length (b = 1 cm), use Beer’s Law (A = "bc), remembering to 

properly correct for the dilution factor, to determine the concentration of NCs (c, M), and 

6) measure the density and total mass of the NC solution in order to determine the final 

volume and thus the total moles of NCs. 

 A few notable points should be made about the aforementioned calculations that 

lead the author to the total moles of NCs in a given solution.  First, the precision with 

which the first absorbance peak, and thus the diameter of the nanocrystals is determined 



! 51!

using equation 2.1 is highly dependent on the dispersity (or monodispersity) of the NCs 

in question (i.e. a more confident determination of the diameter is made with 

monodisperse particles).  The dispersity of the nanocrystal batch in question may be 

assessed by interrogating the sharpness (half width at half maximum, HWHM) of the first 

excitonic absorbance peak as mentioned in the aforementioned paper by Peng and 

coworkers,4 or determination of the standard deviation in NC size using TEM images.  

Secondly, in order to obtain an accurate magnitude of the absorbance value at the first 

absorbance peak, all spectra were baseline corrected.  Baseline correction of all spectra 

was accomplished by taking the absorbance at a wavelength where the molar absorptivity 

was assumed to be 0 AU (i.e. 850 nm for CdSe NCs) and subtracting that value from all 

values measured from the raw spectrum.  This data correction was only applied if a flat 

baseline was measured, which was always the case for samples that were properly 

blanked (i.e. use the proper solvent to blank the spectrophotometer and make sure that a 

sample of the blank provided a completely flat spectrum centered at 0 AU).  Finally, one 

must make quantitative dilutions and also accurately determine the density of the NC 

sample in question.  Since the author usually worked with limited quantities of NCs (e.g. 

~ 10 mL or less), volumetric pipettes were determined to be impractical; therefore, 

micropipettes (Eppendorf) were used to determine accurate volumes.  Initially, there was 

a concern that these pipettes were not suitable for accurate volume measurement of non-

aqueous solvents; therefore, a series of non-aqueous solvents with known densities were 

measured.  By plotting the aggregate mass of solvent (e.g. acetonitrile, THF, and MeOH) 

versus the volume added (slope is defined as the density), the density of the solvent was 
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calculated.  These values were determined to be within 5% RSD of literature values, and 

thus the micropipettes were deemed to be suitably accurate for determination of NC 

solution volumes, which lead to accurate determination of total moles of NCs in a given 

solution.  Therefore, plotting the mass of a NC solution as a function of volume (e.g. 1 

mL aliquots) provides a linear plot with slope equal to the solution density.  The total 

volume of NCs is then determined by dividing the total mass of a NC solution by the 

calculated density.  The total moles of NCs were finally calculated by multiplying the 

concentration by the volume. 

 Once the total moles are known, the second step in determining the mass of 

ProDOT-CA (or any suitable ligand with known molecular weight) to add to a given 

solution of pyridine-capped NCs is to assume the coverage of ligands on the surface.  In 

this back of the envelope calculation, the NC is treated as a hard sphere (surface area = 

SA = 4"(D/2)2, where D is the diameter of the NC).  The ligand is then treated as a 

cylinder that has a close-packed coverage of 1 x 10-10 mol/cm2 (0.6022 molecules/nm2), 

which is a low estimate for typical adsorbate coverage.  Note that this estimation provides 

ligand coverages ranging between ~ 8 and 150 ligands/NC for core diameters between 2 

and 9 nm, respectively, which is in the range measured by Alivisatos and coworkers 

using NMR.5  With the knowledge of ligands per NC, total moles of NCs as described 

previously, and ligand molecular weight, the mass of ligand necessary for a monolayer is 

calculated.  For a typical reaction with ca. 5 x 10-7 moles of NCs (D ca. 4.0 nm) a ligand 

mass of ~ 5 mg is calculated.  It is important to note that this calculated ligand mass is 

more than likely an over estimate, considering the desired goal was to functionalize all 
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the NCs with a monolayer of ligand.  This calculation makes a couple of assumptions that 

lead to a probable overestimate: 1) it assumes that all sites on the surface of the NC bind 

carboxylic acid groups, which may or may not be the case; and 2) the NC surely has a 

more complex surface area/structure than a sphere, which will lead to discrepancies in 

ligand coverage and total surface area 

 The final step returns to the chemical realm in order to reach the final goal of 

obtaining a well-dispersed (optically clear) solution of electroactive monomer (ProDOT-

CA)-functionalized CdSe NC in a suitable electrochemical solvent with supporting 

electrolyte.  The scheme for exchange of pyridine for a suitable ligand was adapted from 

Emrick and coworkers.6  The pyridine-capped NCs in 10:1::MeOH:pyridine (v/v) were 

dried down to a solid in a scintillation vial with a stream of Ar gas.  To the dried NCs, the 

proper mass of ProDOT-CA was added.  Then, taking into account the desired final 

concentration of ProDOT-CA-capped NCs, a suitable volume 2:1::THF:acetonitrile (v/v) 

was added to the dried NCs and ProDOT-CA ligand.  The vial was sealed with PTFE 

tape as previously described and sonicated at RT (ca. 30-60 min.).  After sonication, the 

NCs became fully soluble (optically clear) in the THF/acetonitrile co-solvent.  It should 

be noted that pyridine-capped NCs were not soluble in either THF or THF/acetonitrle co-

solvent without the addition of ProDOT-CA, which qualitatively confirmed that the 

ligand was in fact functionalizing the NC surface, rendering them soluble.  ProDOT-CA-

capped CdSe NCs were soluble in neat THF; however, the NCs were not soluble in neat 

acetonitrile or 1:1::THF:acetonitrile (v/v) as determined by qualitative observations of 

cloudy solutions.  Supporting electrolyte (tetrabutylammonium hexafluorophosphate, 
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TBAPF6) was then added (0.15 M) to the soluble NCs in the chosen 2:1::THF:MeCN co-

solvent.  The vial containing CdSe NCs capped with ProDOT-CA and supporting 

electrolyte was thoroughly sealed with PTFE tape, so as to prevent any evaporation of 

solvent, and stored in a dark drawer until needed for electrochemical experiments.  The 

ProDOT-CA-functionalized CdSe NCs were found to be extremely stable in the 

aforementioned electrochemical solvent with electrolyte (some are still stable today, after 

over a year of sitting in a closed vial, which is extremely impressive considering the 

amount of processing). 

 

2.3 NC Characterization 

2.3.1 UV-visible and photoluminescence spectroscopy 

 Absorbance spectra of NC solutions (typically in CHCl3, but also in hexanes, 

toluene, pyridine, 10:1::MeOH:pyridine (v/v), and THF, 2:1::THF:acetonitrile (v/v), 

depending on the surface ligands) were taken of dilute (usually less that 0.5 AU at first 

absorbance peak) solutions in a glass cuvette (1 cm) from 300 to 1100 nm (0.1 s 

integration time, 1 nm resolution) using a linear diode array UV-visible 

spectrophotometer (Agilent 8453 A).  Micropipettes (Eppendorf) were utilized when 

exact dilutions of solutions were necessary.  The spectrophotometer was blanked with the 

proper solvent.  Blank spectra were determined to be properly taken when a sample of the 

blank provided a linear absorbance spectrum centered about 0 AU. 
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 Similar to UV-visible absorbance spectroscopy, photoluminescence (PL) 

spectroscopy was taken of dilute (absorbance at excitation wavelength < 0.1 AU to 

prevent self absorption) solutions using a quartz cuvette (1 cm) in the aforementioned 

solvents when necessary using a Photon Technologies International fluorimeter (Ghosh 

group).  Samples were excited at 400 nm and the bandpass of both the excitation and 

emission spectrometer were set to 1 nm in order to provide high resolution and accuracy 

of peak widths.  Spectra were adjusted by a combination of background subtraction (from 

blank solutions) and utilization of the manufacturer provided correction curve for 

discrepancies in the spectral response of the PMT.  All PL measurements were qualitative 

in nature as the quantum efficiency of the as prepared NC solutions was not of significant 

importance. 

 

2.3.2 Thermogravimetric analysis (TGA) 

 TGA was utilized to determine the efficacy of the aforementioned NC purification 

and pyridine-exchange procedures.  TGA data was acquired under Ar flow for samples of 

greater than 2 mg on a TA instruments 2900 series instrument at a rate of 10 °C/minute, 

from 50 °C to 600 °C.  Typically, a concentrated NC solution (> 20 mg/mL) was 

prepared in a suitable solvent.  The TGA balance was tarred using the provided sample 

pans (either Pt or ceramic), which were pre-cleaned with a butane torch.  Once tarred, a 

known volume (usually 100 µL in order to add a total of 2 mg of NCs to the pan, taking 

into account the solution concentration) of concentrated NC solution was drop cast into 
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the sample pan and allowed to dry (10 min.).  The program was then started and allowed 

to run (ca. 1 hr). 

 

2.3.2 IR spectroscopy 

 IR spectra were acquired of thin NC films (dropcast on either KBr or NaCl salt 

plates) using a Nicolet 550 FTIR spectrophotometer in transmission mode (1 cm-1 

resolution, 64 scans).  The spectrophotometer was blanked with a thoroughly cleaned salt 

plate.  In order to mitigate systematic error associated with background gases in the 

instrument, samples were placed in the spectrophotometer and the system was allowed to 

purge for 5 min. prior to both blank and sample measurements.   

 

2.4 Substrate Cleaning and Functionalization Methods 

2.4.1 Glass slides 

 Commercial glass microscope substrates (VWR) were cleaned by scrubbing with 

a 10% (aq.) Triton-X solution using a microfiber cloth.  Next, the slides were sequentially 

sonicated in nanopure (18 M$ cm) water and ethanol (EtOH, absolute), each for 10 

minutes.  The slides were then dried under a stream of N2 and used immediately. 

2.4.2 Tin-doped indium oxide (ITO) 
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 ITO-coated glass substrates (Colorado Concept Coatings, LLC) were used for a 

variety of applications and treated accordingly.  In all cases, microfiber cloth soaked in a 

10% (aq.) Triton-X solution was used to clean the ITO substrates (cut to the proper 

dimensions, depending on the application, using a diamond scribe).  The ITO substrates 

were sequentially sonicated in nanopure H2O (18 M$ cm) and EtOH (absolute), each for 

10 minutes.  The solvent cleaned ITO substrates were stored in EtOH until further use. 

 ITO substrates for electrochemical polymerization experiments were typically cut 

into 1” x 1” squares.  The slides were removed from EtOH solvent and blown dry under a 

stream of nitrogen.  The slides (usually up to 8 substrates at a time) were air plasma 

etched (60 mW, ~ 2 min.) to render the slides hydrophilic.  The slides were further etched 

using hydroiodic acid (HI, 47 %; stabilized with 1.5% hypophosphorous acid).  In this 

procedure, air plasma etched ITO substrates were either dipped into the acid or acid was 

dropcast over the entire ITO surface for a total of 10 s.  The excess acid was rinsed off 

the ITO substrates with copious amount of nanopure H2O.  The excess H2O was blown 

dry with a stream of N2 gas.  The etched substrates were immediately placed in a 

ProDOT-CA monomer solution in acetonitrle (1 mM).  The substrates were allowed to 

incubate in the monomer solution for at least 12 hours in the dark. 

 ITO substrates for microcontact printing of CdSe NC diffraction gratings were 

typically cut into 1” x 3” rectangles.  The slides were removed from EtOH solvent and 

blown dry with a stream of nitrogen gas.  These substrates (up to 4 at a time) were then 
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O2 plasma-etched (15 mW, 15 minutes).  After O2 plasma etching, NCs are immediately 

stamped. 

 ITO substrates for CdTe-CdSe NC solar cells were cut into 1” x #” rectangles.  

The slides were removed from EtOH and dried under a stream of N2 gas.  These 

substrates were air plasma etched (60 mW, ~ 2 min.) and acid etched as described above.  

PEDOT-PSS (Baytron P) was filtered (0.45 µm PTFE) and immediately spincoated 

(4000 rpm, 30 s) onto the freshly etched ITO substrates.  The PEDOT-PSS-coated ITO 

substrates were then heated on a hotplate (150 °C, 15 minutes) prior to introduction into a 

N2 glove box for layer-by-layer (LBL) dip coating with NCs. 

 

2.4.3 Au on glass slides 

! Au on glass slides were usually cut into 1” x 1” squares.  Au-coated glass 

substrates were cleaned by incubating in piranha [3:1::H2SO4(concentrated):H2O2(30%), 

v/v] followed by rinsing with nanopure water and drying under a stream of N2.  The 

slides were used immediately. 

 

2.5 Electrochemical Polymerization and Characterization of 3,4-Dioxy-substituted 

Thiophene/CdSe NC Thin Films on ITO Electrodes 

2.5.1 Materials and Methods 
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Tetrabutylammonium hexafluorophosphate (TBAPF6, recrystallized from 

ethanol), 2,3-dihydrothieno[3,4-b]-1,4-dioxin (EDOT), 3,4-dihydro-2H-thieno[3,4-b]-

1,4-dioxepine (ProDOT, 97%), and 3,3-diethyl-3,4-dihydro-2H-thieno[3,4-b]-1,4-

dioxepine (Et2-ProDOT, 97%) were purchased from Aldrich and used without any further 

purification, unless otherwise noted.  Acetonitrile (EMD, DriSolv) and THF (EMD, 

DriSolv) were purchased from VWR and used as received. 

Electrochemical measurements were made with a CH Instruments (CHI) 

potentiostat/galvanostat (1030a, 660c, or 600c) using ITO electrodes that were 

functionalized with a monolayer of ProDOT-CA, unless otherwise specified. The 

electrochemical cell was a homebuilt Teflon compression cell (electrode area ~ 0.7 cm2) 

sealed with Teflon-coated O-rings.  All experiments were performed with the standard 3-

electrode configuration.  Outside contact was made to the ITO (working electrode, WE) 

by a thin brass contact (~ 0.01”), which fit just around the o-ring due to a hole cut into the 

brass, sandwiched between the PTFE cell and the ITO electrode.  A Pt gauze electrode 

(100 mesh, ~ 8 mm x 3 mm) spot welded to a Pt wire (0.5 mm diameter) sealed in a 7/24 

male ground glass fitting was used as the counter electrode (CE).  The reference electrode 

(RE) used for non-aqueous solvents was the established Ag/Ag+ couple (0.01 M AgNO3 

with TBAPF6 as supporting electrolyte).  Two Ag/Ag+ non-aqueous REs (modified from 

kits provided by BASi) were routinely used throughout experimentation depending on the 

solvent of choice.   
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These non-aqueous electrode kits purchased from BASi include a removable 

Teflon top that contains a silver wire and a gold-plated connecting pin for the cell lead as 

well as Vycor frits and heat shrink tubing.   A home built glass RE reservoir was 

constructed using a male 7/25 ground glass joints connected to ~ 6 mm OD glass tubing 

on each end of the joint.  A Vycor frit is fixed to the distal end of the ground glass joint 

using the provided heat shrink tubing.  The reservoir is then filled with the proper 

electrolyte and the Teflon top, containing the Ag wire, is placed into the filled reservoir 

to complete the RE.  One RE (in acetonitrile with 0.1 M TBAPF6) was exclusively used 

for electropolymerization and interrogation of 3,4-dioxy-substitued thiophene polymers 

in acetonitrile solvent, while the other RE (in 2:1::THF:acetonitrile with 0.15 M TBAPF6) 

was used for crosslinking ProDOT-CA-functionalized CdSe NCs to as-prepared polymer 

films and interrogation of such films.   

The overall electrochemical cell has two ports (holes) orthogonal to the ITO 

electrodes for fixing the CE and RE.  The ports are pressure fit into the cell with female 

7/24 ground glass joints fixed to glass tubing (~ 0.40” OD).  Pressure fitting of the glass 

tubing with the female ground glass joints is accomplished by first heating the cell in an 

oven (120 °C, 1 hr).  The ends (0.40” OD) of the female joints are wrapped with PTFE 

tape (~ 3 turns) and wedged into the heated electrochemical cell holes (0.40” diameter).  

Once the cell cools to RT, the glass joints are fixed into place (note: this pressure fitting 

procedure is preferred rather than fixing the joints to the cell using epoxy, which is at 

least partially soluble in a number of solvents used).  The 7/25 male joints of the CE and 

RE are wrapped with PTFE tape (~ 1 turn) and again pressure fit into the female joints 
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now fixed to the electrochemical cell.  The RE is situated between (~ 0.5 mm from each 

WE) two available ITO working electrodes, which enters the cell from the top.  The CE 

sits directly between the ITO working electrodes (~ 0.5 mm from each WE), which enters 

the cell from one side (the other side does not have a port in this case).  The RE was 

internally calibarated to the Fc/Fc+. redox couple in acetonitrile (0.08 V vs. Ag/Ag+), 

which is known to be ~ 0.7 V vs. NHE.7 

 

2.5.2 Multi-potential steps (polymer film formation) 

 A multi-potential step technique was used to oxidize 3,4-dioxy-substituted 

thiophene monomers in solution at ITO electrodes, which formed conductive polymer 

thin films.  The oxidation of monomers is conducted under potentiostatic conditions by 

applying a suitable oxidation potential to the electrode, which initiates polymerization of 

solution monomers.  This multi-potential step technique was preferred to the more 

traditional chronoamperommetry technique simply because the software displayed real-

time integrated charge as a function of reaction time, which allowed for the reproducible 

deposition of a defined charge density of polymer to the ITO electrode.  In general, 3,4-

dioxy-substituted thiophene monomers (ca. 10 mM) were polymerized onto ITO 

electrodes by stepping from a rest potential (0 V vs. Ag/Ag+) to a kinetically controlled 

polymerization potential for each monomer (0.90 V, 0.95 V, and 1.0 V for EDOT, 

ProDOT and Et2ProDOT, respectively).  Typically, the sampling interval and current 

sensitivity were set to 0.01 s and 1 x 10-4 A/V, respectively.  The charge was monitored 



! 62!

until a total of ~ 2 mC/cm2 was reached and the experiment was stopped.  This charge 

density was chosen in order to provide for high quality films that were conformal to the 

ITO electrode (i.e. totally covered the ITO electrode without any void areas) and 

sufficiently thin so as to provide polymer peak UV-visible absorbance values (fully 

reduced, " – "*) of ! 0.1 AU.  After polymerization, the WE and CE are removed from 

the cell.  The cell is emptied of the monomer solutions and is rinsed with copious 

volumes of acetonitrile and dried under a stream of nitrogen.  The WE and CE are fixed 

back to their original positions for introduction of the NC solution.  It is extremely 

important to note that ITO electrodes are not removed throughout the entire process of 

polymer film formation, NC-sensitization and photoelectrochemical experimentation. 

 

2.5.3 Multi-potential steps (NC crosslinking) 

 A multi-potential step technique was used to oxidatively crosslink ProDOT-CA-

functionalized CdSe NCs [CdSe(CA-ProDOT)] to as-prepared 3,4-dioxy-substituted 

conductive polymer films on ITO substrates.  In this case, the multi-potential step method 

was deemed necessary when considering the relatively slow diffusion coefficient of NCs 

(ca. 10-7 cm2/s)8 relative to that of small molecules (ca. 10-5 cm2/s).  CdSe(CA-ProDOT) 

concentrations (Section 2.2.5) for polymerization were chosen so as to maximize the 

effective number of polymerizations available for a given batch of NCs.  It is noted that 

the electrochemical cell volume is ~2.5 to 3 mL.  To this end, stock solutions were 

usually created of ~ 40 µM (usually between 5 and 10 mL total volume).   Originally, all 
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NC sizes were diluted to a concentration of ~ 10 µM (0.15 M TBAPF6) for 

polymerization.  Furthermore, it was found that bulk NC-loaded, hybrid  nanocomposite 

polymer films (i.e. NCs dispersed inside the polymer film) could be attained by 

introducing monomer (EDOT) into the NC polymerization solution (Chapter 3).   

 The multi-potential step protocol along with calculated diffusion profiles at rest 

and polymerization potentials is schematically shown in Figure 2.4.  Similarly to the 

aforementioned procedure for polymer film formation, the electrode begins at a rest 

potential (0.4 V) where no polymerization takes place.  Once the experiment begins (t = 0 

s), the electrode potential is stepped to a potential where the ProDOT-CA ligands are 

oxidized (1.1 V), and thus begins the crosslinking of NCs to the polymer film.  Motivated 

by the relatively slow diffusion coefficient of the NCs, the electrode potential is stepped 

back to the rest potential (0.4 V) after only 100 ms of polymerization time.  The electrode 

is allowed to sit at the rest potential for (1 s).  This sequence of events (short 

polymerization pulse followed by a relatively long rest pulse) constitutes one cycle of 

polymerization.  The process may be repeated as many times as is deemed necessary in 

order to adequately functionalize the polymer film with a suitable coverage of CdSe NCs 

(15 pulse cycles were routinely used to sensitize polymer films as decided by 

interrogating FE-SEM images of as deposited films).  Furthermore, it was qualitatively 

determined that larger NCs and higher NC concentrations increased the efficiency of NC 

capture on the polymer film during electrochemical crosslinking; therefore, when 

possible, concentrations were increased for smaller diameters NCs (e.g. up to 60 µM for  
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Figure 2.4. Potential pulse profile for electrochemical crosslinking of ProDOT-CA-

functionalized CdSe NCs onto 3,4-dioxy-substituted polymer films on ITO.  Inset 

shows the diffusion profiles at rest (blue) and after ca. 0.1 s of polymerization (red).  

The profiles were calculated using the provided equation and the diffusion coefficient. 
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3 nm crystals  as  opposed  to  5  µM for 7 nm NCs).   However, even with the highest 

possible concentrations available for the smallest particles, it was found that they were 

always prone to lower coverages compared to their larger counterparts.   

At this point, the NC sensitized polymer electrodes on ITO may either be 

removed for FE-SEM imaging or are kept in the cell for photoelectrochemical 

experiments, where the cell is first rinsed with an excess of THF, followed by 

acetonitrile.  The cell is then dried with nitrogen and re-fit with the proper RE and CE.  

The cell may then be filled with proper acceptor electrolyte solution. 

 

2.5.4 Cyclic voltammetry (CV) 

 Cyclic voltammetry (CV) was used to interrogate the electronic structure of the as 

prepared 3,4-dioxy-substituted polymer films on ITO and the CdSe(CA-ProDOT) 

functionalized polymer films.  Unless otherwise noted, all CVs were obtained at a scan 

rate (%) of 100 mV/s.  In all cases, neither the monomer solutions nor the CdSe(CA-

ProDOT) solutions were removed prior to scanning (i.e. all scans were taken in the 

presence of monomer).   Since the potential range for polymer film cycling was in a 

window where no monomer is oxidized, removal of the monomer solutions was 

considered to be unnecessary. 

 The potential scanning range was polymer dependent and was qualitatively 

determined through experimentation in order to interrogate the potential dependent 
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doping/de-doping of the polymer.  Scans were initiated at a negative potential, where the 

polymer is deemed to be fully reduced (neutral), and swept positively until significant 

oxidation of the polymer is realized through a combination of charging current and 

completion of oxidative current peaks.  Once the polymer is decidedly oxidized, the scan 

is reversed and the polymer is returned to its neutral (reduced) state.  In the case of 

PEDOT, the potential region for interrogation was between -1.2 V and +0.4 V.  The scan 

range for PProDOT and P(Et)2ProDOT was between -0.8 V and +0.4 V.  Films were 

usually cycled a total of two times (4 segments) and the second scan is reported.  It is 

important to note that while the polymer films were made individually, the multichannel 

potentiostat (1030a) allowed simultaneous scanning of the two ITO electrodes, which 

saved a great deal of time. 

 

2.5.5 Spectroelectrochemistry 

 Spectroelectrochemistry was performed in the previously mentioned home-built 

PFTE electrochemical cell; however, in this case, only one ITO electrode was used as a 

working electrode and the other side was fit with a glass slide for increased transparency.  

Again, the Pt gauze CE was used and was found to be suitably transparent for acquisition 

of high quality spectra (i.e. no significant spectral distortion occurred due to the Pt 

gauze).  Depending on the solvent, a suitable RE was used and placed into the cell so as 

to not significantly distort the incoming light.  UV-visible spectra were acquired using a 

diode array spectrophotometer (Agilent 8453 A) operating in “Kinetics” mode, while 
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CVs were recorded with a CHI 660c potentiostat/galvanostat.   The electrochemical cell 

was filled with appropriate monomer solution and fixed onto a home-built sample holder 

using a $” 20 screw (a hole was tapped into the bottom of the PTFE cell) that was fixed 

to a base plate on the UV-visible instrument.  The position of the cell was chosen to 

maximize the transmission of light through the cell (i.e. the ITO electrode was centered 

on the incident light beam).  Furthermore, the cell was rotated so as to be normal to the 

incident light beam. 

 Spectroelectrochemistry may be taken with absolute spectra or as difference 

spectra.  Absolute spectra were acquired by first blanking the spectrophotometer with the 

cell fixed into position, before any polymerization had taken place.  The polymer is then 

formed on the ITO electrode as previously described.  Difference spectra may be 

acquired by blanking the spectrophotometer using an as-prepared polymer film under 

potential control (usually either fully reduced or oxidized).  In a typical experiment, the 

potential range is chosen so as to elucidate the doping/de-doping processes in the 

polymer.  The potential is linearly scanned and spectra are acquired (0.1 s integration, 1 

nm resolution) at regular intervals (usually 100 mV).  Care must be taken to properly 

sync the spectrophotometer with the electrochemical experiment in order to obtain 

accurate potential dependent spectra. 

 

2.6 Thin Film and Surface Characterization Techniques 

2.6.1 UV-visible absorbance spectroscopy 
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 Thin film absorbance spectra were acquired on an Agilent 8453 A UV-visible 

spectrophotometer (0.1 s integration time, 1 nm intervals) for all inorganic NC solar cells.  

The author attempted to take absorbance spectra with CdSe NC-sensitized 3,4-dioxy-

substituted thiophene polymer films on ITO; however, the polymer and ITO dominated 

these spectra, which nullified any possibility of obtaining a baseline-resolved spectrum of 

the NCs, even though the system was blanked with a similar polymer film without NCs.  

Thin NC films on either glass or ITO/PEDOT-PSS substrates were fixed to the standard 

cuvette holder via masking tape.  The instrument was blanked with the proper substrate, 

depending on the experiment.  For NCs on glass, a clean glass slide was used as the 

blank.  In the case of full CdTe-CdSe NC solar cells, a PEDOT-PSS coated ITO electrode 

was used as the blank.  While these NC films had significant absorbance, it was 

determined that we were unable to obtain a flat baseline for the spectra of bilayer devices 

either before or after the annealing step due to interference effects in the layered 

dielectric structure and background absorption by the ITO and PEDOT-PSS layers. 

 

2.6.2 Field emission-scanning electron microscopy (FE-SEM) 

 FE-SEM images of films on conductive substrates (ITO or conductive polymer 

thin films on ITO) were taken on a Hitachi S-4800 at an accelerating voltage of 15 kV 

and a tip current of 10 µA.  Samples were prepared by first cutting them down to the 

proper size (#” x #” squares) for the stainless steel sample stub (15 mm diameter in most 

cases) using a diamond scribe.  The samples were then fixed to the sample stub using 
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double sided conductive carbon tape (note: this tape was used since it does not 

significantly outgas in the high vacuum environment of the SEM; however, since it is 

contacting the glass side of the ITO, it does not electronically equilibrate the sample to 

the microscope).  The sample is grounded to the sample stub by using copper tape.  Best 

results were obtained (i.e. minimal charging effects) when all four sides of the substrate 

were contacted to the stub via copper tape.  In most cases a fresh razor blade was used to 

score the sample, which provided areas of high contrast for focusing the microscope.  

Images were acquired in “slow 3” mode and saved as TIFF files.  In all cases the images 

are cropped and a scale bar is made using the original scale on the images using a suitable 

drawing program (e.g. Power Point).   

 

2.6.3 Atomic force microscopy (AFM) 

Sample topographic information was determined using AFM (mostly for the NC 

diffraction gratings).  AFM measurements were performed on a Digital Instruments 

Dimension 3100 Scanning Probe Microscope in tapping mode, utilizing oxide-sharpened 

SiN tips. 

 

2.7 3,4-Dioxy-substituted Thiophene/CdSe NC Thin Film Photoelectrochemistry 

2.7.1 Materials and methods 
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Lithium perchlorate (LiClO4, % 95%), 1,1’-dimethyl-4,4’-bipyridinium dichloride 

hydrate (methyl viologen dichloride, MV++), and chloroplatinic acid hexahydrate (H-

2PtCl6!6H2O, % 37.5% Pt basis) were purchased from Aldrich and used as received unless 

otherwise specified.  C60 was available in lab and was triply sublimed by vacuum train 

sublimation.  Nanopure water (18 M$ cm) was used when aqueous experiments were 

performed.  Toluene and acetonitrile were fractionally distilled over CaH2 and stored over 

activated alumina for photoelectrochemical experiments with C60.  Isopropanol (IPA, 

EMD, ACS grade) was purchased from VWR and used without further purification.  A 

Ag/AgCl (sat’d KCl, 0.197 V vs. NHE) reference electrode (RE) was used for 

photoelectrochemical experiments in aqueous media.  The RE was prepared by anodizing 

a silver wire (provided by the BASi RE kit described in Section 2.5.1) in saturated KCl 

solution using a Pt CE (in a two electrode configuration) and a 9 V battery as a power 

supply.  The wire was positively biased to coat the Ag wire with AgCl.  The AgCl-coated 

Ag wire was then assembled into a RE as described previously using Vycor frits and an 

internal filling solution of saturated KCl in nanopure water. 

 

2.7.2 General optical setup 

 Photoelectrochemical experiments and photocurrent action spectra were 

performed on NC-sensitized polymer films using the optical setup shown in Figure 2.5.  

This setup was custom built in a dark optics room on a floating (N2) optical table.  This 

configuration  uses a  Xe arc lamp  (Newport  Simplicity  Series,  300 W)  as a broadband  
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Figure 2.5. Block diagram of optical train for using a single lamp for both incident 

photon to current efficiency (IPCE) or filtered broad band light experiments. 
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light source for both IPCE and photoelectrochemical experiments.  The integrated 

condenser lens on the lamp is set to provide collimated light (fully defocused).  The light 

may be focused into a monochromator (Jobin Yvon, H10) for IPCE measurements or re-

directed orthogonal to the initial beam path using a movable mirror for 

photoelectrochemical experiments.  The sample cell is illuminated from the glass side of 

the ITO slide (back-side illumination), which is preferred in order to mitigate interference 

from either colored electrolyte solutions (e.g. C60) or dispersion from electrodes (e.g. Pt 

mesh CE). 

 The redirected light for photoelectrochemical experiments may be used as either 

broadband radiation (390 nm long pass filter and 900 nm cutoff IR filter) in order to 

increase photocurrent yields for qualitative purposes or passed through a bandpass filter 

for monochromatic measurements, which facilitates quantitation of photocurrent yields.  

The light then passes through an iris onto a mechanical chopper (Stanford Research 

Systems, SR 540) using a custom-built two-slot blade (i.e. only one open configuration 

per revolution).  Broadband light may be made more homogeneous by using a diffuser at 

the end of the optical train, just before the sample (detector).  Monochromatic power 

measurements were made for band-pass filtered (500 nm) radiation with a wavelength-

sensitive photo detector (Newport 1930c).  The light through the bandpass filter (BPF) 

was considered to be monochromatic (i.e. the transmitted power was not integrated for 

the bandpass filter transmission function).  The incident radiation for these measurements 

was always impingent on the glass, rather than solution, side of the ITO electrode  
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 Photocurrent action spectra were obtained by removing the mirror in Figure 2.5 

and allowing the light to continue on to the monochromator.  An iris is used to define the 

spot size impingent on the chopper blade in order to obtain a clean “on”/ “off” cycle (i.e. 

light only enters the monochromator if the blade is in the open position.  The chopper 

blade used has six holes (i.e. 6 cycles/revolution).  The monochromator was fit with 1 

mm entrance and exit slits (Rd = 1 nm/mm), which defines the resolution of the 

instrument (Sg = 8 nm).  After exiting the monochromator, an iris is used to pick off a 

homogenous portion of triangularly appodized radiation before it is incident on either the 

sample or a calibrated detector.  Similar to the aforementioned photoelectrochemical 

experiments, backside illumination was used; however, in this case, the cell was under 

filled (i.e. the light spot size was smaller than the active of the cell).  Details pertaining to 

the electronics associated with acquiring a photocurrent action spectrum are discussed in 

Section 2.7.5. 

 

2.7.3 Linear sweep voltammetry (Jph vs. V) 

 Linear sweep voltammetery (LSV) was used to probe the potential dependent 

photocurrent of NC-sensitized 3,4-dioxy-substitiuted polymer films with solution 

acceptor species on a CHI 600c potentiostat using the standard 3-electrode cell geometry.  

The photoelectrochemical cell was similar if not the same as the PTFE cell described 

earlier for electrochemical experiments.  In most cases, the ITO electrode was never 

removed from the cell, which relieved the need to re-center the film in the cell after 



! 74!

removal.  The cell was then filled with the proper electrolyte solution containing an 

electron acceptor.   

In most cases, aqueous MV++ solutions were used (5 mM with 0.1 M LiClO4); 

however, early proof of concept experiments used degassed (three freeze-pump-thaw 

cycles) C60 solutions (0.8 mM in 4:1::toluene:acetonitrile, v/v, with 0.1 M TBAPF6).  

Hexachloroplatinic acid solutions (H2PtCl6!6H2O, 0.5 mM in isopropanol with 0.1 M 

LiClO4) were explored as acceptors for the photoelectrocatalytic reduction of Pt0 on films 

for H2 generation experiments. Water and water/isopropanol (1/9, v/v) electrolyte (0.1 M 

LiClO4) solutions (degassed with Ar for at least 30 minutes) were also investigated when 

noted as acceptor solutions for either hydrogen evolution or simple control solutions (in 

the case of aqueous MV++ experiments). 

The WE potential was negatively swept (% = 10 mV/s) while the incident 

radiation (~ 2.1 mW/cm2 at 500 nm when monochromatic light was used) was modulated 

at ca. 0.5 Hz using a chopper.  Light modulation provides for both dark (background) and 

light (background + photocurrent) current to be simultaneously obtained in one scan.  The 

difference between the background current (dark current) and the photo-induced current 

(photocurrent + dark current) is defined as the photocurrent (Jph), which may then be 

plotted as a function of potential.  The change from negative to positive photocurrent is 

defined as the turn-on potential.  Initial potentials were chosen so as to show only a small 

portion of the anodic (negative) photocurrent, which may be detrimental to the NCs due 

to oxidative corrosion.  Final potentials were chosen so as to maintain a relatively flat and 
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low magnitude of background current (i.e. the scan was stopped at the onset of increasing 

background currents).   

 

2.7.4 Chronoamperommetry (platinization) 

 Constant potential photoelectrochemistry, using filtered (400 nm cut off filter and 

IR filter) broadband light (ca. 100 mW/cm2) that was chopped at ca. 0.5 Hz, was used to 

platinize CdSe NC-sensitized PEDOT films in a degassed (either freeze-pump-thawed, 

3X; or purged with Ar, 30 min) H2PtCl6 solution (0.5 mM in isopropanol with 0.1 M 

LiClO4).  The potential for platinization was chosen so as to minimize background 

currents.  Furthermore, the potential was chosen to be just at the onset of photocurrent 

generation so as to only platinize the photoactive CdSe NCs.  In these solutions, ca. -0.2 

V vs. Ag/Ag+ satisfied the aforementioned requirements.  The experiment was usually 

run for 80 s, with the first 20 s in the dark, which allowed the background charging 

current to dissipate.  Chopped light was then allowed to be incident on the cell for the 

remaining 60 s. 

 

2.7.5 Chronoamperommetry (efficiency, !) 

 A combination of chronoamperommetry and monochromatic (500 nm bandpass 

filter) radiation was used to determine the incident photon to current efficiency (IPCE, &) 

at a defined potential for NC-sensitized 3,4-dioxy-substituted thiophene films on ITO 

using aqueous MV++ (5 mM) as a solution acceptor.  Monochromatic current efficiencies 
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(electrons per photon) were calculated using the following incident photon to current 

efficiency (IPCE) equation 

   

! 
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                           (2.4) 

where Jph is the photocurrent density, ! is the incident wavelength (500 nm), and I! is the 

intensity at the given wavelength.  IPCE is sometimes called the external efficiency, 

which simply means that the value is an absolute value based on the total number of 

incident photons, ignoring the amount of absorbed photons.  According to equation 2.4, 

all one needs for an efficiency calculation is knowledge of the wavelength, intensity and 

photocurrent, which implies that efficiencies could be calculated throughout the 

previously described LSV experiments; however, these would be single point 

calculations, which hold little analytical meaning.  Furthermore, if different systems were 

to be compared, one would like to compare them at a defined voltage.  Taking these 

considerations in mind, the incident power dependent photocurrent was measured at a 

single potential (-0.15 V) for efficiency measurements.  This potential was chosen since 

the photocurrent yield and background current for each polymer (PEDOT, PProDOT, and 

P(Et)2ProDOT) was relatively large and small, respectively, which provides for optimal 

signal to background measurements.   

Efficiencies were measured using chronoamperommetry, where the potential was 

stepped from a rest potential (0 V) in the dark to -0.15 V vs. Ag/AgCl.  The initial 

potential step was followed by a large current decay, which stabilized to a steady value 

after ~ 20 seconds.  Once the background current had stabilized, the light was turned on.  
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A set of neutral density filters (NDF, Oriel) was used to attenuate the monochromatic 

light intensity.  Radiation was kept on the sample for 10 s intervals with each filter and 

the photocurrent was recorded.  The light was then blocked, where the current returned to 

background levels, while changing the NDF, for another 10 s.  This process was repeated 

for a series of NDFs which provided a measured intensity range of ~ 0.21 mW/cm2 to ~ 

2.1 mW/cm2 (with no NDF).  The light (background + photocurrent) and background 

current was averaged over the inner 80 % of the each cycle (e.g. from 2 to 8 s).  Once 

again, the photocurrent was obtained by subtracting the background from the light 

induced current.  A plot of the photocurrent vs. incident power is linear with slope equal 

to the efficiency using equation 2.4. 

  

2.7.6 Photocurrent action spectra 

 Photocurrent action spectra (PCAS) were acquired at -0.15 V vs. Ag/AgCl for 

CdSe NC-sensitized 3,4-dioxy-substituted thiophene films with MV++ as a solution 

acceptor using a home built setup schematically shown in Figure 2.6.  The optical setup is 

similar to that shown in Figure 2.5; however, the mirror has been removed and the 

electronics are more sophisticated.  The procedure for taking a PCAS was automated with 

help of Mike Reed in the University of Arizona chemical electronics facility. 

 Initially, the potential is stepped to -0.15 V (usually for ca. 100 s with a sensitivity 

of 1 x 10-6 A/V) with 400 nm in order to properly scale the lock-in amplifier (LIA, 

EG&G 5209) for the acquisition of a spectrum.  The electrochemical cell analog current 
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Figure 2.6. Block diagram of optical train (top view) and electronics used for 

acquiring a photocurrent action spectrum using a standard 3-electrode electrochemical 

cell and an in-house potentiostat. 

!
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(actually voltage) may be exported from the CHI 600c potentiostat through the external 

8-pin connector on the instrument to the LIA via a BNC connector.  The wavelength-

selected light from the monochromator (1 mm slits, Sg = 8 nm) is modulated at 13 Hz by 

a mechanical chopper (Stanford Research Systems, SR540).  Both the voltage from the 

potentiostat and the reference frequency from the chopper were input into the lock-in 

amplifier (LIA, EG&G 5209).  The light modulation causes a modulation in the 

photocurrent at the same frequency, which is phase shifted relative to the reference 

channel.  The LIA subsequently uses the reference frequency from the chopper controller 

to lock in on the photocurrent frequency.  The LIA is set to “auto measure” in order to 

maximize the output signal by using a series of filters and phase optimization (auto 

measure sequences may take up to minutes if the LIA filters and phase are far from the 

necessary values… be patient!).  After the signal is optimized the system is ready to take 

a spectrum.  One may realize that the system has in fact locked in on the electrochemical 

cell photocurrent by observing the analog output on the front of the LIA (i.e. if the needle 

was stable and non-zero, the signal was stabilized, but if the needle was erratic, the LIA 

had not locked in on the photocurrent, most likely because the magnitude of photocurrent 

is too low or the photocurrent is transient in nature). 

 Once the LIA is decidedly locked in on the photocurrent from the electrochemical 

cell, one may take a proper photocurrent action spectrum using Lab View software 

interface (Figure 2.7).  This program talks to the LIA and converts the output to IPCE 

using equation 2.4.  Once a measurement is taken at a given wavelength, a stepper motor 

connected to the monochromator is turned to change the wavelength a specified value (8 
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Figure 2.7. Software interface for automated acquisition of spectrally resolved 

photocurrent (IPCE and PCAS).  The display shows the IPCE response of the 

calibrated photodiode. 

!
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nm in this case).  PCAS were recorded from 400 nm (the minimum possible value with 

the given monochromator) to 752 nm (where the photocurrent is effectively zero for all 

CdSe NC samples used in the work).  In order to take a spectrum, one must first set the 

CHI 600c to step to -0.15 V (usually for at least 300 s, which will give the entire system 

time to step through the entire wavelength range).  The experimenter then simply presses 

“run” and observes the PCAS acquisition in real time on the computer screen.  After the 

spectrum is taken, the CHI 600c must be manually stopped.  It should be noted that if the 

monochromator reaches a spectral region that does not yield photocurrent, the LIA has 

trouble locking in on what is a “zero” signal, which in turn requires a long time to take a 

single measurement. 

 

2.7.7 Determination of light harvesting efficiency of monolayer films 

 In order to more quantitatively compare photocurrent efficiencies (IPCE) of films 

with varying coverage of NCs or different sized NCs, one must take into account not only 

the magnitude of the IPCE, but the fraction of light absorbed, which is known as the light 

harvesting efficiency (LHE) 

! 

LHE(") =1#10
#$ (500nm )bc

                                               (2.5) 

where " is the molar absorptivity in units of L mol cm-1, b is the path length (cm) and c is 

the concentration (mol L-1).  With knowledge of the LHE, internal quantum efficiency 

(IQE), also referred to as absorbed photon to current efficiency (APCE), may be 

calculated by 
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Equation 2.6 essentially normalizes the measured external efficiency to the efficiency of 

light absorption, which is a function of the diameter dependent extinction coefficient of 

CdSe NCs (Equations 2.2 and 2.3) and the NC coverage on polymer films as discussed in 

section 2.5.3. 

 Traditionally, with knowledge of the extinction spectrum of a sample, the LHE of 

a film may be measured by taking the absorbance spectrum of a given film (note: more 

strict treatment of LHE may be attained by a full optical treatment of the sample in 

question using the conservation of energy, which considers the wavelength dependent 

spectral absorptance ('), reflectance ((), and transmittance (T) of a given dielectric 

sample).   However, efforts to measure the absorbance of NC-crosslinked polymer films 

were futile (i.e. featureless broad spectra representing either the NCs or polymer were 

obtained).  Furthermore, while the diameter dependent extinction coefficient is known at 

the first excitionic transition (Equations 2.2 and 2.3), the value at all other wavelengths is 

not reported in the literature. 

 Several assumptions were made that allowed the author to estimate the LHE of a 

given NC sample.  First, the extinction spectrum of a given NC sample must be 

calculated.  This procedure was executed by first taking the solution absorbance spectrum 

of the NCs that were crosslinked onto the polymer film, which afforded the 

photocurrent/IPCE   values.  The spectra were first baseline corrected (Section 2.2.5) and 
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then normalized to the first exciton peak transition (i.e. the lowest energy absorbance 

peak was assigned a value of “1”).  Again, using equations 2.1, 2.2 and 2.3, the extinction 

coefficient at the first absorbance peak was calculated.  This value was then multiplied by 

the absorbance values of the normalized spectrum.  This back of the envelope calculation 

is essentially a two-point calibration using the known value at the first peak and assuming 

that baseline values of zero AU in the normalized spectrum correspond to a molar 

absorptivity of zero.  Figure 2.8 shows extinction spectra calculated for 3.3, 5.0 and 7.0 

nm CdSe NCs that have been functionalized with ProDOT-CA and further crosslinked 

onto 3,4-dioxy-substituted thiophene polymers (note: these are the calculated extinction 

spectra for the CdSe NCs discussed in Chapter 4).  For qualitative purposes, the molar 

absorptivity at 500 nm is shown for each size of CdSe NC in Figure 2.9. 

 Second, the values of b (path length) and c (concentration) must also be estimated 

according to equation 2.5 in order to obtain an effective LHE.  In order to estimate these 

values a few assumptions were made: 1) the nanocrystals are arranged in a hexagonally 

closest packed (hcp) morphology, 2) the separation between NC cores (D) is equal to 

twice an estimated ligand length (L = 1 nm), 3) the crosslinked NCs are deposited as 

some fraction of a monolayer (ML) on the polymer surface, and 4) the polymer film is 

atomically flat.  Figure 2.9 shows a schematic illustration of the process of calculating a 

diameter dependent theoretical NC coverage. In this treatment, a theoretical hcp-packed 

NC monolayer coverage ()ML) was assumed by performing some simple trigonometry, 

whereby the total number of NCs (0.5 NC) in a defined area (equilateral triangle) is 

calculated according to 
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Figure 2.8.  Calculated extinction spectra for different sizes of monodisperse 

ProDOT-CA-capped CdSe NCs in 2:1::THF:acetonitrile (0.15 M TBAPF6).  The 

dotted line shows the relative extinction coefficient at 500 nm for each spectrum. 
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Side View 

Top View 

Figure 2.9. Schematic illustration of hcp-packed, ligand-capped CdSe NC monolayer.  

This cartoon was used to estimate the effective concentration of a NC monolayer.   
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! 

"ML =
0.5NC

Atriangle (nm
2
)

                                                     (2.7) 

where the area of the triangle (Atriangle) is calculated with the knowledge of the NC 

diameter (d) and the total NC and ligand shell diameter (D = d + 2L) by 

! 

Atriangle = 0.5 x D x h =  0.5 x D
2
sin(60)                                   (2.8) 

Finally, the theoretical concentration of a monolayer of HCP packed NCs ([NC]ML) may 

be estimated using 

! 

c " [NC]
ML

=
#
ML
(NCs/nm

2
)

D(nm)
                                                (2.9) 

Assuming the path length (b) is given by the total NC and ligand shell diameter (D), the 

theoretical LHE of a NC monolayer (LHEML) may be calculated according to the previous 

assumptions according to  

! 

LHE(")
ML

=1#10

#$ (")

(d +2L )sin 60
                                          (2.10) 

 Finally, the LHE of a real sample was calculated by using FE-SEM images to 

determine the coverage of NCs (% ML).  FE-SEM images of NC-sensitized polymer 

films were broken down into a grid (usually 100 nm x 100 nm) and the total number of 

NCs in a given area was tabulated (four areas per image were counted, n = 4), which was 

used to determine the coverage of NCs on the sample (NCs/nm2).  The ratio of the 

measured coverage with the theoretical hcp-packed coverage (equation 2.7) provided a 
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scaling factor for the fraction of a monolayer (f), which allowed calculation of a 

theoretical wavelength dependent LHE for real NC samples (LHENC) according to 

! 

LHE(")NC =1#10

# f$ (")

(d +2L )sin 60
                                         (2.11)                                      

One major assumption of this manual counting method is that the NCs are on the surface 

as a monolayer (i.e. the NCs are not stacked on top of one another to form multilayers), 

which implies that the method surely underestimates the total coverage. 

 

2.8 CdSe NC Diffraction Grating Fabrication and Optical Characterization 

2.8.1 Materials 

Chloroform (EMD, ACS grade) and toluene (EMD, OmniSolv) were purchased 

from VWR.  Ethanol (absolute) was purchased from Decon Laboratories Inc..  The 

PDMS precursors (SYLGARD silicone elastomer 184 and SYLGARD 184 curing agent) 

were obtained from Dow Corning.  Glass slides, ITO-coated glass (15 $/cm2), and Au-

coated glass (glass/5 nm Ti/100 nm Au) were purchased from VWR, Colorado Concept 

Coatings LLC, and Evaporated Metal Films, respectively. 

2.8.2 Microcontact molding 

 PDMS replicas were produced using one blazed (1200 grooves/mm, blaze angle = 

36 degrees) and three holographic (1800 g/mm, visible; 2400 g/mm, UV; 3600 g/mm, 

UV) aluminum-coated master gratings.  A PTFE container which held the masters was 



! 88!

filled with a well-mixed (~ 1 minute) gel of 10:1 (w/w) of SYLGARD silicone elastomer 

184 and SYLGARD 184 curing agent covered and allowed to rest for ca. 1 hour in order 

to completely degas, freeing all air bubbles from the PDMS.  An oven (120 °C, 1.5 

hours) was used to speed up the PDMS curing process.  Prior to inking the PDMS 

replicas, the desired concentration of NCs, which were purified as described in Section 

2.2.3, were filtered through a 0.2 µm PTFE disk filter and then sonicated for 15 minutes.  

The stamp was then “inked” by dropcasting 100 µL of a well dispersed nanocrystal 

solution in toluene onto an angled (ca. 15 °) PDMS substrate (sonicated for 15 minutes in 

ethanol after removal from the mold) and allowed to dry in a covered petri dish.  After 

the nanocrystal ink was completely dried on the PDMS, the stamp was placed in a custom 

built stamping jig and pressure molded onto freshly cleaned ITO, glass, and Au substrates 

(Section 2.4). 

   

2.8.3 Diffraction efficiency (DE) measurements 

 DE measurements were taken at normal incidence with the radiation impingent on 

the non-stamped (glass) side of the ITO-coated glass substrates.  The grating was placed 

at the center of a rotation stage, while a wavelength sensitive photo detector (Newport 

1930c) was rotated around the sample in order to take power measurements at the m =1, 

0 and –1 spots (36 °, 0 °, and -36 °, respectively).  An argon ion (488 nm, ca. 1.5 mW) 

and a HeNe (633 nm, ca. 150 µW) laser were used for grating excitation.  All reported 

values for DE are the average of three different samples, in which three different areas 

were interrogated per sample (i.e. the values are an average of a total of 9 values).  When 
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necessary to maintain consistency when comparing samples, optical density (OD) of the 

samples was calculated as the log of the ratio of the sum of the transmitted spots (m =1, 

0, and –1) to the incident laser power [OD = log (Io/Itrans)]. 

 

2.8.4 Diffracted photoluminescence (PL) 

Diffracted PL was measured with the configuration shown in Figure 2.10.  A 

fiber-coupled multichannel triple grating CCD monochromator (Horiba Jobin Yvon Triax 

190) was used to collect PL spectra.  The nanocrystal gratings were excited with coherent 

radiation from an Ar ion laser (488 nm), which was normal to the glass side of the 

substrate (i.e. the light passed through the glass and ITO before striking the grating).   PL 

from the NC grating was collected with a lens (fl = 120 mm) and focused onto the optical 

fiber.  A 488 nm notch filter was used to block the excitation wavelength.  The optical 

fiber was fixed to a rotational stage, which fixed the fiber-detector distance, and spectra 

were acquired from 20 to 160 ° at 2 ° intervals.   Each spectrum was acquired using the 

300 g/mm grating, 0.3 mm slit width, 10 s integration time and 3 accumulations (n=3) 

were averaged.  These parameters were chosen in order to obtain spectra with acceptable 

S/N while still being able to maintain acceptable experimentation time.   

 

2.9 CdTe-CdSe NC Solar Cells 

2.9.1 Materials 
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Figure 2.10. Optical setup for collecting diffracted photoluminescence from a CdSe 

NC diffraction grating microcontact molded onto an ITO-coated glass substrate.   The 

grating substrate is excited with non-polarized, coherent laser radiation (488 nm, Ar+).  

Individual spectra were recorded at 2° intervals around the front of the substrate 

(±80°). 
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 1,2-ethanedithiol (Fluka, % 98.0 %) and CdCl2 (Aldrich, technical grade) were 

purchased from Aldrich.  Acetonitrile (EMD, DriSolv), methanol (EMD, DriSolv) and 

hexanes (EMD, OmniSolv) were purchased from VWR. 

 

2.9.2 Layer-by-layer dip coating 

PEDOT-PSS-coated ITO slides were prepared as previously mentioned (Section 

2.4.2). The multilayer CdTe-CdSe D-A heterojunction nanocrystal solar cells were 

fabricated by a LBL dip coating method.9  NC solutions for dip coating are contained in a 

20 mL scintillation vial (~ 9 mL is adequate for coating ~ 80 % of the substrate).  In this 

LBL procedure, the PEDOT-PSS-coated ITO substrates were coated with CdTe by 

slowly dipping (~ 1 cm/s) into and then removing the substrate into a hexanes solution 

containing CdTe nanocrystals (1.25 mg/mL), which deposits a layer of nanocrystals onto 

the substrate by evaporation at the hexanes/N2 interface.  The nanocrystal layer is then 

rinsed in an acetonitrile solution of 1,2-ethanedithiol (0.1 M, EDT) in order to remove the 

insulating oleate ligands, which are replaced by EDT, from the surface of the CdTe 

nanocrystals.  The nanocrystal film is again dipped into the hexanes solution of CdTe 

nanocrystals to add another layer, where the EDT-capped nanocrystals are insoluble.  

This procedure is repeated a total of 15 times to build up the CdTe layer, which was 

determined to be ca. 100 nm in thickness.  FE-SEM images of the CdTe layer show that it 

is composed a nanoporous network of CdTe nanocrystals with a diameter of ca. 7 nm. 
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CdSe nanocrystals are similarly layered (20 times) atop the CdTe film from a 2.5 

mg/mL solution in hexanes, which produces a ca. 50 nm thick CdSe film.  The above 

procedure was used for all CdSe nanocrystal sizes.  The LBL deposition method provides 

large area, defect free CdTe and bilayer films.  The nanocrystal bilayer thin films were 

removed from the N2 atmosphere and sintered in air by first spin-coating (1500 rpm, 60s) 

CdCl2 (saturated in methanol) onto the films and then placing into a preheated oven (200 

°C) for 15 minutes.  After sintering, the thin films are allowed to cool to room 

temperature before they are rinsed with copious amounts of nanopure (18 M$ cm) water 

and dried under a stream of N2.  SEM images of the sintered devices (Figure S3) show 

macroscopic crystallization features; however, high resolution images suggest that the 

CdSe layer is still nanocrystalline in nature.  The devices are completed by deposition of 

Al top contacts (100 nm) through a shadow mask at 1 x 10-6 Torr, providing six working 

devices per substrate, each with an active area of 0.11 cm2. 

 

2.9.3 Annealing 

The nanocrystal bilayer thin films were removed from the N2 atmosphere and 

sintered in air by first spin-coating (1500 rpm, 60s) CdCl2 (saturated in methanol) onto 

the films and then placing into a preheated oven (200 °C) for 15 minutes.  After sintering, 

the thin films are allowed to cool to room temperature before they are rinsed with copious 

amounts of nanopure (18 M$ cm) water and dried under a stream of N2. 
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2.9.4 Current density vs. voltage characterization 

 J-V measurements were taken in a N2 glove box with a Keithly 2400 source meter 

coupled to PC with Lab View 8.2 (NI) for data collection.  Scans were taken from –1.00 

to 1.50 V at 20 mV steps.  A CUDA tungsten lamp (250 W) was used as the broadband 

light source with a Melles Griot cutoff filter (900 nm) that was diffused and measured to 

be 100 mW/cm2 using a calibrated Hamamatsu photodiode (PD) acquired from Newport 

Optics (818-SL).  The output of the solar cells was not corrected for the spectral 

mismatch relative to AM 1.5. 

 

2.9.5 Incident photon to current efficiency (IPCE) measurements 

 IPCE measurements were made in air with a home-built setup after broadband 

measurements were taken.  The IPCE optical train was previously described in section 

2.7.5.  The light spot just barely overfilled the solar cell device area (0.11 cm2).  A 300 W 

Xe arc lamp (Newport) was modulated with a mechanical chopper (250 Hz) and focused 

into a JY (H10) monochromator with 0.5 mm slits (4 nm bandpass).  The output of the 

monochromator was calibrated with a Hamamatsu PD  (818-SL) from 400 to 848 nm 

prior to any solar cell testing.  The solar cells were tested at short circuit the output was 

input into an EG&G lock-in amplifier (5209), where the output signal was digitized and 

collected with a PC with in-house Lab View (8.2) software. 

 

!
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CHAPTER 3 

DEVELOPMENT OF NC SYNTHESIS, LIGAND EXCHANGE AND 

CHARACTERIZATION CAPABILITIES 

 

3.1 Introduction 

 While the primary focus of this dissertation is elucidation of the size-quantized 

properties of CdSe NCs for applications in photocatalysis, solar cells and diffraction 

gratings, a major emphasis was placed on developing synthetic procedures for the 

reproducible synthesis, purification, functionalization, and characterization of various 

sizes of high quality quantum dots.  Despite the fact that the literature is filled with a 

variety of synthetic procedures for the synthesis of a variety of nanocrystals of varying 

composition and morphology, synthetic procedures and techniques had yet to be 

developed in the Armstrong lab.   To this end, a great deal of time and effort was spent 

evaluating previously developed synthetic procedures that consistently afforded high 

quality CdSe NCs that could be adequately purified and further functionalized.  It should 

be noted that the general term nanocrystal (NC) may be applied to any material that 

possesses significant crystallinity and has nanometer dimensions, regardless of 

morphology or relative physical properties; however, in the context of this work, 

nanocrystal is used to describe crystalline, spherical (“0-dimensional”) semiconductors 

that display quantum confinement (i.e. the dimensions of the crystal are smaller than the 

bulk exciton of the material) and are stabilized by a suitable ligand shell, which affords 
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stability toward agglomeration and solubility in a variety of solvents at high 

concentrations. 

 The importance of the expression “high quality” requires further consideration.  

High quality, in the context of NCs, refers to highly crystalline samples that are 

monodisperse (i.e. the crystals posses a narrow size distribution of ca. 5-10 % standard 

deviation).1   In order to accurately understand the dimension dependent properties (e.g. 

band gap and frontier orbital energy level positions) of CdSe NCs, the goal of this 

research was to reproducibly synthesize high quality nanocrystals of various sizes.  First 

of all, highly crystalline (or single crystalline) samples are desired since defects in such a 

small crystal most likely dominate the optoelectronic properties of the nanocrystal.  

Furthermore, deviations from monodisperse samples leads to a broad distribution in the 

bandgap as well as the positions of the frontier orbital energies (i.e. the HOMO and 

LUMO), which would surely complicate experiments focused on understanding the effect 

of size on the properties of such NCs. 

The quality of the NCs produced by a given reaction scheme is dependent on 

reaction precursors, solvent, ligands, and, most importantly, temperature.  While there are 

a multitude of reaction schemes that produce CdSe NCs, only a select few produce high 

quality NCs, namely the hot injection methods.1  It has been thoroughly demonstrated 

throughout the literature that high reaction temperatures (ca. 300 °C) promote the growth 

of highly crystalline NCs; however, while the NCs produced may be highly crystalline, 

the size dispersity of the samples produced was dependent on the precursors, solvent, 
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ligands, and, how the reactants were introduced into the reaction flask.  Initial synthetic 

methods that produced highly crystalline II-IV semiconductor nanocrystals, developed by 

Murray et al.,2 focused on injection of room temperature organometallic precursors, such 

as Cd(CH3)2, Zn(CH3)2, S(TMS)2, etc., which were well known reactants in metal organic 

chemical vapor deposition (MOCVD) methods, into a high boiling coordinating solvent, 

trioctylphosphine oxide (TOPO), hence the term “hot injection.”  However, these original 

methods produced polydisperse nanocrystal samples, which were characterized by broad 

optical absorbance spectra and required further processing (i.e. size selective 

precipitation) in order to obtain monodisperse samples.  It has been shown by Peng and 

coworkers that the polydispersity in size distribution of the NCs yielded by these initial 

reactions was mainly due to the extremely high reactivity of the aforementioned 

organometallic precursors.  Furthermore, these organometallic precursors are extremely 

toxic and necessitate extreme care and extensive equipment (e.g. a environmentally 

controlled glove box) in order to carry out the entire synthetic procedure.  These 

limitations of the original organometallic approach lead to the introduction of the 

alternative routes, which used air stable cadmium precursors such as inorganic salts and 

oxides.3  There has been extensive work by Peng and others that has provided a variety of 

alternative methods (which are sometimes referred to as “green methods”) for the 

production of high quality CdSe NCs in a variety of coordinating (e.g. trioctylphosphine 

oxide, and primary amines such as hexadecylamine) and non-coordinating solvents (e.g. 

octadecene).  These alternative methods were chosen as the reaction system of choice for 

the synthesis of high quality CdSe and CdTe NCs that were further utilized in a variety of 
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device structures, which provided the means to elucidate the size-quantized optical and 

electronic properties of these NCs. 

 

3.2 CdSe NC Reaction Scheme 

3.2.1 Dependence of NC size on reaction time 

 A very thorough article published by Qu and Peng was utilized as the reaction 

scheme for the synthesis of CdSe nanocrystals.4  This procedure was chosen because it 

demonstrated that a size series of high quality CdSe NCs could be grown utilizing air 

stable cadmium precursors (cadmium stearate), a coordinating co-solvent of 

hexadecylamine (HDA) and trioctylphosphine oxide (TOPO), and a selenium 

tributylphosphine complex (Se-TBP).  Furthermore, this specific synthetic procedure was 

reported to produce CdSe NCs with high photoluminescence quantum yields (ca. 30 to 80 

%, depending on NC diameter), which was loosely attributed to an optimal NC surface 

structuring afforded by high Se:Cd (10:1) ratios during the reaction conditions. 

 The first step in utilization of the published reaction procedure was to repeat the 

initial results reported by Qu and Peng.  The original procedure was performed utilizing 

the reaction setup shown in Figure 2.1.  After swift injection of the Se-TBP solution into 

the hot cadmium stearate reaction vessel containing HDA and TOPO, aliquots (just a 

needle tip’s worth) were removed and dissolved in CHCl3 at specified times in order to 

monitor the spectral evolution of the CdSe NCs (reaction kinetics).  Figure 3.1 is 
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Figure 3.1. (a) Spectral evolution of CdSe NCs as a function of reaction time.  The 

solid and dashed lines correspond to the absorbance (Abs) and photoluminescence 

(PL) spectra, respectively.  (b) The diameter of the particles was determined by using 

equation 2.1, which relates the first absorption maximum to the diameter.  The lines 

are a guide to the eye. 

(a) 

(b) 
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representative of the temporal spectral (size calculated using equations 2.2 and 2.3) 

evolution of the CdSe NCs using the exact conditions reported in the aforementioned 

article (i.e. without attempting to scale the reaction up).  The nanocrystals grow from ~ 2 

to 5 nm nanocrystals throughout the observed time interval.  These nanocrystals are 

monodisperse, as evidenced by the narrow (ca. 25-30 nm) full width at half maximum 

(FWHM) of the PL spectra and up to 6-7 features in the absorbance spectra.  As 

previously mentioned, a polydisperse NC solution would show broad PL and essentially 

featureless absorption spectra.  While these initial results were extremely encouraging, 

there were still some unanswered questions: 1) can the reaction be scaled up in order to 

obtain enough material for further experimentation? 2) can the reaction conditions be 

controlled to produce an entire batch (i.e. not just a needle tip aliquot) of monodisperse 

sizes of small (ca. 2.5 nm) and large (ca. 7.0 nm) NCs? and 3) can the nanocrystals be 

reproducibly purified and further functionalized?  These questions are answered in the 

following sections. 

 

3.2.2 Methods for large-scale preparation of various sizes of monodisperse NCs 

 The next step after successfully reproducing the original published CdSe NC 

reaction procedure was to scale the reaction up and obtain entire batches of a series of 

sizes.  It was found that the reaction could be easily scaled up by a factor of five relative 

to the original reaction procedure; however, issues were encountered when trying to 

arrest the reaction in order to reach a desired size.  Specifically, obtaining small 
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nanocrystals was a difficult process because the reaction had to be cooled immediately 

after injection, which initially proved to be quite difficult and dangerous.   

Initial efforts focused on trying to immediately place the heated (ca. 300 °C after 

injection) reaction vessel into a water bath right after injection, which broke the reaction 

flask (this was not an intelligent decision in hindsight).  The second attempt at obtaining a 

large fraction of small nanocrystals was to use a glass syringe to remove a large aliquot 

(~ 5 mL) from the reaction flask directly after injection.  The aliquot was allowed to cool 

for a couple of minutes before it was injected into a large volume of CHCl3 to quench the 

reaction.  This method proved to be safer than the previous attempt at flash cooling a 

super-heated reaction vessel; however, the desired results were still not met.  Figure 3.2 

shows the absorbance and PL spectrum of the aliquot immediately removed from the 

reaction.  While the absorbance spectrum shows a typical (although noisy due to low OD) 

spectrum, the PL spectrum shows peaks at ~ 550 and 600 nm and does not reach the 

baseline until almost 650 nm.  These extra peaks in the PL spectrum were ascribed to 

small fractions of larger sized NCs, which are known to have a higher PL quantum yield 

and thus might be lost in the baseline of the absorbance spectrum.  It is noted that small 

nanocrystals may also show deep trap emission due to surface effects, but the observed 

PL spectrum does not qualitatively resemble such behavior, which is represented as a 

very broad emission red-shifted from the principal PL peak.  It is believed that the slow 

quenching of the large aliquot removed from the reaction allowed the reaction to further 

progress, producing larger nanocrystals.  This method of removing a large aliquot from a 

hot reaction was thus discarded as being a viable option for attaining small diameter NCs.   
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Figure 3.2. Absorbance (solid line) and photoluminescence (dashed line) spectra of 

small (ca. 2.2 nm) CdSe NCs obtained by removing a large aliquot (ca. 5 mL) from 

the reaction flask immediately after Se injection at 320 °C.  The PL spectrum shows 

peaks at ca. 510, 550 and 600 nm that are attributed to inhomogeneous ripening of the 

NC solution as the syringe cooled. 
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Finally, the third method for obtaining small particles was to simply lower the reaction 

temperature before injection.  In this method, the reaction temperature is initially taken 

up to 320 °C before the heating mantle is lowered from the reaction flask (i.e. heat is 

removed from the reaction).  The reaction is vigorously stirred and allowed to cool to ~ 

240 °C where the Se injection solution is injected (termed “off mantle injection”).  

Immediately after injection, lab air is blown over the reaction flask in order to help cool 

the reaction, which should help to arrest particle growth.  Figure 3.3 shows the typical 

absorbance and photoluminescence of CdSe NCs (~ 2.2 nm diameter) prepared using a 

5X scale up of the original procedure by performing off mantle injection at 240 °C.  The 

NCs are high quality and do not show any spurious peaks due to polydispersity in the size 

distribution.  Lower injection temperatures (i.e. below 240 °C) were not explored since 

the particles were sufficiently small. 

The procedure for synthesizing larger particles was more straightforward; 

however, the reaction conditions were further manipulated in order to obtain the desired 

product.  As pointed out for the original procedure, NCs up to ~ 4 nm may be obtained 

via the original reaction scheme, but substantial broadening of the size distribution of 

NCs takes over as the reaction is continued beyond 3 or 4 minutes (i.e. particles don’t 

simply grow larger, they also become polydisperse), which was determined to be 

unacceptable.  Similar to the aforementioned procedure on preparing small CdSe NCs, 

the reaction temperature was varied in order to obtain the desired results.  In this case, 

however, the reaction temperature was increased relative to the original injection 

temperature quoted by Qu and Peng (320 °C).  While raising the reaction temperature to  
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Figure 3.3. Absorbance (solid line) and photoluminescence (dashed line) spectra of 

small CdSe NCs obtained by injecting Se off mantle at 240 °C.  The absorbance and 

PL spectrum do not show any spurious peaks due to inhomogeneous ripening of the 

solution. 
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ca. 350 °C helped in obtaining larger particles (ca. 5 nm), even larger particles were 

desired.  Close inspection of the Qu and Peng paper provided the final variable for 

attaining particles up to ~ 7nm, namely changing the ratio of Cd:Se in the reaction vessel.  

The previous experiments were performed with a 10:1::Se:Cd (mol/mol) ratio; however, 

it was demonstrated that smaller Se:Cd ratios provided larger particles.  To this end, 

larger particles were obtained by increasing the reaction (injection) temperature to 350 °C 

and decreasing the Se:Cd ratio to 2:1 (reaction times of ca. 3 min. are typical).  It should 

be noted that large, monodisperse particles are the most difficult to obtain for reasons that 

still elude the author; however, by repeatedly performing the above procedure, large 

particles will be obtained and other mid-ranged sizes may be attained along the way (i.e. 

while the reaction might not provide the desired large size, the particles produced are still 

suitable to fill in the range).  Once high quality large and small particles could be 

synthesized, simply adjusting the reaction temperature for the originally scaled up 

reaction filled in the range (i.e. mid-sized NCs were usually obtained by injecting at ca. 

300 °C).  Figure 3.4 shows spectra for a series of five purified CdSe NC sizes, ranging 

from ~ 2.5 to 7.0 nm, synthesized according to the aforementioned procedure.  It is noted 

that these are the same particles used for CdSe quantum dot diffraction gratings, which 

are thoroughly discussed in Chapter 5. 

 

 

 



! 105!

Figure 3.4. UV-visible absorbance spectra of high quality CdSe NCs of varying 

diameter (ca. 2.5 to 7.0 nm) obtained in high yield (ca. 50 to 200 mg after purification) 

by modifying the reaction temperature and Se:Cd ratio.  Curves a-e represent QDs 

with diameters of 2.5, 2.9, 4.1, 5.1, and 7.3 nm, respectively. 
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3.3 NC Purification and Characterization 

As synthesized, raw nanocrystal reactions utilizing coordinating solvents contain 

a large excess of unreacted ligands relative to that of the cores produced (ca. 100 X 

ligand to Cd and Se precursors by mass).  Furthermore, the reaction yield is not 

quantitative, which provides for unreacted Cd and Se in the final untreated NC product.  

These excess ligands and unreacted precursors are thus impurities and must be separated 

from the ligand capped NCs before they may be utilized in optoelectronic devices or 

further functionalized.   

The nanocrystals are separated from the unwanted impurities using a precipitation 

method.  Since the surface of the NC is passivated with saturated hydrocarbon ligands, 

the ligand-capped NCs are soluble in a variety of low dielectric solvents such as hexanes, 

toluene and CHCl3; however, they are insoluble in more polar solvents (e.g. methanol, 

ethanol, acetone, etc.).  Conveniently, the unreacted ligands and precursors are soluble in 

more polar co-solvents containing an excess of a polar solvent (e.g. acetone) and a 

hydrophobic solvent (e.g. CHCl3).  Thus, the NCs are purified by slow addition of a polar 

solvent to a well-dispersed NC solution, which causes flocculation of the NCs while the 

impurities remain soluble in the co-solvent.  This process of repeated dispersion and 

flocculation of ligand-capped NCs provides a means to isolate the NCs from the 

unwanted impurities.  It should be noted that the choice of solvent and non-solvent 

combination (e.g. CHCl3 and acetone) is dependent on the ligand cocktail used in the 

original reaction procedure. 
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 Figure 3.5 demonstrates the effect of repeated precipitations on the ligand mass 

percent of ~ 3.5 nm CdSe NC/ligand solids utilizing thermogravimetric analysis (TGA).  

In these experiments, it was determined that CHCl3-acetone (ca. 1:2 v/v) was the 

optimum co-solvent for the precipitation/purification of CdSe NCs utilizing the 

aforementioned synthetic procedure, which uses a HDA/TOPO coordinating solvent.  In 

this temperature range, the mass lost during a given TGA experiment is solely attributed 

to the organic ligands in the solid, considering CdSe is stable in Ar atmospheres up to 

600 °C (i.e. CdSe does not decompose).  The majority of the untreated NC/ligand solid is 

mostly ligand (ca. 97 %).  However, after two precipitations, the NC/ligand solid is 

mostly composed of CdSe NC cores (ca. 80 %).  Further precipitations only remove a 

small fraction of ligands from the solid (i.e. the third precipitation is almost 

indistinguishable from the second precipitation), which implies that the excess ligands 

have been removed to provide NCs with only a monolayer or less of ligands on the 

surface.  Therefore, it was determined that two precipitations were adequate for obtaining 

purified CdSe nanocrystals.  However, in cases where further processing (i.e. ligand 

exchange) of the NCs was necessary, three precipitations were used in order to further 

remove any ligands that were loosely bound to the surface.   

When analyzing the data qualitatively, it is clear that there are discrete 

temperature regions where mass loss takes place.  It has been postulated by Foos et al., 

using a similar reaction scheme, that these discrete transition temperatures for purified 

CdSe NCs are due to different ligands (e.g. TOPO and HDA in this case).5  Focusing on 

the purified NCs (i.e. after  two and three precipitations), the  first  mass  loss  region  (ca.  
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Figure 3.5. (a) Effect of repeated purification (precipitation) on the ligand mass of NC 

solids.  Curves a-d correspond to zero to three precipitations, respectively.  (b) The 

final mass percent (ligand mass) is plotted as a function of precipitation (purification) 

number. 

(a) 

(b) 
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Figure 3.6. (a) Thermogravimetric analysis (TGA) of purified (two precipitations) 

CdSe QD samples.  Curves a-e represent QDs with diameters of 2.5, 2.9, 4.1, 5.1, and 

7.3 nm, respectively.  (b) The final (ligand) mass is plotted as a function of NC 

diameter. 

(a) 

(b) 
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300 °C) was attributed to HDA, while the second mass loss transition (ca. 500 °C) was 

attributed to TOPO.  This observation by Foos and coworkers appears to be an over 

simplification when multiple sizes of purified NC solids are interrogated with TGA (i.e. 

only ca. 4 nm diameter crystals were investigated in their work). 

Figure 3.6 shows the TGA data for purified (two precipitations from 

CHCl3/acetone co-solvent) CdSe nanocrystals of varying diameter.  The ligand mass 

percent of the purified NC solid decreases as the diameter of the nanocrystal increases.  

This observation is qualitatively supported considering the relationship between surface 

area and volume of a nanocrystal.  In other words, as the diameter of the nanocrystal 

becomes smaller, a larger fraction of atoms are located on the surface of the crystal, 

which would provide for a larger ligand to NC ratio for small crystals.  Close inspection 

of the TGA curves in Figure 3.6 reveals that the mass loss does not always occur in two 

simple transitions, especially when considering the two smaller sized NCs.  These results 

imply that CdSe NCs may have multiple sites with varying binding coefficients or that it 

may be more difficult to purify smaller crystals.  However, in depth discussion of this 

topic is beyond the scope of this dissertation.  

 

3.4 Ligand Exchange: Electroactive Monomer-Functionalized CdSe NCs 

3.4.1 Motivation and synthesis of electroactive monomer (ProDOT-CA) 
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 One of the primary goals of this research project was to functionalize CdSe NCs 

with a monomer of a conductive polymer so that the NCs could be effectively crosslinked 

with an electron-rich conductive polymer (e.g. poly(3,4-ethylenedioxythiophene), 

PEDOT) for photoelectrochemical applications.  To this end, the Pyun research group 

(Gemma ‘D Ambruoso et al., Department of Chemistry, University of Arizona) designed 

a ligand that contained a suitable monomer for crosslinking with the polymer at the 

periphery and a binding group for attachment to the NC surface.  This ligand, ProDOT-

CA, is shown in figure 3.7.  The detailed synthesis and characterization of this molecule 

is described elseware.6 

 The electroactive monomer, ProDOT-CA, contains a pendent head group 

orthogonal to the ligand binding group of the general class of thiophene monomers.  

Specifically, the ligand contains a propylenedioxythiophene (ProDOT) monomer.  A 

ProDOT analog was chosen instead of the more common ethylenedioxythiophene 

(EDOT) monomer due to the ease of synthetic accessibility of ProDOT-CA without 

compromising the optoelectronic properties of the resultant polymer.  The ligand has a 

relatively long alkane spacer (eight carbons) between the ester-linked ProDOT moiety 

and the ligand head group, which is a carboxylic acid.  This relatively long ligand was 

chosen to optimize the packing density of the ligand on the surface of the nanocrystal and 

facilitate solubility of the NC in electrochemically viable solvents (e.g. THF and 

acetonitrile).  Carboxylic acid groups are known to strongly bind to CdSe NCs and were 

also found to be synthetically facile compared to other known binding groups (e.g. thiol, 

amine, phosphonic acids, phosphine oxides, etc.).  The ProDOT-CA molecule is attached  
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Figure 3.7. Chemical structure of electroactive monomer ligand ProDOT-CA. for 

functionalization of CdSe NCs.  The ligand contains a carboxylic acid binding group 

and a propylenedioxythiophene monomer for crosslinking CdSe NCs to conductive 

polymers. 
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to the CdSe NC surface by successive ligand exchange of purified HDA/TOPO-capped 

NCs with pyridine, followed by ProDOT-CA.    These ProDOT-CA-capped CdSe NCs 

represent the first attempt of the Armstrong research group to obtain functional NCs for 

incorporation into a range of conductive polymers for applications in 

photoelectrocatalysis and solar cells. 

Figure 3.8 shows a schematic illustration of the ligand exchange process, whereby 

purified CdSe NCs are first exchanged with pyridine.  Pyridine-capped NCs are then 

functionalized with the ProDOT-CA monomer for electrochemical experiments.  The 

ligand exchange process was monitored through a number of qualitative analytical 

techniques and observations (e.g. solubility, UV-visible spectrophotometery and IR 

spectroscopy).   

 

3.4.2 Qualitative determination of ligand exchange efficiency: solubility 

The pyridine exchange step is necessary for a number of reasons pertaining to the 

availability of the novel ligand (i.e. the ProDOT-CA ligand was not available in large 

quantities and had to be used sparingly) and the reaction conditions used to obtain the 

desired product.  While it should be synthetically possible to exchange the native ligands 

for a new ligand (e.g. ProDOT-CA) without need to go through the pyridine exchange 

step as shown by Emrick and coworkers,7 this step requires a large excess of the new 

ligand in order to facilitate exchange of the original ligand.  This process of direct 

functionalization with a new ligand is usually repeated multiple times in order to obtain a  
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Figure 3.8. Ligand exchage scheme for functionalizing purified CdSe NCs with 

pyridine followed by the electroactive monomer, ProDOT-CA. 
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NC surface that is saturated with the new capping ligand, which necessitates a large 

amount of the new ligand.  Furthermore, this direct exchange procedure may necessitate 

the use of excess heat to drive off the initial ligands (depending on the relative binding 

affinity of the new compared to the native ligand), which could cause unwanted 

polymerization of the ProDOT-CA ligand if any excess oxygen is present in the exchange 

solvent.  The aforementioned issues of the direct exchange process precluded the use of 

the well-known pyridine exchange protocal.2, 8 

The pyridine exchange procedure functionalizes the CdSe NCs with weakly 

binding pyridine with mass action (i.e. an extremely large excess of pyridine kinetically 

drives a thermodynamically unfavorable exchange process).  This pyridine exchange 

process begins with dispersion of purified CdSe NCs in pyridine (10 mg/mL) using a 

combination of sonication and heat.  The nanocrystals gradually becomes soluble in the 

pyridine as the original HDA and TOPO ligands are stripped off the surface.  The 

pyridine capped CdSe NCs are soluble in polar solvents and aromatics, but are no longer 

soluble in aliphatics.  Pyridine-capped NCs are flocculated by addition of an excess of 

hexanes, in which the original nanocrystals were very soluble.  The fact that the NCs are 

no longer soluble in hexanes is the first indication that the NC surface functionality has 

been substantially altered.  This procedure of surface functionalization with pyridine and 

precipitation with hexanes is repeated three times to facilitate optimal exchange of the 

original HDA and TOPO ligands for pyridine.  Kuno and coworkers have noted that the 

aforementioned pyridine exchange only removes ca. 90% of the native TOPO and HDA 

ligands.8  
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The NCs were further functionalized with an electroactive monomer by sonicating 

the NCs in a THF:acetonitrile (2:1 v/v) solution of ProDOT-CA.  Note that without the 

addition of ProDOT-CA, the pyridine-capped NCs are not soluble in THF:acetonitrile, 

which implies once again that the surface functionality has been significantly altered.  

This change in solubility was thus assumed to be due to binding of ProDOT-CA to the 

surface of the CdSe NCs.  Furthermore, the ProDOT-CA capped NCs are quite soluble (> 

10 mg/mL) in THF:acetonitrile solutions with high electrolyte concentrations (0.15 M 

TBAPF6) for over a year. 

 

3.4.3 Qualitative determination of ligand exchange efficiency: UV-visible spectroscopy 

Throughout the purification and exchange process, UV-visible absorbance 

spectroscopy was utilized to discern any change in optical properties of the nanocrystals.  

UV-visible spectroscopy is a convenient means to determine if the nanocrystal size or 

size distribution changed throughout the NC treatment process by comparing the first 

absorbance peak position and shape (i.e. the half width at half maximum, HWHM) 

according to Peng et al.9  Figure 3.9 shows representative absorbance spectra for ~ 3.7 nm 

CdSe NCs that have been subjugated to purification as well as pyridine and ProDOT-CA 

ligand exchange procedures.  The spectra have been normalized to the first absorption 

maximum and stacked for clarity.  There was not a significant shift or change in shape 

(HWHM) in the absorption spectrum due to purification or pyridine exchange, indicating   

that  these   processes  have  not   affected  the  NC  size   and    dispersity  (or  
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Figure 3.9. Representative UV-visible absorbance spectra of CdSe NCs (3.7 nm) that 

have undergone full purification and exchange with pyridine and ProDOT-CA.  There 

was no visible change in the spectrum from the unpurified NCs (black) to the purified 

(red) or pyridine exchanged NCs (green).  Functionalization of the NCs with  

ProDOT-CA in THF:acetonitrile (2:1 v/v) causes a hypsochromic shift in the 

spectrum, which was attributed to slight etching of the NC due to carboxylic acid 

binding. 
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monodispersity for that matter).  Addition of ProDOT-CA and introduction into the 

THF:acetonitrile co-solvent provides for a hypsochromic shift in the absorbance 

spectrum.  The magnitude of this shift (23 nm) is indicative of a ca. 0.6 nm decrease in 

the NC diameter, which may be calculated to be ~ 1 monolayer of CdSe from the surface 

of the crystals (assuming the thickness of a monolayer is ca.  0.3 nm)10.  It is noted that 

the magnitude of the blue shift observed for ProDOT-CA ligand exchange did not always 

correspond to a monolayer (i.e. the magnitude of the blue shift varied between samples), 

but a blue shift was always observed.  This observed decrease in nanocrystal diameter 

was interpreted as etching of the NC surface by the carboxylic acid binding group on the 

ProDOT-CA ligand.  While the diameter of the NC had decreased, the shape (HWHM) of 

the first absorbance peak had only slightly broadened, which implies that there was a 

slight increase in the size distribution as a consequence of functionalization with the 

ProDOT-CA ligand. 

 

3.4.4 Qualitative determination of ligand exchange efficiency: IR spectroscopy 

 Fourier transform infrared spectroscopy was utilized to determine the functional 

groups present in the ligands on the surface of the nanocrystal.  Conveniently, the CdSe 

nanocrystal core is transparent to IR radiation and allows interrogation of the organic 

capping groups.  While it is usually assumed that the nanocrystal surface only contains 

TOPO and HDA ligands (and possibly tributylphosphine, TBP, on Se rich faces), IR 

spectra are likely complicated due to a variety of ligands on the surface of the 



! 119!

nanocrystals, especially when considering that the TOPO and HDA used for the reaction 

were of technical grade (~ 90 % purity).  Furthermore, since these ligands are bound to 

the surface of the nanocrystal, the IR absorbance peaks are significantly broadened and 

shifted in energy from their unbound state, which makes peak identification ambiguous.  

However, even with these limitations, certain spectral regions of key functional groups 

are helpful in discerning the identity of some of the main ligands on the NC surface. 

 Figure 3.10 shows the FTIR absorbance spectra of purified CdSe NCs (~ 3.7 nm), 

which were discussed in the previous section, as well as HDA (90%) and TOPO (90%) 

for reference.  The spectra were normalized to the maximum absorbance (ca. 2900 cm-1) 

of the aliphatic CH stretching modes and stacked for comparison.  These spectra are quite 

complicated and only a select few regions will be discussed in order to confirm the 

presence of ligands on the NC surface.  The spectra are split between the high energy 

(3600-2700 cm-1) and the fingerprint (1800-650 cm-1) region for clarity (i.e. no peaks 

were observed in the region between 2700 and 1800 cm-1).  The presence of N-H 

stretches at 3200 and 3120 cm-1 and N-H bending modes at 1587 and 1541 cm-1 suggest 

that HDA was present in the NC sample.  Furthermore, these bands are broader and 

shifted to lower energies relative to the HDA reference spectrum, which implies that the 

amines are coordinated to the surface of the NC.  The presence of TOPO was confirmed 

by P=O stretches in the NC sample observed at 1091, 1026 and 982 cm-1.  These peaks 

were significantly shifted to lower energies and broadened relative to the P=O stretches 

in free unbound TOPO (1153 and 1147 cm-1).  Once again, this broadening and shifting 

to   lower  energies  is  indicative  of  the  TOPO  ligand  being  bound  through  the  P=O  



! 120!

Figure 3.10. FTIR spectra of purified CdSe NCs (red), hexadecylamine (HDA, green) 

and triocytylphosphineoxide (TOPO, blue).  The peaks with asterisks are used to 

determine the functional groups of the ligands on the NC surface.  
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functional group to the CdSe NC surface.  The fact that sharp peaks corresponding to 

unbound species are not present in the NC sample confirmed that they are in fact purified 

and all the ligands that are present are bound.  These IR results are similar to the findings 

of Leschkies et al., who have reported IR spectra of CdSe NCs prepared and purified by 

similar means.11     

 Figure 3.11 shows the FTIR absorbance spectra of purified CdSe NCs, ProDOT-

CA-functionalized CdSe NCs, and the pure ProDOT-CA molecule.  The CdSe NC 

spectra were normalized to the aliphatic C-H stretch of the highest magnitude, while the 

ProDOT-CA spectrum was normalized to the ester carbonyl stretch (!C=O = 1728 cm-1).  

These spectra were stacked and split between the high energy (4000-2500 cm-1) and 

fingerprint region (1800-650 cm-1) for clarity.   Again, these spectra are quite complicated 

and only a few peaks will be discussed in order to confirm attachment of ProDOT-CA to 

the surface of the CdSe NCs.  The high-energy region provided little evidence of 

ProDOT-CA binding to the nanocrystal and thus will not be discussed.  The finger print 

region provides information regarding the binding group (-COOH) of the ProDOT-CA 

ligand.  The neat ProDOT-CA ligand shows stretches with three peaks at 1728, 1702 and 

1559 cm-1 assigned to !C=O (ester carbonyl), !C=O (carboxylic acid), and !C=C (thiophene 

ring alkene), respectively, which were not present in the purified CdSe NC sample.  In 

contrast, the ProDOT-CA-capped CdSe NP sample displays features similar to the neat 

ProDOT-CA sample; however, it appears that the !C=O  (carboxylic acid) has been 

diminished and shifted to lower energy (1660 and 1633 cm-1), while the !C=O  (ester) band 

has shifted to higher  energy (1739 cm-1),  with a decrease in intensity  
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Figure 3.11. FTIR spectra of purified CdSe NCs (red), ProDOT-CA functionalized 

NCs (green) and neat ProDOT-CA (blue).  The peaks with asterisks were used to 

determine the functional groups of the ligands on the NC surface.  

!



! 123!

relative to the band centered near 1559 cm-1.  It is suggested that the diminished intensity 

of the !C!O carboxylic acid band, along with the new bands present at 1660 and 1633 cm-1 

after ligand exchange, was indicative of carboxylate binding to the nanoparticle surface.  

It is also noted that there were no large peaks corresponding to free ProDOT-CA in the 

spectrum, which suggest that the NCs are most likely covered with less than a monolayer 

of the electroactive ligand.  Furthermore, the broad and intense band related to the P=O 

stretch has been significantly diminished relative to the other peaks, which is proof that a 

good deal of the TOPO was removed throughout the ligand exchange process. 

 

3.6 Conclusions 

 This chapter provides insight and procedures for the reproducible synthesis, 

purification and functionalization of large quantities of high quality CdSe nanocrystals 

using a published hot injection synthetic scheme.  It was found that CdSe NCs could be 

reproducibly synthesized with varying diameter by varying the reaction temperature and 

initial Se:Cd ratio.  Specifically, increases in the reaction temperature (up to ca. 350 °C) 

and the Cd:Se ratio, relative to published procedure, produced large (ca. 7 nm) NCs, 

while decreasing the reaction temperature (ca. 240 °C) produced small (ca. 2 nm) NCs in 

high yield.  These NCs were further purified, which was confirmed by TGA and FTIR 

experiments.  Finally, the CdSe NCs, with their native HDA and TOPO ligands, were 

further functionalized with pyridine and the electroactive monomer ProDOT-CA utilizing 

ligand exchange procedures. 
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 The purification and exchange of the CdSe NCs was initially the most difficult 

portion of this work, which required extensive experimentation.  It was found that 

allowing the raw reaction solutions to sit in a refrigerator overnight produced a large 

amount of insoluble ligand that floated to the surface of the solution and was 

subsequently discarded.  This step was crucial in the goal of obtaining purified particles, 

as they could not be suitably cleaned using the aforementioned solvents without this step.  

Pyridine exchange was not as straightforward as was alluded to in the literature.  It was 

found that the purified NCs could be successfully exchanged with pyridine after the 

initial heated sonication was done overnight (ca. 12 hours).  The pyridine exchange was 

determined to be a success only if the addition of excess hexanes precipitated the CdSe 

NCs, which was confirmation that the surface had been stripped of at least the majority of 

the original HDA and TOPO ligands.  Further functionalization of the CdSe NCs with 

ProDOT-CA was synthetically straightforward after a detailed procedure for 

determination of the moles of nanocrystals was achieved; however, structural verification 

of ligand exchange by FTIR was complicated due to the presence of a variety of ligand 

functional groups and the fact that bonding to the NC surface shifts and broadens IR 

modes of the capping ligands. 

 Now that a series of functional CdSe NCs may be reproducibly attained, 

experiments may be run in order to elucidate their size-quantized optoelectronic 

properties.  The aforementioned procedures may be applied to a variety of II-VI and III-V 

semiconducting NCs in order to further explore the effects of quantum confinement of 

functional nanomaterials. 
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CHAPTER 4 

PHOTOELECTROCHEMISTRY OF ELECTRON-RICH 3,4-DIOXY-

SUBSTITUTED THIOPHENE POLYMER-CdSe NC THIN FILMS 

 

4.1 Introduction 

 Bulk single- or poly-crystalline semiconductors have demonstrated that they are 

quite efficient at converting solar energy into either fuels (e.g. hydrogen) or electricity.1-7  

Specifically, it has been shown that dispersions of micron-sized II-VI semiconductor (e.g. 

CdS and CdSe) particles in aqueous media can efficiently reduce water into hydrogen, 

provided that high concentrations of electron donors (e.g. S2-, formic acid, etc.) are 

available to mitigate photocorrosion of the particles.8-13  These materials have extremely 

high molar absorptivities (ca. 106 L mol-1 cm-1), absorb light at all energies above the 

band gap (Eg), and have relatively high surface area (relative to a bulk crystal), which 

increases the interaction area for improved rates of hydrogen evolution; however, particle 

dispersions in aqueous media with sacrificial electron donors do not possess the 

necessary criteria of vectorial alignment (i.e. the reduction of protons and hole capture by 

the donor molecule are not isolated so as to mitigate the back reaction).  Indeed, it is 

impressive that these systems do in fact produce hydrogen with good efficiencies, which 

must be attributed to kinetic barriers at the photoactive sites that keep back reaction rates 

sufficiently low, since there is no physical barrier to prevent recombination pathways. 
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 These limitations pertaining to vectorial alignment were overcome in an 

experiment conducted by Memming and coworkers, where CdS “monograins” of ca. 40 

µm were embedded in an inert polymer film.8   These CdS microparticles spanned the 

thickness of the polymer film (ca. 25 µm), which was exposed to different electrolytes at 

opposite sides of the membrane.  Hydrogen was evolved with high efficiency (external 

current efficiency ca. 25% at 400 nm) on one side of the membrane, provided a high 

concentration (0.3 M) of a strong reducing agent (S2-) was available for hole capture on 

the opposite side.  While these results were extremely encouraging, this research was not 

further explored for unknown reasons; however, it is postulated that these microparticle-

loaded polymer films were difficult to manufacture, especially over large areas, which 

may be the reason they are not widely used today.  In other words, micron-sized CdS and 

CdSe particles do not lend themselves to controllable thin film processing, which is most 

likely due to their bulky size and limited solubility in conventional solvents. 

 On the other hand, ligand capped semiconductor nanocrystals (e.g. CdS, CdSe, 

CdTe, etc.) are extremely processable and maintain similar properties to their bulk 

counterparts (e.g. high molar absorptivity, broad spectral absorption, and extremely high 

surface area).14  They may be functionalized with a variety of surface capping ligands in 

order to impart exceptional solubility and compatibility in almost any solvent or 

medium.15  Osterloh and cowokers have recently demonstrated that dispersions of ligand-

capped CdSe nanoribbons could efficiently evolve hydrogen from aqueous solutions, 

provided, once again, that high concentrations of strong reducing agents were available to 

mitigate corrosion of the photocatalyst.16  However, it is believed that hydrogen 
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production with these CdSe nanoribbons could have been significantly enhanced by 

introducing a metal catalyst (e.g. Pt) or some form of asymmetry into the system, where 

back reactions could be minimized. 

 Figure 4.1 shows a schematic representation of the overall goal of the work 

presented in this chapter, which is to present a novel methodology for the construction of 

vectorial aligned, photoactive thin films utilizing CdSe semiconducting nanocrystals that 

are crosslinked to electron-rich donor polymers (e.g. PEDOT) as a platform for the 

reduction of solution acceptors (e.g. protons to form hydrogen).  Electrochemical 

polymerization was chosen as the preferred means for covalent assembly of monomer-

functionalized CdSe NCs onto transparent substrates (e.g. ITO) that have been 

functionalized with electron-rich conductive polymer thin films.  It has been thoroughly 

demonstrated by Willner and coworkers that electrochemistry is a powerful and 

convenient tool for assembling functional semiconducting and metal nanocrystals onto 

electrode surfaces.17  Electrochemical crosslinking provides nanometer-scale control for 

the bottom-up synthesis of the entire photocatalytic thin film, which offers the ability to 

“wire” both the polymer and CdSe NC to the ITO collection electrode, and inherently 

introduces vectorial alignment into the thin film whereby the CdSe NC separates the 

polymer donor from the solution acceptor.  It is believed that close proximity of the 

electron-rich polymer will facilitate hole capture from the excited CdSe NCs, mitigating 

corrosion processes, and that tethering the polymer film to the ITO electrode will 

facilitate charge collection. 
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Figure 4.1. Schematic diagram of CdSe NC-sensitized electron-rich polymer 

(PEDOT) films that are linked to the ITO electrode through a surface modifier 

(ProDOT-CA) by electrochemical methods.  The expanded view is the proposed 

scheme for photocatalytic hydrogen generation at a CdSe-Pt heterodimer, where hole 

capture is facilitated by close proximity of the electron rich polymer.  
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This chapter describes the efforts to prepare and characterize the photocatalytic 

activity of hybrid CdSe NC-sensitized electron-rich polymer films that have been 

effectively tethered (wired) to ITO electrodes.  Initial proof of concept experiments are 

presented for both “effective monolayer,” EML, (i.e. CdSe NCs were polymerized onto 

an existing polymer film without any excess monomer feed) and nanocomposite (i.e. 

CdSe NCs were crosslinked to an existing polymer film in the presence of excess 

monomer) CdSe NC-PEDOT hybrid films.  Section 4.2 introduces the electrochemical 

methodologies for preparing both EML and nanocomposite thin films and describes the 

morphology and potential dependent photocatalytic properties of such films using C60 as 

a solution acceptor.  These EML-sensitized CdSe NC-PEDOT films, which may be 

further platinized by a photoelectrochemical process, are briefly explored in Section 4.3 

for their ability to generate hydrogen from aqueous solutions.  Finally, Section 4.4 

presents a detailed study where a total of three 3,4-dioxy-substituted thiophene polymers 

(PEDOT, PProDOT, P(Et)2ProDOT) were systematically investigated in order to 

elucidate the mechanism of photoinduced hole capture from CdSe NCs in the presence of 

a solution acceptor (MV++).  Furthermore, Section 4.4 probes the effect of CdSe NC 

diameter (quantum confinement) on the thermodynamic and kinetic parameters of 

photocurrent generation. 

 

4.2 Proof of Concept: EML and Nanocomposite CdSe NC-PEDOT Hybrid Thin 

Film Formation and Photoelectrochemistry with C60 

4.2.1 EML CdSe NC-PEDOT thin films 
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! A bottom-up approach was used to prepare CdSe NC-PEDOT hybrid thin films 

tethered to monomer-functionalized ITO substrates.18  Ultrathin PEDOT films (ca. 10 

nm) were electrochemically grown on monomer-functionalized ITO at kinetically 

controlled rates (0.9 V vs. Ag/Ag+).  This procedure for preparing similar films has been 

shown to create conformal PEDOT films that show enhanced electrochemical 

communication with solution acceptor molecules (i.e. these films have shown 

exceptionally high charge transfer rates in their doped state).19  Initial efforts for 

crosslinking ProDOT-CA-functionalized NCs onto as-prepared polymer films relied on 

application of a constant oxidative underpotential (0.9 V vs. Ag/Ag+), where the 

polymerization was kinetically controlled, in stirred solutions.  Figure 4.2a shows the 

current transients obtained by this polymerization procedure, which was repeated a total 

of five times in order to completely coat the polymer film with NCs.  It is clear from the 

magnitudes of current and charge passed (Figure 4.2b) that the majority of crosslinking 

occurs during the first 1000 s.  These initial films were not subjugated to electrochemical 

interrogation (i.e. cyclic voltammetery), as it was originally believed that this procedure 

might degrade the film, which could ultimately degrade any appreciable 

photoelectrochemical response.  UV-visible absorption spectra of these films did not 

show any indication of NC incorporation (i.e. CdSe NC absorbance bands were not 

observed); however, FE-SEM images of crosslinked hybrid films (Figure 4.3) showed 

drastic differences in morphology compared to the pristine PEDOT film.  The PEDOT 

film shows smooth continuous features while the CdSe-PEDOT film shows a clear 

nanoscale texturing, which was interpreted as covalent attachment of CdSe NCs to the  
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Figure 4.2. (a) Constant potential (0.9 V vs. Ag/Ag+) electrochemical crosslinking  

current transients for crosslinking CdSe(CA-ProDOT) onto PEDOT thin films. (b) 

Integrated charge as a function of crosslinking.  The inset in (a) is an expanded view 

of the final four crosslinking steps. 

(a) 

(b) 
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Figure 4.3. Perspective view FE-SEM images of electrochemically grown (a) PEDOT 

and (b) PEDOT-CdSe NC films on ITO substrates. 

(b) 

(a) 
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polymer film surface.  These hybrid thin films were further subjected to 

photoelectrochemical interrogation with solutions of C60, which will be discussed in 

Section 4.2.3. 

 This reported constant potential step procedure was the first attempt at 

polymerizing CdSe NCs that provided working thin films for photoelectrochemical 

studies; however, the methodology for creating EML films was significantly altered from 

this first approach.  In other words, 5000 s was determined to be unnecessary and quite 

excessive for crosslinking an EML film on CdSe NCs onto a polymer film.  All 

subsequent films were prepared by a potential pulse method (see Section 2.5.3 for 

description), where the total polymerization time was on the order of 1.5 s (i.e. 15, 0.1 s 

polymerization pulses separated by rest pulses of 1 s).    

 

4.2.2 Nanocomposite CdSe NC-PEDOT thin films 

 Nanocomposite CdSe NC-PEDOT thin films (i.e. CdSe NCs dispersed in the 

PEDOT polymer, rather than just at the surface for EMLs) were briefly explored as a 

means to increase the NC loading and thus the optical density (OD); however, it is noted 

that these films may not be vectorially aligned since the NCs would likely be dispersed 

throughout the polymer film.  Furthermore, it was initially unclear as to the extent of 

photocatalytic activity of CdSe NCs that were imbedded in the polymer film.    
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Figure 4.4 shows the theory behind the electrochemical copolymerization of CdSe 

NCs and EDOT monomer to create nanocomposite thin films on as-prepared PEDOT 

films.  Constant potential polymerization, which was the original method for producing 

EML films, was ruled out due to the large disparity in the apparent diffusion coefficients 

of EDOT (ca. 10-5 cm2 s-1) and CdSe NCs of ca. 3.7 nm (ca. 10-7 cm2 s-1)20 (i.e. EDOT will 

be polymerized at a much faster rate simply because it can diffuse to the electrode surface 

~ 102X faster than the monomer-functionalized NCs, which would inhibit NC 

incorporation into the film).  Furthermore, the electroactive monomers capping the CdSe 

NCs (ProDOT-CA) and EDOT have significantly different oxidation potentials (1.31 V 

and 1.19 V, respectively).  A multi-potential step protocol developed by Schuhmann et al. 

was implemented to circumvent the aforementioned issues pertaining to the discrepancy 

in diffusion coefficients and monomer oxidation potentials.21-23  Here, the initial polymer 

film was quickly (0.3 s) stepped to a potential (1.5 V vs. Ag/Ag+) where both the 

ProDOT-CA-functionalized CdSe NCs (44 µM) and EDOT monomer (2 mM) were 

oxidized (polymerized) under diffusion control.  After this short polymerization pulse, 

the polymer electrode was stepped back to a rest potential (0.0 V) where no 

polymerization takes place (10 s), which afforded equilibration of the surface electrode 

concentrations (C) back to bulk values (C*).  This procedure of polymerization and rest 

pulse may be repeated to propagate the film.  Figure 4.5 shows the current vs. time 

transient for a film that has been subjected to 50 pulses, which shows an overall decrease 

in the magnitude of current as the number of pulses was increased. 
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Figure 4.4.  Schematic illustration of methodology for preparing nanocomposite CdSe 

NC-sensitized PEDOT films.  Due to disparities in both the diffusion coefficient and 

monomer oxidation potential between the EDOT monomer and ProDOT-CA-

functionalized CdSe NCs, a multi-potential step method was utilized to prepare 

nanocomposite thin films on as-prepared PEDOT films that were previously 

electrochemically crosslinked to ITO electrodes.  The electrode potential was briefly 

stepped to a diffusion-controlled potential, where both the monomer (EDOT) and 

functionalized CdSe NC copolymerized.  The electrode potential is then stepped to a 

rest potential, where crosslinking does not take place, which allows equilibration of 

electrode concentrations (C) back to bulk solution values (C*).  This process may be 

repeated multiple times to grow the nanocomposite film. 

Copolymerize 
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Figure 4.5. Typical current-time transient for multi-potential step copolymerization of 

CdSe-PEDOT nanocomposite thin film.  An as-prepared PEDOT film was introduced 

to a solution of CdSe(CA-ProDOT) (44 µM) and EDOT monomer (2 mM), where the 

potential was stepped to 1.5 V (0.3 s) where polymerization took place.  The potential 

was then stepped to 0V, where no polymerization took place.  This polymerization/rest 

pulse cycle was repeated a total of fifty times for this film. 
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 Figure 4.6a shows representative CVs of five individual CdSe-PEDOT 

nanocomposite thin films as a function of cycle number and a PEDOT control film (i.e. 0 

cycles).  It is clear that both the capacitance and anodic peak current decreased as the 

nanocomposite film was further propagated (i.e. as the cycle number increased).  For a 

more quantitative relationship, the integrated anodic peak charge was measured and 

normalized to the control film, which elucidated the effective electroactivity (i.e. relative 

electroactive area) of the nanocomposite films relative to the pristine polymer film 

(Figure 4.6b).  These results imply that the electroactive area of the nanocomposite films 

decreased as the film grew, which initially appeared to be counterintuitive if the film 

volume increased with cycle number.  However, the ionic transport in the film must be 

adversely affected by the presence of the CdSe NCs in the polymer film, which would 

account for a decrease in the electroactivity in the film. 

Consistent with the initial hypothesis, these nanocomposite films were in fact 

highly loaded with CdSe NCs, which provided for a significant increase in the OD for 

nanocomposite films relative to EML films.  Representative UV-visible absorbance 

spectra of CdSe NC-PEDOT nanocomposite films and a solution spectrum of the CdSe 

NCs used to make them are displayed in Figure 4.7a.  There was a slight blue shift in the 

absorbance spectra of the nanocomposite films relative to the solution spectrum, which 

was attributed to slight etching of the NC surface during the oxidative polymerization 

process.  The original PEDOT polymer films were blue in their reduced state and a 

transmissive sky blue in their doped state.  This coloration for pristine PEDOT films was 

in stark contrast to the nanocomposite thin films, which demonstrated the characteristic  
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Figure 4.6. Solution electrochemical properties of CdSe-PEDOT nanocomposite 

films. (a) Cyclic voltammograms (CVs), offset for clarity, of nanocomposite thin films 

as a function of multi-potential step cycles.  (b) The integrated charge under the 

anodic peak is ploted as a function of cycle number to elucidate the degradation in 

film electroactivity with increasing cycle number. 

(a) 
!

(b) 
!
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Figure 4.7.  CdSe-PEDOT nanocomposite thin film absorbance spectra.  (a) 

Absorbance spectra as a function of copolymerization pulse cycles along with a 

solution spectrum of the same CdSe NCs. (b) Theoretical absorbance (open triangles) 

and measured absorbance (filled circles) vs. cycle number.  The inset in (b) shows a 

photograph of a CdSe-PEDOT nanocomposite thin film (burnt orange) vs. a PEDOT 

(blue) thin film on ITO electrodes (ca. 1” x 1”). 

(a) 

(b) 



! 140!

burnt orange color of the CdSe NCs used for this study (Figure 4.7b).  The CdSe NC 

absorbance initially increased as the nanocomposite film was grown, but began to level 

off (ca. 30-40 cycles) and further decreased after 40 cycles.  These results imply that the 

CdSe NCs in the nanocomposite film quickly degraded after an optimum thickness was 

achieved.  These findings were consistent with the CV data in that there appeared to be a 

decrease in the electroactive area of the film with increasing polymerization cycles, 

which inhibited nanocrystal incorporation into the film and began oxidative dissolution of 

the CdSe NCs.  While this degradation process was discouraging, it was quite 

encouraging that the NCs appeared to be captured with high efficiency, at least early on 

in the polymerization.   

Figure 4.7c addresses the issue of capture efficiency.  Beer’s Law was used to 

calculate the theoretical absorbance (Ath) of a nanocomposite film that captured 100% of 

the NCs in the diffusion layer (! = 7.75 x 10-3 cm at 0.3 s) as a function of cycle number 

(N) using 

            

! 

A
th

=N"
NC
#c

NC
                                                      (4.1) 

The molar absorptivity at the first excitonic peak ("NC=9.8 x 104 L mol-1 cm-1) and 

concentration (cNC = 44 µM) of the NCs was known.  The multi-potential step 

polymerization procedure was quite efficient (ca. 100 %) at capturing NCs during the 

first ten cycles; however, the efficiency begins to steadily decrease with increasing cycle 

number.  This observation was consistent with the aforementioned argument that the 

electroactivity of the films decreased with increasing NC loading, which not only 
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decreased the efficiency of NC capture, but began to cause dissolution of the NCs in the 

film as evidenced by the decrease in film absorbance at 50 cycles. 

 Figure 4.8 shows representative perspective (45 °) FE-SEM images of a PEDOT 

control film and three nanocomposite thin films (10, 30 and 50 cycles).  The PEDOT film 

on the ITO substrate was conformal and close inspection revealed the underlying ITO 

substrate.  The nanocomposite films displayed a highly textured morphology that evolved 

as the number of cycles was increased.  The 10-cycle film shows what appears to be a 

very porous structure with islands of smoother, denser areas.  These islands began to 

grow in and dominated the porous areas as the number of polymerization cycles was 

increased.  These morphological features, along with the electrochemistry, imply that the 

more porous regions must have been the electroactive sites while the islands were much 

less electroactive, which was most likely due to limited ionic mobility in these apparently 

denser regions.   It is interesting that the films did however continue to propagate, as 

evidenced by the increasing amount of material on the film, but the absorbance of the 

films decreased.  Since the absorbance of the NCs in the films levels off and decreases 

with increasing cycle number, the observed increase in material must be some dense form 

of PEDOT polymer, which had significantly lower conductivity compared to the original 

polymer film.  It is clear that this dense form of polymer is not the preferred material to 

stabilize CdSe NCs for photoelectrochemical experiments. 
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Figure 4.8. Representative perspective FE-SEM images of CdSe-PEDOT 

nanocomposite thin films.  A PEDOT film is shown for comparison and the 

corresponding number of polymerization cycles for each film are shown in the bottom 

left corner. 

PEDOT!
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4.2.3 EML and nanocomposite thin film photoelectrochemistry with C60 

 Initial efforts to interrogate the photocatalytic activity of both EML and 

nanocomposite CdSe-PEDOT thin films were conducted with solutions of C60 as an 

electron acceptor.  Electron injection from CdSe into C60 has been shown to be energy 

sufficient (i.e. the LUMO of CdSe NCs is more negative than the LUMO of C60).
24-26  

Figure 4.9a shows representative background corrected photocurrent vs. potential plots 

for a 10 cycle nanocomposite film, an EML film, and a PEDOT control film.  Broadband 

visible light (ca. 100 mW/cm2), which was UV and IR filtered, was used to excite the 

sample.   Cathodic photocurrents corresponding to CdSe NC-sensitized reduction of C60 

began at ca. -0.4 V, which is ca. 0.6 V positive of the formal reduction potential (ca. -1.0 

V vs. Fc/Fc+)27.  The photocurrents increased exponentially, as evidenced by the linear 

region of the semi-log plot.  Furthermore, both the EML and nanocomposite films 

generated significantly more photocurrent relative to the PEDOT control film.  It was 

originally postulated that these potentials were sufficient to fully reduce (de-dope) the 

PEDOT film, which facilitated hole capture by the electron-rich polymer; however, a 

more detailed study will be presented in Section 4.4, which more fully elucidates the 

dependence of polymer doping on hole capture.  It is important to note that anodic 

photocurrents were observed positive of -0.4 V, which were avoided in order to avoid 

corrosion of the CdSe NCs (i.e. no solution donor was present to compensate for electron 

injection from the NCs into the PEDOT film). 
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Figure 4.9. PEDOT-CdSe monolayer and nanocomposite thin film 

photoelectrochemistry with C60 solutions (0.8 mM) using UV-IR filtered white light 

(ca. 100 mW/cm2).  (a) Potential-dependent photocurrent generation and (b) energy 

level diagram.  The Fermi energy of the polymer (small blue bar in HOMO) becomes 

more negative (shown by the blue arrow) with negative potential scanning. 

(a) 

(b) 
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 Figure 4.9b shows the estimated energy level diagram, which ultimately controls 

the charge transfer process.  Potential scanning effectively controls the Fermi energy of 

electrons in the polymer film, which implies that -0.4 V is adequate for electron transfer 

into the photoexcited CdSe NC HOMO.  The electron affinity (LUMO) of C60 was 

estimated from solution electrochemical experiments.27  The conduction band (CB, 

LUMO) of the CdSe NCs (ca. 5 nm) was also estimated from solution electrochemical 

experiments,28 and the optical band gap was used to estimate the valence band (VB, 

HOMO) energy.  It is noted that energy levels of NCs have been demonstrated to be 

highly ligand dependent and might be further altered in the condensed phase; however, it 

is clear from these results that electron and hole injection from the CdSe NCs to C60 and 

PEDOT, respectively, is energy sufficient. 

 It is clear from these results that, while nanocomposite films have high optical 

densities, EML-based films are superior for photocatalytic applications with C60.  This 

observation was attributed to the fact that the EML films are vectorial aligned, relative to 

the nanocomposite film.  Furthermore, it may be that the majority of the CdSe NCs are 

embedded in the bulk of the film and do not contribute to the generation of photocurrent; 

assuming C60 does not diffuse into the bulk of the film.  These results lead to the use of 

EML films in all subsequent photocatalytic studies of CdSe NC-sensitized polymer films.   

 

 

 



! 146!

4.3 Proof of Concept: Photoelectrochemical Hydrogen Generation on Pt-loaded 

CdSe NC-PEDOT EML Films 

4.3.1 Motivation 

 The overall goal of this project is to ultimately produce hydrogen from aqueous 

solutions using the aforementioned CdSe NC-sensitized electron-rich polymer films.  It 

was postulated that addition of a catalyst (e.g. Pt) could increase rates of hydrogen 

generation of these systems, which has been shown to be the case for micron-sized 

particle dispersions.11  This section describes the initial efforts to photoelectrochemically 

platinize as-prepared CdSe NC-sensitized PEDOT films and the results of hydrogen 

generation from such films. 

 

4.3.2 Photoelectrochemical platinization of EML CdSe-PEDOT thin films 

 Platinization of dispersions of semiconductor particles (e.g. CdS) has been shown 

to significantly enhance rates of hydrogen evolution from aqueous solutions relative to 

non-platinized suspensions.  This catalytic effect is based on the fact that reduced 

hydrogen radicals (H!) adsorbed to the Pt surface are given sufficient time to combine to 

form gaseous hydrogen, which does not occur on the semiconductor surface.  A variety of 

methods for platinization of dispersed semiconductor particles have been extensively 

studied.12  Of these methods, photoelectrochemical platinization was chosen as the ideal 

procedure for platinization of CdSe NC-sensitized PEDOT films since it should 
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theoretically only deposit Pt on the photoactive CdSe NCs.  Photoplatinization relies on 

excitation of the semiconductor with light, where the photoexcited conduction band 

electrons have thus garnered sufficient electron energy to reduce platinum salt species. 

 Figure 4.10a shows the background-corrected LSV (10 mV/s) of a CdSe (5 nm)-

sensitized PEDOT film in the presence of degassed H2PtCl6 solution (0.5 mM with 0.1 M 

LiClO4 in isopropanol).  The onset of relatively low cathodic photocurrents was observed 

at ca. 0.2 V vs. Ag/Ag+, which implied that Pt4+ was photoelectrochemically reduced at 

potentials negative of this turn-on voltage.  The photocurrent increased substantially at 

ca. -0.2 V; however background currents (not shown) were on the order of 25-30 µA, 

which implied that platinum was being reduced at the polymer film without necessitating 

the excess energy provided by photons.  Constant potential photoassisted platinization of 

CdSe-sensitized PEDOT films was carried out at -0.2 V (Figure 4.10b).  It is noted that 

this potential was likely excessive considering that light was not necessary to platinize 

such films (i.e. the background current in Figure 4.10b was on the order of 10-20 µA/cm2, 

which implied that Pt was electrolytically reduced); however, there was a significant 

photoeffect as evidenced by the increase in cathodic photocurrent with each light pulse.  

Ideally, a potential should be chosen where background currents are slightly positive and 

constant after initial decay of charging current and cathodic current should only flow with 

incident light pulses.  The aforementioned voltage (-0.2V) was chosen to ensure 

platinization. 
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Figure 4.10. Representative photoelectrochemical platinization of a CdSe-PEDOT 

thin film using ca. 100 mW/cm2 UV-IR filtered white light.  (a) Background-corrected 

LSV and (b) constant potential light-chopped photocurrent generation in the presence 

of H2PtCl6 (0.5 mM) in isopropanol. 

(a) 

(b) 
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 Figure 4.11 shows FE-SEM images of an as prepared CdSe NC-sensitized 

PEDOT film before (4.11a) and after (4.11b,c) the aforementioned constant potential 

platinization process.  The non-platinized CdSe-sensitized PEDOT film was prepared by 

the aforementioned multi-potential step method, which provided much more well 

resolved CdSe NCs (ca. 5 nm) compared to the excessive constant potential method 

presented in the previous section (Figure 4.3).  The film that underwent platinization 

shows bright features (Pt) that are relatively homogeneously dispersed on the CdSe-NC-

sensitized PEDOT film.  These Pt particles were typically under 1 µm in diameter and as 

small as ca. 100 nm.  It was clear from these images that Pt was indeed deposited during 

the potential step protocol; however, it is clear from the FE-SEM images that the films 

were likely over-platinized, which likely covered the entire polymer film with a layer of 

platinum species rather than the desired goal of only platinizing the CdSe NCs.  Greater 

control of platinization may be realized by decreasing both the Pt salt concentration and 

the incident light intensity and decreasing background currents (i.e. perform platinization 

at more positive potentials). 

 

4.3.3 Photoelectrochemical hydrogen generation from PEDOT-CdSe-Pt NC EML films 

 Figure 4.12 shows three successive light-chopped LSV scans (10 mV/s) in 

degassed isopropanol solution (10% H2O) for three different films (PEDOT control, red; 

PEDOT-CdSe, green; and PEDOT-CdSe-Pt, blue), which are offset for clarity.    The  
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Figure 4.11. Plane-view FE-SEM images of CdSe-NC-sensitized PEDOT films (a) 

before and (b,c) after photoelectrochemical platinization. 

(a) 

(b) 

(c) 
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insets are expanded views of the region around the turn-on potential.  It was clear from 

this data that sensitization of the PEDOT film with CdSe NCs significantly enhanced the 

generation of photocurrent (hydrogen evolution) at low overpotentials; however, it is 

noted that PEDOT films (red) displayed significant photoeffects at increasingly negative 

potentials, which is likely due to reduced PEDOT species.  Interestingly, in the first scan, 

the non-platinized CdSe-PEDOT film (green) displayed ideal photoelectrochemistry (i.e. 

the background was extremely low and flat over a large potential range), which exhibited 

a more positive turn-on potential and larger photocurrents relative to similar films that 

were platinized.  However, after the first scan, the platinized CdSe-PEDOT film (blue) 

actually afforded an increase in photocurrent generation relative to the first scan for the 

exact same film, while the photocurrent significantly decreased in the second scan for the 

CdSe-PEDOT film that had not been platinized.  The turn-on potential for the platinized 

CdSe-PEDOT film was more positive than that of the non-platinized film for scans two 

and three.  Finally, anodic photocurrent yields were significantly lower for platinized 

films compared to non-platinized films. 

 These LSV results indicated that, after the first LSV scan, platinization of 

PEDOT-CdSe NC films did increase the efficiency of photocurrent generation in aqueous 

solutions.  It is still unclear as to the mechanism behind the increased photocurrent 

activity of PEDOT-CdSe-Pt films after the first LSV scan; however, it is postulated that 

this first scan could possibly further reduce the Pt particles to provide a more catalytic 

form of Pt.  As a proof of concept experiment, these results were extremely encouraging 

considering that the films were successfully platinized and that platinized films did  
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Figure 4.12. Light (UV-IR filtered ca. 100 mW/cm2)-chopped photoelectrochemical 

hydrogen generation from PEDOT (red), PEDOT-CdSe (green), and PEDOT-CdSe-Pt 

(blue) thin films in 10 % H2O in isopropanol solution (0.1 M LiClO4) as a function of 

scan number.  The insets display an expanded view of the turn-on voltage region. 

Scan 1 

Scan 2 

Scan 3 
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exhibit enhanced photocurrents compared to control films; however, a more detailed 

study is necessary in order to better understand the system.   

 

4.4 Quantitative Photoelectrochemistry of 3,4-Dioxy-substituded Thiophene 

Polymer-CdSe NC Films with MV++ 

4.4.1 Motivation 

! The previous two sections were focused on proof of concept experiments that 

demonstrated the efficacy of CdSe-sensitized PEDOT thin films toward photocatalytic 

reduction of solution acceptor species (e.g. C60 and H+ in IPA solutions).  These studies 

were crucial in demonstrating that the original hypothesis (i.e. vectorially aligned CdSe 

NC-sensitized electron-rich polymer films (e.g. PEDOT) could in fact act as a 

photocatalytic platform for the reduction of solution acceptor species) was in fact valid.  

However, these original studies were very qualitative in nature and provided very little 

insight as to the mechanism by which hole capture by the doped polymer (PEDOT) from 

the photoexcited CdSe NC takes place.  Furthermore, these initial studies were focused 

on only one CdSe NC diameter (ca. 5 nm), which did not allow determination of the 

effect of quantum confinement on the charge transfer process of these systems.  

This section seeks to elucidate the mechanism by which hole capture occurs from 

the NC by doped, electron-rich polythiophene derivatives (PEDOT, PProDOT, and 

P(Et)2ProDOT).  While these polymers have very similar structures, they have quite 

different electronic properties, which will be exploited to understand the effect of 
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polymer doping level on hole capture from photoexcited CdSe NCs.  A series of CdSe 

NCs (3.3, 5.0, and 7.0 nm) will be used to understand the effect of quantum confinement 

on the thermodynamic and kinetic parameters affecting charge transfer in these systems.  

Methyl viologen (MV++) was chosen as the acceptor probe molecule. Kamat and 

coworkers have recently shown that electron injection from photoexcited CdSe NCs into 

methyl viologen occurs on extremely fast time scales (ca. 40 ps),29 which implies that any 

observed discrepancies in the potential-dependent photocurrent between different donor 

polymers may be ascribed to the polymer itself.      

 

4.4.2 Solution spectroelectrochemical characterization and morphology of PEDOT, 

PProDOT and P(Et)2ProDOT thin films on ITO 

 In order to understand the effect of polymer doping on hole capture from 

photoexcited CdSe NCs, one must first understand the electronic properties and 

morphology of the conductive polymer thin films.  A combination of cyclic voltammetry, 

linear sweep voltammetry, optical spectroscopy and FE-SEM were used to interrogate the 

as prepared polymer films on ITO substrates.    

The solution electrochemical properties of a total of three different 3,4-dioxy-

substituted thiophene polymer films (PEDOT, PProDOT, and P(Et)2ProDOT) were 

explored by use of cyclic voltammetry (CV).  Reynolds, Inganäs, Heinze and coworkers 

have extensively studied the electrochemical and electrochromic properties of these 

polymers.30-37  Substitution of thiophene polymers at the 3- and 4-positions with oxygen 
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atoms has been suggested to enhance the ionic transport properties of the polymer 

relative to the parent polythiophene polymer.  The oxygen atoms donate their lone pair 

electrons into the pi-system of the polythiophene backbone, which greatly improves the 

electronic stability, and decreases both the electronic band gap and ionization potential of 

these polymers, which implies that these polymers are in fact electron rich (low oxidation 

potential).  While the aforementioned polymers all have oxygen atoms at the 3- and 4-

position of the polymer backbone, it has been demonstrated that further substitution of 

the bridging atoms significantly affects the optoelectronic properties of these polymer, 

which will aid in understanding the effect of the potential dependent charge density on 

photocurrent yield.  

 Figure 4.13 shows the cyclic voltammograms (100 mV/s) of the three polymers 

discussed in this chapter, their structures and a schematic diagram of the oxidative 

polymerization process whereby monomers are polymerized onto ProDOT-CA 

functionalized ITO.  It can be seen that the effective shapes of the voltammograms are 

quite different, which is a product of substitution on the alkylene bridge linker between 

the oxygen atoms.  It is important to note that there is significant hysteresis in the return 

(cathodic) sweep for PEDOT and PProDOT, while P(Et)2ProDOT is more symmetrical.  

This hysteresis effect has been attributed by Heinze and coworkers to an overpotential for 

anion removal from the polymer as the polymer is returned to the neutral form.38, 39  The 

diethyl-substitution at the apex of the propylene bridge of P(Et)2ProDOT causes a 

distortion in the packing of the polymer chains, which allows facile ionic transport in this 

polymer relative to PEDOT and PProDOT.  In any case, there is a significant difference  
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Figure 4.13. (a) Schematic representation of electrochemical polymerization 

methodology for preparing electron-rich polymers on monomer-functionalized ITO 

substrates and (b) solution CV data (acetonitrile) of the corresponding polymers.  The 

CVs correspond to PEDOT (blue), PProDOT (green) and P(Et)2ProDOT (red).  

(a) 

(b) 
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in the cathodic sweep in that the effective ionization potential for the cathodic sweep (the 

potential where the cathodic current drops and the polymer returns to its neutral, non-

conductive state) is quite different for each polymer (ca. -0.55 V, -0.80 V, -1.2 V for 

P(Et)2ProDOT, PProDOT and PEDOT, respectively).  This discrepancy in the potential 

dependent electronic density of states (i.e. doping fraction) will be exploited when 

understanding the photoelectrochemical properties of CdSe NC-sensitized films of these 

polymers.  However, while these CVs are helpful in understanding the potential 

dependent properties of these polymers, they are still convoluted by charging effects, 

which do not permit a full understanding of the optoelectronic properties of the polymer. 

 Spectroelectrochemistry was used to further aid in understanding the 

optoelectronic properties of the aforementioned polymers.  These conjugated, 

electroactive polymers exhibit electrochromism and have been extensively studied in 

applications pertaining to “smart windows” in that their absorptivity significantly changes 

due to doping (removal or addition of electrons and ions as a function of potential).36  

One of the major advantages of spectroelectrochemistry is that it probes changes in the 

absorptivity of the polymer film, which is a solely a product of the Faradaic electron 

transfer process, and is thus not hampered by the non-Faradaic charging currents present 

in CVs.40   

 Figure 4.14 shows a schematic diagram, adapted from Inganäs and coworkers,41 

of the doping-dependent electronic transitions in PEDOT, as an example (i.e. both  
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Figure 4.14. Schematic diagram of the doping-dependent optical absorption of 

PEDOT.  The structure of the neutral and doped polymers are also shown, which 

illustrate the insertion of anions to compensate for positive charges on the polymer 

backbone during oxidation (doping). Adapted from Reference 41. 
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PProDOT and P(Et)2ProDOT also exhibit similar electrochromism).  Like most reduced 

organic molecules, the neutral polymer is characterized by band gap absorption (!-!*), 

which is determined by measuring the onset of optical absorption.  Upon doping, new 

electronic states are introduced in the band gap, which provides for lower energy 

absorbance bands that were not present in the neutral state.  These new absorptions are 

known as polarons and bipolarons, which are related to defects introduced into the 

polymer backbone as a result of doping.  This doping process is characterized by 

insertion of anions (or cations) into the polymer in order to compensate for the positive 

(negative) charge on the polymer.  As a result, the band gap absorption is diminished 

while the lower energy polaron and bipolaron absorptions grow in. 

 Figure 4.15a shows the typical doping-dependent spectral evolution and 

absorptovoltammogram of a PEDOT film in acetonitrile solution (only the absorbance 

spectra are shown during oxidation of the film, while the spectra for returning the 

polymer to the neutral form are omitted for clarity).  True to theory, the band gap 

absorption (ca. 1.98 eV) decreases and near-IR absorption bands (polaron, 1.35 eV) 

increase.  It is noted that the bipolaron was not observed, as it is located at lower energies 

that were not in the range of the spectrophotometer used for this study.  By plotting the 

derivative of a given absorption peak (e.g. reduced or polaron peak) with respect to 

potential, an absorptovoltammogram may be constructed and plotted along with the CV 

for comparison (Figure 4.15b).   The absorptovoltammogram tracks the CV quite well, 

but is not vulnerable to the charging background present in the CV (especially when 

considering the reduced band at 1.98 eV).  It is noted that the red trace corresponding to  
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Figure 4.15. Spectroelectrochemistry of PEDOT in acetonitrile solution.  The doping 

dependent spectral evolution is shown in (a).  (b) Absorptovoltammograms of the 

PEDOT film are constructed from the derivative of the neutral absorbance (1.98 eV) 

and polaron band (1.35 eV) with respect to voltage.  The CV of PEDOT is also shown 

for comparison. 

(a) 

(b) 
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the derivative of the polaron band with respect to potential at 1.35 eV crosses over itself 

at ca. -0.2 V, which corresponds to the onset of bipolaron absorption.  In other words, the 

polaron band is convoluted at potentials positive of -0.2 V because the bipolaron band 

begins to dominate at lower energies.  Hence, only the reduced band is used to 

characterize the degree of oxidation (or reduction for that matter) for these three 

polymers. 

 Since quantitative photoelectrochemical experiments were performed in aqueous 

solutions, the spectroelectrochemistry of the polymers was also interrogated in an 

identical electrolyte solution, except the acceptor molecule was omitted.  Figure 4.16 

shows the difference cathodic absorptovoltammograms and linear sweep voltammograms 

(LSV, 10 mV/s) for PEDOT, PProDOT and P(Et)2ProDOT in aqueous solution (0.1 M 

LiClO4).  In this case, the difference spectra were recorded, since the electrochemical cell 

had to be removed and reinserted into the optical path of the spectrophotometer in order 

to fill the cell with the aqueous electrolyte, which alleviates background correction issues.  

The scan rate (10 mV/s) and direction (cathodic) were selected to mimic the conditions 

used to obtain photoelectrochemical data.  As the films are negatively scanned, the LSV 

shows very little current generation until a threshold is achieved; however, the 

absorptovoltammogram (plotting only the derivative of the maximum reduced/neutral 

absorbance with respect to voltage) shows significant action before the evolution of 

cathodic current.  This observation implies that, while there is little current flowing, the 

polymer film is still being significantly de-doped (reduced) back to its neutral form.  The 

scan is completed when the absorptovoltammogram drops to zero, which implies that the  
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Figure 4.16. Difference cathodic absorptovoltammograms and LSV current scans for 

PEDOT (a), PProDOT (b) and P(Et)2ProDOT in aqueous electrolyte (0.1 M LiClO4).  

Only the derivative of the neutral absorbance band is plotted. 

(a) 

(b) 

(c) 
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polymer has been fully reduced (i.e. this negative potential where the polymer is fully 

reduced back to its neutral form is defined as the ionization potential). 

The absorptovoltammograms for each polymer were an indicator of the effective 

charge density in each polymer as a function of potential.  In essence, the integral of the 

absorptovoltammogram with respect to voltage, from totally oxidized to the neutral state, 

yields the total charge density in the polymer in this voltage range.  This argument 

implies that each polymer has a unique potential-dependent hole capture efficiency, 

which should theoretically increase as the polymer is de-doped (i.e. as the polymer 

becomes more neutral, it has increasing donor strength). 

 The morphology of the as deposited 3,4-dioxy-substituded polymer films on 

ProDOT-CA functionalized ITO was characterized by field emission scanning electron 

microscopy (FE-SEM), as shown in Figure 4.17.  FE-SEM of ProDOT-CA-

functionalized ITO is also shown for reference.  The image of ITO reflects the classic sub 

grain structure of the doped metal oxide.42-44  The polymers were extremely thin (ca. 10 

nm), which allows visualization of the underlying ITO substrate.  Each film was 

determined to be conformal to the ITO substrate with no visible defects, which implies 

that a selective, pinhole free contact had been made.  Both PEDOT and PProDOT 

polymer films display areas of increased nanoscale texturing; however, it is clear that 

there was significantly more texturing for PProDOT films, which may be attributed to 

more ordered crystalline features in these films.  P(Et)2ProDOT films were completely 

amorphous and do not show any texturing.  This morphological data was consistent with  
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Figure 4.17. Plane-view FE-SEM images of ITO and PEDOT, PProDOT and 

P(Et)2ProDOT polymer films (2 mC/cm2) on ITO substrates.  The structure of each 

polymer is inset in each image for clarity. 
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the CV data in that PEDOT and PProDOT both displayed hysteresis effects due to a more 

compact structure, while P(Et)2ProDOT films showed no hysteresis, which was attributed 

to a more open, amorphous polymer structure. 

 

4.4.3 Solution electrochemical characterization and morphology of CdSe NC-sensitized 

PEDOT, PProDOT, and P(Et)2ProDOT thin films on ITO 

 Solution electrochemical characterization of CdSe NC-sensitized polymer films 

was conducted by cyclic voltammetery (CV).  CVs were acquired for the 3,4-dioxy-

substituted thiophene polymer films in the CdSe NC polymerization solution 

(2:1::THF:acetonitrile v/v, 0.15 M TBAPF6 with 5.0 nm CdSe NCs at 10 µM) before and 

after crosslinking the 5.0 nm CdSe NCs onto the polymer film in order to probe any 

changes in the electronic properties of the polymer due to CdSe NC sensitization.  Figure 

4.18 shows the CVs of each polymer film before (green) and after NC crosslinking (blue) 

as well as the CV in acetonitrile solution (red) for comparison.  The CVs of the polymers 

in the CdSe NC polymerization solution were similar to the polymer CVs in acetonitrile 

solution, which implied that the polymer did not undergo significant rearrangement in the 

lower dielectric THF/acetonitrile co-solvent.  Furthermore, the CV of the polymer!before 

and after NC crosslinking were also quite similar, which suggested that crosslinking of 

the CdSe NCs onto the as-prepared polymer films did not significantly alter the electronic 

structure of the polymer films.  In other words, ionic transport in the polymer films is not  
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Figure 4.18. CV of (a) PEDOT, (b) PProDOT and (c) P(Et)2ProDOT  polymer films 

on ITO substrates in acetonitrile solution (red) and NC polymerization solution 

(2:1::THF:acetonitrile with 0.15 M TBAPF6) before (green) and after (blue) 

electrochemical crosslinking of ProDOT-CA-functionalized CdSe NCs to the polymer 

film. 

(a) 

(b) 

(c) 
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considerably hindered by the crosslinked CdSe NCs.  It is noted that similar CVs were 

obtained for polymer films with varying CdSe NC diameter. 

FE-SEM was used to interrogate the morphology and NC loading of the polymer 

films after 5.0 nm CdSe NCs were electrochemically crosslinked onto the surface (CdSe 

NC sensitization), as shown in Figure 4.19.  It was clear that the multi-potential step 

procedure (section 2.5.3) for crosslinking the CdSe NCs onto the polymer film was a 

success in that individual NCs were clearly resolved.  While the NCs were near the 

resolution limit of the electron microscope, the diameter of the NCs appears to be ca. 5 

nm, which suggested that the NCs were not significantly etched by the oxidative 

electropolymerization protocol.  There were regions in each film where the underlying 

polymer film was visible (i.e. the NCs were not deposited as a complete monolayer).  

Interestingly, there appeared to be larger regions of bare polymer for the PProDOT film 

as opposed to the PEDOT and P(Et)2ProDOT films, which displayed more homogeneous 

coverage.  This observation was most likely related to the increased nanoscale texturing 

observed for the PProDOT films relative to PEDOT and P(Et)2ProDOT films.  

Furthermore, each film revealed regions where the NCs seemed to be stacked as 

multilayers.  The coverage of NCs on the polymer surface was estimated by counting the 

NCs in each image.  These measurements could then be compared to the estimated 

coverage for a hexagonally closest packed (hcp) monolayer in order to obtain the fraction 

(f) of a complete monolayer (%EML=100f, see section 2.7.6 for the calculation).  It is 

estimated that the NC coverage on each polymer were quite similar with values of 64 ± 7, 

59 ± 6, 63 ± 5 %ML for P(Et)2ProDoT, PProDOT and PEDOT, respectively. 
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! !

Figure 4.19. Plane-view FE-SEM images of ITO and CdSe NC (5 nm)-functionalized 

PEDOT, PProDOT and P(Et)2ProDOT polymer films on ITO substrates.  The 

structure of each polymer is shown in the inset along with a schematic representation 

of a 5 nm CdSe NC. 
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! Figure 4.20 shows FE-SEM of varying sizes (3.3, 5.0 and 7.0 nm) of CdSe NCs 

on P(Et)2ProDOT polymer films with the bare polymer for comparison.  Interestingly, the 

smallest NCs (3.3 nm) do not have near the coverage as the larger nanocrystals.  The 

coverage of NCs was estimated by counting the NCs in each image and converted to the 

fraction of an EML as previously described.  Coverages for 3.3, 5.0 and 7.0 nm CdSeNCs 

on P(Et)2ProDOT films were calculated to be 64±7, 32±3, and 57±7 %EML, respectively.  

It is noted that these values are likely an underestimation considering that there are areas 

where multilayers are present, which the model does not take into account. 

 

4.4.4 Determination of the effect of polymer doping on hole capture from electron-rich 

polymer-CdSe NC thin films with methyl viologen (MV++)  

Quantitative photoelectrochemical experiments were carried out using 500 ± 5 nm 

excitation (band pass filter) of the CdSe-NC-sensitized polymer films in aqueous methyl 

viologen solutions (5 mM, not degassed).  It was found that not degassing the acceptor 

solution greatly enhanced the photocurrent generation in these systems, which may be 

attributed to either increased acceptor concentration (i.e. O2) and/or an electrocatalytic 

mechanism whereby O2 scavenges methyl viologen radicals (MV+!) to regenerate MV++ 

near the electrode surface.  Figure 4.21a shows the light-chopped LSV scans (10 mV/s) 

for ca. 5 nm CdSe-NC sensitized PEDOT, PProDOT and P(Et)2ProDOT, which are 

stacked for clarity.  The photocurrent was extracted and plotted as a semi-log plot, which 

highlights the turn-on potentials for each individual film (Figure 4.21b).  The turn-on  
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Figure 4.20. Plane-view FE-SEM images of P(Et)2ProDOT polymer film on ITO 

before and after various sizes (3.3, 5.0 and 7.0 nm) of CdSe NCs were crosslinked 

onto the polymer film.  The structure of P(Et)2ProDOT and a schematic representation 

of each CdSe NC diameter are shown for clarity. 
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Figure 4.21. (a) Light (500 nm, ca. 2.1 mW/cm2)-chopped LSV scans, which are 

offset for clarity, for P(Et)2ProDOT (red), PProDOT (green), and PEDOT (blue) films 

sensitized with 5 nm CdSe NCs in the presence of MV++ (5 mM). (b) Background 

subtraction affords the potential dependent photocurrent which may be plotted as a 

semi-log plot. (c) The photocurrent action spectrum closely resembles the solution 

absorbance spectrum, which implies that excitons are generated in the CdSe NCs. 

(a) 

(b) 

(c) 
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potential for each polymer film, defined as the onset of cathodic photocurrent, was well 

positive of the formal reduction potential of methyl viologen (ca. -0.65 V vs. Ag/AgCl)29 

and increased exponentially with increasing negative potential.  Figure 4.21c shows a 

representative photocurrent action spectrum of a CdSe (ca. 5 nm)-P(Et)2ProDOT film at  

-0.15 V (both PEDOT and PProDOT provided similar spectra and are not shown).  The 

wavelength-dependent photocurrent response was very similar to the solution absorption 

spectrum, which implied that excitons were generated in the CdSe NCs.  A slight blue 

shift in the action spectrum of the CdSe NC-sensitized polymer film compared to the 

solution absorbance spectrum was attributed to slight etching of the CdSe NCs during the 

crosslinking step.  Figure 4.22 shows the raw data that was used to determine the incident 

photon to electron current efficiency (IPCE) at 500 nm, which may be calculated from 

the slope (m) of the photocurrent vs. power plot using  

                                                          

! 

%IPCE(500nm) =
1240 x Jph (µA/cm2)

500nm x I(µW/cm2)
=

1240 x m (A/W)

500nm
                     (4.2) 

By estimating the light harvesting efficiency (LHE=1-10-A(500nm)) at 500 nm (see Section 

2.7.3 for calculations of LHE), the internal quantum efficiency (IQE=IPCE/LHE) could 

be calculated.  However, there was substantial uncertainty associated with LHE 

calculations that afforded uncertainties in the magnitude of IQE values.  Therefore, the 

relative IQE was determined to be more meaningful. 

           

! 

IQE(relative) =
IQE

IQE(max)
                                                (4.3) 
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Figure 4.22. (a) Constant potential (-0.15 V) light (500 nm BPF)-chopped 

photocurrent density as a function of excitation intensity for CdSe (5nm)-sensitized 

P(Et)2ProDOT (red), PProDOT (green) and PEDOT (blue) films.  The photocurrent is 

extracted by background subtraction, which provides an efficiency plot (b). 

(a) 

(b) 
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 The generation of a cathodic photocurrent as the potential of the polymer film was 

negatively scanned must result, in part, from concerted electron transfer to methyl 

viologen (MV++) and hole capture by reduced (neutral) species in the donor polymer, 

P(red), by photoexcited CdSe NCs, which may be illustrated in the following reaction 

scheme (eq. 4.8-4.11) 

! 

CdSe + h" #CdSe*                                                    (4.4) 

! 

CdSe*+MV
++
"CdSe

+
+MV

+•                                          (4.5) 

       

! 

CdSe
+

+ P(red)"CdSe + P(ox)
+•

                                         (4.6) 

        

! 

MV
++

+ P(red)+ h" #
CdSe

MV
+•

+ P(ox)
+•                                   (4.7) 

where the CdSe NCs serves as a photocatalyst for the production of reduced methyl 

viologen (MV+!) and oxidized polymer species, P(ox).   

 The electrochemical data in Table 4.1 may be rationalized by understanding the 

potential dependent doping of the polymer film as it relates to the energetic and kinetic 

parameters that control charge transfer in this system, which may be schematically 

represented in an energy level diagram (Figure 4.23a).  The absorptovoltammograms of 

each polymer are also shown in Figure 4.23b to elucidate the potential dependent charge 

density in the polymer film.  It is clear from the absorptovoltammograms that the turn-on 

potential for these polymer films is well positive of the totally reduced (neutral) form of 

the polymers, which implies that these polymers were still quite effective at scavenging 

holes from the CdSe NCs in their doped state (i.e. there were sufficient concentrations of  
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Table 4.1. Photoelectrochemical properties of CdSe-NC (5 nm)-sensitized polymer 

films with MV++ (5 mM, aq.) 

aValues for 500 nm excitation and -0.15 V bias. 
bNC coverages estimated from FE-SEM images (Figure 4.19). 
cDetermined from integrated absorptovoltammograms (Figure 4.23a).!



! 176!

Figure 4.23. (a) Energy level diagram illustrating light-induced forward (cathodic, c) 

and back (anodic, a) charge transfer processes for CdSe NC (5 nm)-sensitized polymer 

films.  The empty inter-gap states in polymer are indicative of the potential dependent 

polaronic states in the polymers.  (b) Absorptovoltammograms for P(Et)2ProDOT 

(red), PProDOT (green) and PEDOT (blue). The ratio of the reduced area (integrated 

area positive of -0.15 V) to the oxidized area (integrated area negative of -0.15 V) was 

responsible for controlling the forward and back reaction pathways for hole capture 

from the polymer. 

(a) 

(b) Ared Aox 
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neutral species in the doped polymer to facilitate hole capture).  This observation 

indicates that there must be a significant population of polaronic states (shown as empty 

inter-gap states in figure 4.23a) present in the polymer that most likely act as electron 

traps from the photoexcited CdSe NCs, which is a competing back reaction relative to the 

desired reduction of MV++.  However, as the polymer film was negatively scanned, the 

population of polymer donor states (neutral polymer) increased with the subsequent 

decrease in the population of polaronic trap states, which afforded the exponential 

increase in photocurrent.  It is also noted that the driving force for hole capture ("c,2) from 

the polymer film increased as the Fermi energy of the polymer became more negative. 

 The total integrated area under each absorptovoltammogram was indicative of the 

total density of donor states in the polymer (i.e. the derivative of the neutral polymer 

absorbance with respect to potential was plotted).   Therefore, the relative concentration 

of neutral species in the polymer at a given potential (e.g. -0.15 V in Figure 4.23b) may 

be inferred by taking the integral of the absorptovoltammogram up to that potential.  The 

remaining area of the absorptovoltammogram (i.e. from the given potential to the 

potential where the polymer is completely reduced) was indicative of the concentration of 

polaronic species remaining in the polymer film, which then allowed calculation of the 

potential-dependent ratio of reduced to oxidized species in the polymer (i.e. 

[P(red)]/[P(ox)](E)).  Close inspection of the absorptovoltammograms showed that 

P(Et)2ProDOT had a significantly greater relative [P(ox)]/[P(red)] ratio compared to 

PProDOT and PEDOT at a given potential in the photoelectrochemical experiments.  

This observation explains the trend in both the turn-on voltage and relative IQE measured 
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at -0.15 V.  In other words, larger [P(red)]/[P(ox)] ratios provided increased forward 

reaction rates with subsequent decreases in the rate of the back reactions, which provided 

for increased photocurrent yield and more positive turn-on voltages. 

 Figure 4.24 shows the photocurrent generation rate for each polymer as a function 

of [P(red)]/[P(ox)].  The three curves aligned near the turn-on voltage (zero current 

crossing), which suggested a threshold polymer concentration ratio of ca. 0.05 was 

necessary to turn the forward reaction on when utilizing 5 nm CdSe NCs.  As the curve 

deviates to higher red/ox ratios, PEDOT and PProDOT curves remain parallel and almost 

equal, while the trend for P(Et)2ProDOT deviates and has a lower slope.  This deviation 

behavior must be related to the difference in the de-doping mechanism for both PProDOT 

and PEDOT relative to P(Et)2ProDOT (i.e. PEDOT and ProDOT 

absorptovoltammograms display significant hysteresis behavior related to an additional 

overpotential for anion removal, while P(Et)2ProDOT does not display such hysteresis).  

However, the increased slopes for PProDOT and PEDOT imply that they should in fact 

be more efficient donors if higher de-doping ratios may be attained for solid-state 

applications.  Higher [P(red)]/[P(ox)] ratios were not probed for PEDOT and PProDOT 

as the necessary negative potentials were excluded due to the existence of large 

background currents, which complicate measurement of relatively low photocurrents. 

  The results presented in this section are quite remarkable considering that 

a highly doped polymer may still serve as an efficient hole scavenger, permitted that the 

doping ratio is significantly large to overcome back reaction rates.  These observations  
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Figure 4.24. Dependence of photocurrent for CdSe NC (5 nm)-sensitized polymer 

films (denoted in legend) in the presence of MV++ (5 mM, aq.) on the potential-

dependent, relative ratio of neutral (reduced, red) to oxidized (ox) species in the donor 

polymers. 
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provide a novel and useful methodology for the construction of polymer/nanocrystal 

composites where hole transport and charge collection could be significantly enhanced 

for doped polymers relative to their fully reduced counterparts.  Indeed, Armstrong and 

coworkers have recently shown that moderate doping of electrochemically synthesized 

poly(3-hexylythiophene) solar cells demonstrated enhanced efficiencies compared to 

completely de-doped (neutral) films.45   

 

4.4.5 Determination of the effect of quantum confinement on hole capture from 

P(Et)2ProDOT-CdSe NC (3.3, 5.0 and 7.0 nm) thin films with methyl viologen (MV++) 

 It is well known that the energetic position of quantum dot energy levels is highly 

dependent on the diameter of the nanocrystal.46, 47  This section seeks to understand these 

size-quantized effects as they pertain to the thermodynamic and kinetic parameters that 

control hole capture from electron-rich polythiophene thin films (P(Et)2ProDoT) that 

have been crosslinked with CdSe NCs of varying diameter.  Again, 500 ± 5 nm radiation, 

which each CdSe NC efficiently absorbs, was utilized to photoexcite these thin films in 

the presence of aqueous solutions of methyl viologen (5 mM).  Since identical polymer 

films were utilized with each CdSe NC diameter studied here, any discrepancies observed 

in the potential dependent photocurrent response of such films will thus be ascribed to 

effects of quantum confinement; assuming any disparities in absorptivity and NC loading 

may be accurately taken into account. 
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 Figure 4.25a shows representative light-chopped LSV scans (10 mV/s) for three 

separate NC-sensitized P(Et)2ProDOT films that only vary in the diameter of CdSe NC 

(3.3, 5.0 and 7.0 nm), which have been stacked for clarity.  These scans have been 

background subtracted and plotted in semi-log form to highlight the turn-on voltage 

(4.25b).  These semi-log plots were very similar to those observed for the previous 

section (Figure 4.21b).  The normalized photocurrent action spectra (-0.15 V) were again 

very similar to the solution absorbance spectra (Figure 4.25c), confirming that the CdSe 

NCs were the exciton generating species in these thin films.  It is noted that there was a 

slight hypsochromic shift in the action spectra relative to the solution absorption data, 

which was indicative of slight NC etching as a result of the electrochemical crosslinking 

processing step.  Figure 4.26 shows the data used to calculate IPCE for these films at -

0.15 V using the same procedure described in Section 4.4.4.  These IPCE values were 

then converted into relative IQEs as previously described.  The measured 

photoelectrochemical values for the three CdSe NC samples studied were tabulated and 

are presented in Table 4.2. 

 A diameter-dependent trend was observed in the turn-on voltage for these CdSe 

NC-sensitized P(Et)ProDOT films.  Specifically, smaller CdSe NCs displayed a more 

positive turn-on potential relative to their larger counterparts.   Figure 4.26a shows a 

schematic energy level diagram highlighting the charge transfer processes for the doped 

P(Et)2ProDOT-CdSe NC thin films with MV++ near the turn-on potential.  This diagram 

assumes that photoexcited electron transfer to MV++ was extremely fast, which has been 

previously proven.29  Therefore, the rate-limiting step may be attributed to hole capture  
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Figure 4.25. (a) Light (500 nm, ca. 2.1 mW/cm2)-chopped LSV scans, which are 

stacked for clarity, for P(Et)2ProDOT films sensitized with 3.3 (blue), 5.0 (green) and 

7.0 nm (red) CdSe NCs in the presence of MV++ (5 mM). (b) Background subtraction 

affords the potential dependent photocurrent, which may be plotted as a semi-log plot. 

(c) The photocurrent action spectra closely resemble the solution absorbance spectra 

for each NC, which implies that excitons are generated in the CdSe NCs.  Again, the 

spectra are stacked for clarity. 

time.!

(a) 

(b) 

(c) 
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Figure 4.26. (a) Constant potential (-0.15 V) light (500 nm BPF)-chopped 

photocurrent density as a function of excitation intensity for P(Et)2ProDOT films 

sensitized with 3.3 (blue), 5.0 (green), and 7.0 nm (red) CdSe NCs.  The photocurrent 

is extracted by background subtraction, which provides an efficiency plot (b).!

(a) 

(b) 
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Table 4.2. Photoelectrochemical properties of P(Et)2ProDOT films sensitized with 

CdSe-NCs in the presence of MV++ (5 mM, aq.) 

aValues for 500 nm excitation and -0.15 V bias. 

bNC coverages estimated from FE-SEM images (Figure 4.20).!
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Figure 4.26. Schematic energy level diagrams for P(Et)2ProDOT polymer with 3.3, 

5.0, and 7.0 nm CdSe NCs. (a) Energy diagram representing the observed trend in 

turn-on voltage as a function of CdSe NC diameter.  Assuming the overpotential ("c,1) 

for hole capture from photoexcited CdSe NCs is equal, then larger CdSe NCs require a 

more negative polymer Fermi energy to turn on the cathodic process. (b) Energy 

diagram representing the observed trend in relative IQE at -0.15 V as a function of 

CdSe NC diameter.  In this case, the Fermi energy of the polymer is equal for each 

CdSe NC, which provides for larger driving forces and, thus, rates of hole capture as 

the diameter of the CdSe NCs decreases. 

(a) (b) 
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by the polymer film.  The positive shift in the onset of cathodic photocurrent generation 

may be rationalized by taking into account a positive shift in the CdSe NC HOMO 

energy with decreasing diameter.  This diagram assumes that a threshold overpotential 

("c) must be overcome before the rate of hole capture from the photoexcited CdSe NCs 

by the doped P(Et)2ProDOT polymer is sufficient to overcome the various back reactions.  

If this hypothesis is correct, one would in fact expect a decrease in turn-on voltage for 

smaller NCs, which have been shown to have higher ionization potentials relative to 

larger NCs.48-50  In other words, larger nanocrystals require an increase in the Fermi 

potential of electrons in the polymer film before hole capture from the CdSe NC can 

sufficiently compete with back reactions.  It is noted that the shift in turn-on voltage is 

extremely small (ca. 40 mV over a 4 nm diameter range); however, a large shift is not 

expected since the effective hole mass (mh = 1.14 mo) of CdSe NCs is significantly larger 

than that of the electrons (me = 0.13 mo), where mo is the free electron mass (mo = 9.11 x 

10-31 kg) (i.e. most of the shift in the band gap observed in the absorption spectra is 

attributed to shifts in the LUMO or CB energy).47  This observation therefore describes a 

diameter-dependent thermodynamic effect on photocurrent generation, which may be 

loosely described by a Marcus-type relationship.51, 52 

 It is noted that there is a large discrepancy in the IPCE values for the three CdSe 

NC sizes studied here, which was attributed to sizeable differences in the light absorption 

and coverage or each nanocrystal-loaded polymer film.  FE-SEM images (Figure 4.20) of 

these films showed that there was ~ 2X the coverage for the larger 7.0 and 5.0 nm NCs 

relative to the 3.3 nm NCs.  Furthermore, the absorptivity of the smaller nanocrystals is 
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drastically reduced relative to the larger nanocrystals.14  These inconsistencies were once 

again accounted for by determining the LHE of these films, which provided an estimation 

of a relative IQE of these films.  Figure 4.26b shows a schematic energy band diagram 

that points out the observed relative IQE trend at -0.15 V.  Once again, a Marcus-like 

relationship may be used to understand the observed trend in the relative IQE, whereby 

the smaller nanocrystals take advantage of a larger overpotential for hole capture from 

the polymer afforded by a positive shift in the HOMO, which should account for an 

exponential increase in the rate of charge transfer.  Hence, the observed increase in 

relative IQE is due to a larger driving force for hole capture as the diameter of the CdSe 

NCs decreases. 

 These results imply that quantum confinement plays an integral role in 

determining the turn-on voltage, which is related to the open circuit voltage in a solid 

state solar cell, and efficiency of charge transfer (i.e. hole capture by the doped polymer) 

in these systems.  While smaller nanocrystals may possess higher rates of charge transfer 

afforded by increased shifts in the HOMO-LUMO gap relative to larger NCs, they still 

lack in overall absorptivity, which is a serious limitation.  Indeed, the key would be to 

somehow assemble these nanocrystals into a so-called “rainbow solar cell” (i.e. place the 

smaller NCs at the front of the device to harvest higher energy light and subsequently 

increase the diameter as the thickness of the cell increases).  Rainbow solar cells would 

theoretically produce larger open circuit voltages since high-energy carriers would be 

confined to the smaller nanocrystals, rather than thermalizing to less energetic band edges 

for larger particles. 
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4.5 Conclusion 

 This chapter has described a novel and enabling methodology for nanometer-scale 

control of the blending of functionalized semiconductor nanocrystals with electron-rich 

polymer hosts using electrochemical polymerization techniques.  These CdSe NC-

sensitized thin films showed enhanced photocatalytic activity toward solution acceptor 

molecules (e.g. C60, H2PtCl6, H2O and MV++) relative to polymer control films.   

 It was found that multi-potential step procedures produced highly loaded CdSe 

NC nanocomposite and EML films, which were found to be superior to traditional 

constant potential step procedures considering the relatively slow diffusion coefficients of 

CdSe NCs relative to tradition small molecules (ca. 102 difference).  While 

nanocomposite films possess significant enhances in absorptivity, they displayed reduced 

photocatalytic activity towards C60 solutions, which was attributed to decreases in the 

electroactive area of these films due to a densification of the film.  However, 

nanocomposite films offer a novel means for preparing polymer/colloidal nanoparticle 

composite materials, which may be useful for preparing dielectric materials for 

capacitors.  Furthermore, only PEDOT (and one concentration of EDOT monomer feed, 

2 mM) was investigated as the host polymer, which displayed a propensity towards more 

ordered/dense films.  Indeed, these studies should be repeated with increased EDOT 

feeds or, even more intriguing, the more amorphous P(Et)2ProDOT polymer, which may 

provide significant enhancements in ionic conductivity of these nanocomposite thin 

films.  CdSe NCs embedded in P(Et)2ProDOT polymers may show significant activity 
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toward hydrogen evolution due to their porous nature, which would allow solution access 

to even the most buried NCs. 

 Photoelectrochemical platinization of CdSe NC-sensitized PEDOT films was 

briefly explored and showed increased rates for photocatalytic hydrogen evolution 

relative to non-platinized films.  It was determined that these films were over platinized 

in that there were very large Pt particles dispersed throughout the film, which was 

contrary to the desired goal of only platinizing the CdSe NCs.  A more focused study 

needs to be conducted where the H2PtCl6 concentration and film electrochemical potential 

is systematically varied in order to more accurately control the Pt loading in these films.  

These parameters were briefly explored, but no apparent platinum was visualized in FE-

SEM measurements; however, there might have been Pt present, just not in a readily 

observable form.  Furthermore, it was unclear as to the nature (oxidation state and surface 

functionality) of the Pt particles on the surface and their apparent increased activity with 

increased negative scanning.  Indeed, XPS may help provide answers as to the type of Pt 

on the surface as a function of film treatment in order to elucidate the mechanism 

controlling the increased activity of these films relative to non-platinized films. 

 The key finding of this chapter was elucidation of the doping dependent hole 

capture efficiency of electron-rich 3,4-dioxy-substituted polymer films crosslinked with 

CdSe NCs.   Spectroelectrochemical investigations of P(Et)2ProDOT, PProDOT and 

PEDOT allowed estimation of the potential dependent ratios of reduced (neutral) to 

oxidized species (i.e. [P(red)]/[P(ox)]) for each polymer, while photoelectrochemical 
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experiments with MV++ supplied the potential-dependent rate of photocurrent generation.  

It was found that higher relative ratios of neutral to oxidized polymeric species provided 

enhanced rates of photocurrent generation, even though each polymer effectively had the 

same driving force for hole capture from the photoexcited polymer.  Furthermore, 

quantum confinement played a significant role in the observed rates of photocurrent 

generation as expected considering shifts in CdSe NC levels with diameter, which 

affected the driving force for hole capture (i.e. larger relative ionization potentials for 

smaller nanocrystals provided increased rates of hole capture relative to larger crystals).  

Indeed, it would be interesting to modify both the ligand binding group and linker 

structure, which could possibly affect the energetic positions of the NC frontier orbital 

energies and barriers for charge injection across the ligands. 

!



 191 

CHAPTER 5 

CdSe-CdTe NANOCRYSTAL SOLAR CELLS DISPLAYING QUANTUM 

CONFINEMENT 

5.1. Introduction 

 All inorganic nanocrystal solar cells have gained a great deal of attention since the 

report by Gur et al. of a CdTe-CdSe planar (Type-II) heterojunction nanorod solar cell 

with an AM 1.5 power conversion efficiency approaching 3%.1  Since that time, several 

groups have explored lead calcogenide (PbSe,  PbS, and ternary PbSxSe1-x) nanocrystals 

in single layer Schottky solar cell, which have proved to be quite efficient depending on 

the treatment of the solar cells.2-6  Both bilayer heterojunction and Schottky solar cells 

composed of inorganic nanocrystals (and all other excitonic solar cells for that matter) 

require a Type-II donor-acceptor (D-A) interface for the conversion of optical energy into 

electrical power.  For a heterojunction solar cell, excitons are dissociated at the interface 

between two semiconductor materials with staggered electron affinities (and ionization 

potentials).7-10  Similarly, in a Schottky solar cell, excitons are separated at a 

semiconductor-metal junction due to a difference between the electron affinity of the 

semiconductor and the work function of the metal contact (for p-type nanocrystals 

mentioned in this text).5  The magnitude of the energetic offsets at the interface for 

charge separation in both heterojunction and Schottky solar cells has a significant effect 

on the built in potential (VBI) and the rate of charge transfer (i.e short-circuit photocurrent 

density, JSC), which has an effect of the performance and ultimately the power conversion 
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efficiency (PCE, !) of the PV cell.11-14  While it is well known that the energetic positions 

of the conduction band and valence band of semiconductor nanocrystals significantly 

shift as a function of diameter due to quantum confinement,15-17 little attention has been 

paid to the effect of nanocrystal diameter on the performance of solar cells composed 

entirely of inorganic nanocrystals. 

 The recent work by Nozik and coworkers,5,6 as well as Alivisatos and coworkers,18 

has provided evidence that quantum confinement does indeed have a strong effect on the 

device parameters of Schottky solar cells composed of lead calcogenide nanocrystals.  

They were able to demonstrate that the open circuit photovoltage (VOC) and short-circuit 

current density (JSC) was dependent on the diameter of the nanocrystals, the work 

function of the metal top contact, and the composition of ternary PbSxSe1-x NCs.  

However, similar relationships between quantum confinement and solar cell performance 

have not been demonstrated for nanocrystal D-A heterojunction solar cells including 

CdTe-CdSe,1, 19 Cu2S-CdS,20 and CdSe-PbSe.21  In the aforementioned studies of 

nanocrystal heterojunction solar cells, only a single junction was explored (i.e. one donor 

and one acceptor nanocrystal size were used to make a single cell); therefore, it was not 

possible to make correlations between quantum confinement and solar cell performance.  

Furthermore, these heterojunction solar cells (excluding the Cu2S-CdS solar cells 

produced by the Alivisatos and coworkers) were annealed at 400 °C, which was shown to 

sinter the nanocrystals into a polycrystalline bulk film.   

 In this chapter, the effect of quantum confinement on heterojunction solar cells 

employing fixed diameter CdTe (D) nanocrystals and varying diameters of CdSe (A) 
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nanocrystals using the layer-by-layer (LBL) dip-coating deposition technique first 

described by Luther et al. will be explored.22  This LBL deposition procedure was chosen 

for its ability to produce large-area, crack-free films with exquisite control of the NC film 

thickness (i.e. each cycle deposited ca. one monolayer of nanocrystals per deposition 

cycle).  While the bilayer nanocrystal films studied here were sintered after LBL 

deposition, the temperature was maintained low enough so that nanocrystal fusion was 

not obtained, and the optical properties of the individual nanocrystals were sustained in 

working heterojunction PV cells. 

 

5.2 Morphology of LBL-Deposited CdTe-CdSe NC Thin Films 

  The multilayer CdTe-CdSe D-A heterojunction nanocrystal solar cells were 

fabricated by a LBL dip coating method.  Figure 5.1 shows a schematic of the layered 

structure of the photodiode, a photograph of the completed solar cells and the proposed 

qualitative change in the energetic structure of the critical nanocrystal heterojunction as 

the diameter of CdSe was varied relative to CdTe.  In this LBL procedure, PEDOT-PSS-

coated ITO substrates were slowly dipped into and then removed from hexanes solutions 

of oleic acid-capped CdTe nanocrystals (1.25 mg/mL), which deposits a physisorbed 

layer of NCs onto the substrate by evaporation at the hexanes/N2 interface.22  The NC 

modified substrates were then rinsed in an acetonitrile solution of 1,2-ethanedithiol (0.1 

M, EDT), which exchanged the insulating oleic acid ligands for EDT.  The nanocrystal 

film was again dipped into the hexanes solution of CdTe nanocrystals, where the EDT- 
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Figure 5.1. Device architecture and proposed qualitative energetic structure for 

CdTe/CdSe photovoltaic devices prepared from CdTe (donor) and various diameters 

of CdSe (acceptor) nanocrystals. (a) Schematic drawing of CdTe/CdSe photovoltaic 

device. (b) Photograph of three photovoltaic devices, each with six active areas of 0.11 

cm2 for 2.5, 3.5 and 6.0 nm CdSe nanocrystals (1-3, respectively).  (c) Schematic 

energetic diagram of type-II energy level alignment demonstrating a positive shift 

(relative to vacuum) in conduction band (CB) of the CdSe nanocrystals relative to the 

CdTe valence band (VB) that corresponds to a decrease in the built in potential (VBI) 

for increasing CdSe nanocrystal diameter. 

 

(a) 

(b) 

(c) 
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functionalized NCs were no longer soluble, to assemble an additional layer.  This 

procedure was repeated a total of 15 times to build up the CdTe NC donor layer, which 

was determined to be ca. 100 nm in thickness.  This LBL procedure readily produced 

large-area, crack-free CdTe NC films, which was confirmed by FE-SEM (Figure 5.2a,b).   

The CdTe NC films produced by this LBL method were composed of a nanoporous 

network of CdTe nanocrystals with a diameter of ca. 7 nm. 

 CdSe nanocrystals are similarly layered (20 times) atop the CdTe NC film from a 

2.5 mg/mL solution in hexanes, which produced a ca. 50 nm thick CdSe NC film.  The 

above procedure was used for all CdSe nanocrystal sizes described in the text.  The 

nanoporous texturing of the CdTe layer was planarized by the addition of the CdSe layers 

(Figure 5.2c,d).  The nanocrystal bilayer thin films were removed from the N2 

atmosphere and sintered in air by first spin-coating (1500 rpm, 60 s) CdCl2 (saturated in 

methanol) onto the films and then placing into a preheated oven (200 °C) for 15 

minutes.23  After sintering, the thin films were allowed to cool to room temperature 

before they were rinsed with copious amounts of nanopure (18 M! cm) water and dried 

under a stream of N2.  SEM images of the sintered bilayer devices (Figure 5.3) show 

macroscopic crystallization features; however, high-resolution images suggested that the 

CdSe layer was still nanocrystalline in nature, which indicated that this low-temperature 

annealing step did not sinter the NCs to bulk.  The photovoltaic devices were completed 

by deposition of Al top contacts (100 nm) through a shadow mask at 1 x 10-6 Torr, 

providing six working devices per substrate, each with an active area of 0.11 cm2 (Figure 

5.1b). 
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Figure 5.2. Representative plane-view FE-SEM images of LBL nanocrystal thin 

films.  (a and b) CdTe nanocrystal (7.0 nm) single layer on PEDOT-PSS-coated ITO 

showing a nanoporous morphology. (c and d) The completed bilayer NC film showing 

CdSe nanocrystals (3.5 nm) planarizing the textured CdTe layer. 

 

(a) (b) 

(c) (d) 
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Figure 5.3. Plane-view FE-SEM images of a CdTe-CdSe (7 nm-3.5 nm, respectively) 

nanocrystal bilayer device near a scratch in the film (in order to compare similar areas) 

before and after annealing.  Images (a), (b) and (c) are for films before annealing, 

while images (e), (f) and (g) are post annealing. 

 

(a) (b) (c) 

(d) (e) (f) 
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5.3 Optical Characterization of LBL-Deposited CdTe-CdSe NC Thin Films 

 Optical absorption spectra of the bilayer films before and after sintering were 

dominated by the absorption of the CdTe nanocrystals with a first exciton peak at ca. 712 

nm (Figure 5.4); however, close examination of the spectra for as-deposited films (i.e. not 

annealed, red curves) revealed clear absorption peaks at 502, 571, and 625 nm, which 

corresponded to the first exciton absorption peak of the CdSe nanocrystals.  Before 

annealing, the films had an average optical density (OD) of ca. 0.15 AU.  After annealing 

these bilayer films (blue curve), the average OD of the samples increased to ca. 0.20 AU.  

Furthermore, the excitonic peak positions were red-shifted for both the CdTe (ca. 727 

nm) and CdSe (ca. 530, 580 and 625 nm for 2.5, 3.5 and 6.0 nm, respectively) 

nanocrystals after sintering, which became more significant as the diameter of the CdSe 

nanocrystal decreased.  The fact that the size-quantized peaks for both CdSe and CdTe 

nanocrystals were still visible after this low-temperature (200 °C) sintering step proved 

that the films were not sintered to bulk, which would shift the optical absorption onset out 

to 840 nm (i.e. the bulk band gap of CdTe).24  It is noted that the annealing process 

broadened the absorption peak for the smallest CdSe NCs explored; however, the first 

derivative of the absorption spectrum provided information on the wavelength position of 

the shoulder corresponding to the excitonic peak (Figure 5.4d-f), which was discerned by 

an inflection in the derivative spectra.  The quality of the absorption spectra for these 

bilayer films were further complicated by the inability to accurately background subtract 

the ITO and PEDOT-PSS absorbance,6 which was manifested as the failure to obtain a  
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Figure 5.4. UV-vis spectra of CdTe-CdSe bilayer films before (blue curve) and after 

(red curve) sintering. (a), (b), and (c) represent devices employing 2.5, 3.5 and 6.0 nm 

CdSe nanocrystals (thickness ~ 50 nm) as the acceptor layer, respectively.  The CdTe 

nanocrystal diameter (7.0 nm) and thickness (~ 100 nm) are identical in all three 

devices.  (d), (e), and (f) are the corresponding first derivative curves in order to 

determine peak and shoulder positions (see main text for reported values). 

 

(a) 

 

(b) 

 

(c) 

 

(e) 

 

(f) 

 

(d) 
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flat baseline (i.e. the absorption is non-zero at longer wavelengths relative to the CdTe 

absorption). 

 While the position of the first excitonic peak has been correlated with nanocrystal 

diameter in monodisperse solutions,25 it is our contention that the red shift in peak 

position observed after sintering was not related to an increase in nanocrystal diameter, 

but rather due to changes in the local dielectric environment.  For reference, Figure 5.5 

shows solution (in hexanes) and single-layer, unannealed thin film (spuncast and LBL on 

glass substrates) UV-vis spectra of each nanocrystal used in this study.  Similar to the 

thin film spectra in Figure 5.2 for the bilayer thin films on PEDOT-PSS-coated ITO 

substrates, these spectra displayed a redshift between the solution/spincast thin films and 

the LBL thin films that was more pronounced as the diameter of the CdSe nanocrystal 

decreases.  It is noted that much flatter baselines were obtained for solution and thin film 

spectra on glass, which suggested that ITO and PEDOT-PSS were responsible for the 

raised baselines observed for bilayer films.  Similar to these results, Luther et al. have 

reported both shifts in the first exciton peak position as well as increases in the OD for 

thin films of oleate-capped PbSe nanocrystals that were treated with EDT, which was 

tentatively attributed to a combination of increased dielectric constant and inter-

nanocrystal coupling due to the removal of the oleate ligands for EDT.22  The spectral 

shifts as well as the increase in OD seen after annealing of our bilayer films was thus 

ascribed to removal of EDT (or removal of the native ligands for EDT in the spincast vs. 

LBL thin films in Figure 5.5), which would correspond to an increased dielectric constant 

and a smaller inter-dot spacing for annealed thin films; however, more detailed optical  
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Figure 5.5. Normalized UV-vis absorbance spectra of CdTe and CdSe nanocrystals in 

hexanes solution (red curve), spun cast onto glass slides (green), and layer-by-layer 

coated onto glass slides (blue).  (a)-(c) are for CdSe nanocrystals with diameters of 

2.5, 3.5 and 6.0 nm, respectively.  (d) 7.0 nm CdTe nanocrystals. 

 

(a) (b) 

(d) (c) 
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measurements (e.g. spectroscopic ellipsometry and small angle x-ray scattering) are 

necessary to more fully describe the observed optical changes in annealed bilayer films. 

 

5.4 CdTe-CdSe NC Thin Film Solar Cells 

 Representative current density (J)-voltage (V) characteristics for three sintered 

devices employing a single CdTe nanocrystal size (7.0 nm) and varying CdSe nanocrystal 

diameter (2.5, 3.5 and 6.0 nm) are shown in Figure 5.6 in the dark and under 100 

mW/cm2 broadband illumination.  Table 5.1 summarizes the device parameters for these 

heterojunction devices.  The best photodiodes (i.e. highest power conversion efficiency) 

were obtained for the smallest CdSe nanocrystal used in this study (2.5 nm), providing an 

open circuit photovoltage (VOC) of 0.59 ± 0.08 V, a short circuit current density (JSC) of 

3.5 ± 0.2 mA/cm2 and a fill factor (FF) of 0.36 ± 0.05, which corresponded to a power 

conversion efficiency (!) of 0.7 ± 0.2 % using 

! 
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x100%                                            (5.1) 

where Pin is the incident power of the broadband light source (100 mW/cm2).  We 

observed an increase in VOC with decreasing CdSe nanocrystal (acceptor) size, which is 

expected when taking into account the positive shift (relative to vacuum) in the 

nanocrystal conduction band with decreasing nanocrystal diameter (Figure 5.1c).  

Specifically, the theoretical VOC or built in potential (VBI) of an excitonic solar cell should 

be dependent on the energetic offset between the valence band (VB) of the donor material 

(CdTe in this case) and the conduction band (CB) of the acceptor material (CdSe).11, 13 
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(a) 

(b) 

(c) 

Figure 5.6. Electrical characterization of representative CdTe/CdSe nanocrystal 

photovoltaic devices with varying CdSe nanocrystal diameter and constant CdTe 

diameter. (a) Linear and semi-log (b) current density (J)-voltage (V) curves in the dark 

(open symbols) and under 100 mW/cm2 of broadband illumination (filled symbols).  

The red squares, green circles, and blue triangles represent CdSe nanocrystal 

diameters of 2.5, 3.5 and 6.0 nm, respectively.  (c) Incident photon to current 

efficiency (IPCE) spectral response. 
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Table 5.1. Relationship between CdSe NC diameter and device paramters for CdTe-

CdSe NC solar cells. 

aCdSe NC diameter and bandgap (Eg) determined from first exciton absorption peak 

using equations provided in Reference 25. 
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Figure 5.1c illustrates the qualitative decrease in VBI as the diameter of the acceptor 

nanocrystal is increased.  Furthermore, we also found that the open circuit voltage was 

dependent on the ratio of JSC and the reverse saturation current density (JO) according to 
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where n is the ideality factor of the diode, k is the Boltzmann constant, T is the 

temperature, e is the elementary charge, and the other terms have been described.  It is 

important to point out that the absolute energy level positions of the nanocrystals used in 

this work are not well understood and it has been shown that the position of both the 

valence and conduction band are dependent on the surface passivating ligands and the 

dielectric of the surrounding medium.26, 27 

 Spectral response curves (IPCE) of the nanocrystal photodiodes are presented in 

Figure 5.6c, which provides further evidence that the nanocrystals maintain their 

quantum confinement.  When these incident photon to current efficiency (IPCE) curves 

were compared with the annealed bilayer spectra in Figure 5.4, similar shoulders 

corresponding to CdSe peak positions were visible and the cutoff spectral response (ca. 

780 nm) corresponds to the onset of CdTe absorption.  Precise analytical determination of 

the internal quantum efficiency (IQE), which is sometimes referred to as the absorbed 

photon to current generation efficiency (APCE), in such devices is complicated due to the 

inability to obtain a baseline-resolved absorbance spectrum.  However, one can use the 

absorbance spectra from the annealed bilayer films to obtain an approximate light 
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harvesting efficiency (LHE = 1-10-Abs), which can be used to estimate the IQE of the solar 

cells (IQE = IPCE/LHE, Figure 5.7).   

 The trend in JSC was less straightforward, but can be rationalized if one analyzes 

charge separation at the D-A interface in terms of a Marcus-type relationship.28, 29  Using 

the Marcus model, the driving force for photoinduced charge transfer between two 

semiconductors (or molecules) should be dependent on the difference in electron affinity 

between the two materials.  It has been proposed by Scholes and co-workers that CdSe-

CdTe type-II core-shell heterostructures lie in the Marcus inverted region (i.e. charge 

transfer rate should decrease with increasing driving force), which was attributed to the 

very small (~ 20 meV) reorganizational energy of these systems.30  With this result in 

mind, one would in fact expect a decrease in the charge transfer rate with an increase in 

driving force for charge separation, which would manifest itself as a decrease in JSC.
12  

Indeed, increasing the diameter of the CdSe nanocrystals affords an increase in the 

driving force (increased CBCdTe-CBCdSe offset) and thus accounts for a decrease in JSC.  

However, there is a negligible decrease in short circuit photocurrent from the 2.5 to 3.5 

nm CdSe nanocrystals, while there is a dramatic decrease for the 6.0 nm nanocrystals, 

which may be due to this system lying near the apex of the parabolic Marcus curve.  We 

are currently trying to better understand the correlation between JSC and charge transfer 

driving force for nanocrystal-based solar cells. 
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Figure 5.7. Internal quantum efficiency (IQE) action spectra for three bilayer 

nanocrystal solar cells employing a single CdTe size (7.0 nm) and varying CdSe 

nanocrystal diameter.  Blue triangles, green circles and red squares correspond to 

CdSe diameters of 2.5, 3.5 and 6.0 nm, respectively. 
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5.5 Conclusion 

 In conclusion, CdTe-CdSe nanocrystal heterojunction solar cells have been 

prepared by a LBL dip-coating process that show an increase in VOC with decreasing 

CdSe nanocrystal diameter, which was attributed to a shift in built in potential at the D-A 

interface due to the effect of quantum confinement.    Our best results were obtained for 

the smallest CdSe nanocrystals used in this study (2.5 nm), which provided a power 

conversion efficiency of 0.73 %.  While these results do not set any records for solar cell 

efficiency, they do show the highest VOC (0.59 V) for all nanocrystal solar cells based on 

the CdTe-CdSe heterojunction.  It is clear that a better understanding of device layer 

morphology and thickness, along with a better understanding of the sintering process is 

necessary in order to improve the power conversion efficiency of all-inorganic 

nanocrystal heterojunction solar cells. 

 There are still some very important questions to be answered considering the 

photovoltaic devices presented here that require mention and future consideration.  First, 

contrary to the planar morphologies shown for LBL films of oleate-capped PbSe and PbS 

nanocrystals, we observe a nanoporous morphology for our CdTe LBL films.  It is 

currently unclear as to the origin of the nanotexturing of these thin films and further 

investigation needs to be done in order to discern the effect of this nanotextured 

heterojunction on device performance.  Second, since this was a preliminary study on the 

effects of quantum confinement on device parameters, a detailed study on the effects of 

layer thickness was not taken into account.  It seems viable that the overall device 

performance may be increased with an increase in the active layer thickness due to 
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increased light absorption; however, there surely will be a point where performance 

degrades due to an increase in series resistance.  The effect of the sintering process is not 

well understood for nanocrystalline-based solar cells.  Gur et al. hypothesized that the use 

of CdCl2 during the annealing process helps to remove trap states at the surface of the 

nanocrystals, which was reported to improve carrier transport in similar devices and thus 

enhance the photoresponse.  We were unable to make rectifying solar cells without CdCl2 

treatment during our low temperature (200 °C in air) sintering process.  Furthermore, it is 

unclear as to the interaction of EDT with CdCl2 during the sintering process, which may 

help to form some CdS crystallites.  Indeed, there are a number of other “cross-linking” 

agents with different binding groups (including amines, carboxylic acids, phosphonic 

acids, and phosphineoxides) that may be employed, which may have significant effects 

on the surface states of the nanocrystals, and thus solar cell device performance.  The 

Armstrong group is currently investigating the size-quantized energetics of CdSe 

nanocrystal films using ultra-violet photoelectron spectroscopy (UPS) and x-ray 

photoelectron spectroscopy (XPS),31 which may be applied to bilayer (CdTe-CdSe) films 

of nanocrystals before and after sintering in order to better understand the effect of 

chemical transformation on the energetics of Type-II heterojunctions composed entirely 

of nanocrystals. 
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CHAPTER 6 

EFFICIENT CdSe NC DIFFRACTION GRATINGS PREPARED BY 

MICROCONTACT MOLDING 

6.1 Introduction 

 There is significant interest in creating functional nanoparticle assemblies, where 

metal, metal oxide and semiconductor nanoparticles are organized via strong interparticle 

interactions (e.g. magnetic nanoparticles),1, 2 stamping/molding,3-7 controlled evaporation 

techniques,8 or via templating/lithographic techniques9.  Nanoparticles, whose optical 

properties are modulated by their proximity to one another, may be used as resonators, 

lasing materials and related photonic materials.10-14  Ultrasensitive detection of target 

analytes may be accomplished with such nanoparticle assemblies by taking advantage of 

the modulation in the optical properties of the nanoparticles upon adsorption of analytes 

to the nanoparticle surface.7  These nanomaterials are usually stabilized by surface 

capping ligands that vary in structure and chemical composition, which ultimately 

controls the chemical stability, solubility, and wetting properties as monolayers and 

multilayer assemblies. 

 Chemically responsive diffraction gratings have been demonstrated using a 

combination of microcontact printing of layers and electropolymerization on both metal 

and metal oxide substrates.  Efficient diffraction gratings have been formed from 

polymers such as poly(aniline) (PANI) and poly(ethylenedioxythiophene) (PEDOT), and 

in some instances, it has been shown that these gratings can be used to amplify the 
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surface plasmon resonance (SPR) response on metal surfaces (e.g. Au).15-19  It is 

understood that the diffraction efficiency (DE) of these materials is strongly dependent 

upon the refractive index contrast between the diffraction material and the superstrate 

(air, water, etc.), and the overall integrity of the diffraction grating features.15, 20 

 Nanocrystals, especially those created from II-VI semiconductor materials such as 

CdSe, CdS and CdTe, etc., show highly tunable optical properties through control of their 

composition, diameter, shape and surface capping ligands.21   These materials possess 

large effective dielectric constants and absorption coefficients that vary with the diameter 

and composition of the nanocrystal.22, 23  In this chapter, “inks” created from ligand-

capped (HDA/TOPO) CdSe NCs can be easily transferred as grating features on a variety 

of substrates (e.g. ITO, glass, and Au).  Owing to the exceptional refractive index 

contrast between the NC features and the surrounding superstrate (air), high diffraction 

efficiencies are easily obtained.  This is the first enabling step in the use of these 

materials as coupling elements into internal reflection platforms (e.g. ATR and 

waveguide), which should also be applicable to any metal or semiconductor nanocrystal 

system.  The developments presented in this chapter were achieved with full 

collaboration from Gulraj S. Chawla (Armstrong Research Group, Department of 

Chemistry, University of Arizona). 

 

6.2 Microcontact Molding Process 
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 Figure 6.1 depicts the microcontact molding process for these nanocrystal 

assemblies and shows both optical and FE-SEM images of the prepared gratings.  

Furthermore, the basic optical setup for measuring DE of these grating elements is 

illustrated.  The microcontact molding process began with preparation of a PDMS replica 

of an aluminum-coated master grating by standard procedures.  The “ink” was created 

from toluene solutions of purified (2X precipitated) 

trioctylphospineoxide/hexadecylamine (TOPO/HDA)-capped CdSe nanocrystals 

(Chapter 3).  A defined volume (100 µL) and concentration of the nanocrystal “ink” was 

then dropcast onto an angled (ca. 15°) PDMS stamp (1 cm2), which facilitated smooth 

draining (no puddling) of the toluene, in a solvent-saturated environment (Figure 5.1a). 

Large area (> 0.5 cm2) defect free films were created on multiple substrates including 

gold on glass, glass, and ITO-coated glass, which will be the focus of this chapter due to 

both its transparency for transmission diffraction measurements and conductivity for FE-

SEM imaging. 

 

 FE-SEM images (Figure 6.1b) of an optimized 1200 g/mm CdSe nanocrystal 

grating on ITO shows highly regular grating features, which are indeed composed of 

tightly packed nanocrystals, separated from each other by bare substrate regions void of 

nanocrystals.  The microcontact molding process routinely produces large area (> 0.5 

cm2), defect free nanocrystal gratings (Figure 6.1c).  As-prepared nanocrystal gratings 

could be mounted normal to incident laser radiation for recording DE data (Figure 6.1d).  

It was found that the concentration of nanocrystals used to ink the PDMS stamp had a  
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Figure 1. (a) Schematic view of the microcontact molding of ligand-capped CdSe 

QDs from PDMS replica stamps which affords high fidelity transfer of master grating 

features composed of closely packed nanocrystals, over large areas, on transparent 

substrates (b) FE-SEM images of transferred QD features as discussed further in 

Figures 2,3, and 5; (c) macroscopic view of a high quality microcontact molded 

grating with a total optically active area of ca. 0.6 cm2; (d) schematic view of the 

diffraction experiment implemented to determine diffraction efficiency (in either the 

m = 1 or m= -1 diffraction spots), as a function of grating fabrication protocols and 

QD diameter, and ligand coverage. 

!
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significant effect on the quality of the transferred nanocrystal gratings, which, in turn, had 

a considerable effect on the measured diffraction efficiency.   

 The plane view FE-SEM images in Figure 6.2 demonstrate the importance of 

controlling the concentration of the nanocrystal solution used to ink the PDMS stamp in 

order to influence the morphology of the transferred grating features.  In this study, while 

a total of five different concentrations (0.1, 0.5, 1.0, 1.5, and 2.0 %, w/w in toluene) were 

used to ink the PDMS stamps; however, only three images are shown in detail, 

representing the full range of morphologies that could be achieved.  Inking the stamp 

with relatively low concentrations of nanocrystals (0.1 %) produced somewhat irregular 

grating features, as evidenced by bright (ITO) regions separating the otherwise 

continuous dark row of CdSe NCs (Figure 6.2a).  Figure 6.2b was representative of 

PDMS stamps inked with CdSe NC solution concentrations in the range of 0.5 to 1.5% 

(w/w), which afforded highly regular and continuous NC rows that were defect free.  A 

representative tapping-mode atomic force microscope (AFM) image (Figure 6.3) of an 

optimized 1200 g/mm gratings clearly demonstrated that the molding process maintains a 

blaze angle in each feature similar to the master grating.  Optimized gratings displayed 

topographic features that ranged in height from 180 to 220 nm, with an average of ca. 200 

nm.  If the concentration of the nanocrystal inking solution was increased to 2.0 % or 

greater, large areas of the PDMS stamp are totally covered with a film of nanocrystals, 

which then transfers as a continuous textured film without any substrate between 

nanocrystal grating features (Figure 6.2c).  These nanocrystal films are almost always   
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Figure 6.2. Plane view FE-SEM images of CdSe QD diffraction gratings on ITO-

coated glass substrates prepared by microcontact molding from PDMS replicas using 

different “ink” concentrations. (a) Inking stamps with a low QD concentration (0.1 %, 

w/w) provides incomplete nanocrystal rows as evidenced by light features (ITO) in 

otherwise continuous dark rows (QDs). (b) Using moderate ink concentrations (0.5-

1.5 %, w/w) provides for coherent nanocrystal features over large areas; however, (c) 

increased ink concentrations (> 2.0 %, w/w) transfers a complete nanocrystal layer, 

which shows cracks that occurred during the drying process. 
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Figure 6.3. Representative tapping-mode AFM image (5 µm x 1.25 µm) of a CdSe 

nanocrystal grating on ITO-coated glass prepared from a 1200 g/mm master grating.  

(a) 3-D image and (b) plane view showing the cross section line in order to obtain 

effective grating depth of ca. 200 nm. (c) The cross section trace shows high fidelity 

of transfer in that the blaze of the grating is preserved during the microcontact 

molding process. 

!
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cracked, most likely originating from the original drying process on the PDMS stamp.  

Our diffraction data (vide infra) suggested that complete nanocrystal features separated 

by substrate regions devoid of any nanocrystals (Figure 6.2b) was the optimum 

morphology for a nanocrystal diffraction grating. 

 The full range of concentrations studied here suggested that there was a critical 

solution concentration of ligand-capped NCs that must be met in order for continuous 

features to be created in the troughs of the PDMS stamp.  Previously, it has been 

demonstrated that chemical compatibility of both the solvent and ligand-capped NC with 

the templating substrate has a significant influence on the morphology of quantum dot 

films.3  The FE-SEM images of as-prepared grating features provided insight into the 

mechanism by which CdSe NCs were accumulated into the grating troughs during the 

drying process (Figure 6.4).  The fact that the QDs were sequestered in the troughs of the 

stamp implied that toluene was chemically incompatible with the PDMS substrate, which 

indicated that a dewetting process was responsible for the observed morphology for low 

to mid-range NC concentrations (ca. 0.1 to 1.5 wt. %); however, increased NC 

concentrations (! 2.0 wt. %) did not display the same dewetting behavior.  This 

observation suggested that weak nanocrystal-nanocrystal or nanocrystal-substrate 

interactions also played a critical role in the self-organization of the CdSe NCs on the 

PDMS substrate.   

 For low and mid-range NC concentrations, the incompatibility of toluene with the 

PDMS substrate dominates the initial inter-trough dewetting process, which must have 

provided individual droplets of NCs to form in individual troughs (Figure 6.4a).   
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Figure 6.4. Schematic illustration of the dependence of the CdSe NC ink 

concentration on the dewetting and drying processes on PDMS replica stamps that 

ultimately controls the morphology of molded CdSe NC diffraction gratings. (a) Cross 

section view of (1) CdSe NC ink just after dropcasting on a PDMS stamp for low to 

mid-range ink concentrations (" 1.5 wt. %). (2) Inter-trough dewetting of the ink 

during drying provides for individual droplets to form in each trough.  These 

individual droplets fully dry to provide CdSe NC solids in the troughs of the stamp, 

which are then molded onto substrates to provide isolated NC grating features. (b) Top 

view of dewetting and drying process for all concentrations explored in this work.  (1) 

After the ink is dropcast, (2) inter-trough dewetting of the ink occurs on the PDMS 

stamp for low to mid-range concentrations (" 1.5 wt. %), while dewetting is not 

observed for higher ink concentrations (! 2.0 wt. %).  Further intra-trough dewetting 

was observed for low concentrations (" 0.5 wt. %).  (3) These dewetting processes that 

occur while the ink dried provided for incomplete NC grating features for low 

concentrations, while highly regular features are observed for the mid-range 

concentrations.  Finally, the lack of dewetting for high NC concentrations afforded 

complete CdSe NC films that showed cracking due to capillary forces that dominated 

as the films dried. 

(a) (b) 
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However, the lateral continuity of the NC features was dependent on the CdSe NC 

concentration (Figure 6.4b), which indicated that the ligand-capped NCs play a critical 

role in the intra-trough drying/dewetting process in the individual PDMS channels.  It is 

postulated that van der Waals interactions between the solvated NCs (NC-NC 

interactions) and/or the NCs and the PDMS (NC-PDMS interactions) in the middle 

concentration range (i.e. 0.5-1.5 wt. %) prevented further dewetting of individual trough 

droplets, which allowed further drying to produce continuous nanocrystal features over 

extensive length scales.  Discontinuous features for low solution concentrations (0.1 wt. 

%) must have resulted from more dominant toluene-PDMS interactions, which provided 

further intra-trough dewetting.  Dewetting was not observed for high NC concentrations 

(! 2.0 wt. %), as evidenced by continuous NC features that were not separated by bare 

substrate, which indicated that at such high concentrations, nanocrystal-nanocrystal 

and/or nanocrystal-PDMS interactions must have dominated in the final drying time.  

Significant capillary forces produced strain in these thick films during drying, which 

caused cracking of the final film. 

 In order to elucidate the scale at which nanocrystal features may be stamped, a 

total of four aluminum-coated master gratings (1200, 1800, 2400, and 3600 g/mm) were 

investigated as perspective masters for the PDMS molding process.  Of the four masters 

utilized in this study, the 1200 g/mm master was blazed (blaze angle = 17° 27’), while the 

remaining higher groove density masters were holographic.  Figure 6.5 shows the 

nanocrystal gratings stamped from the aforementioned four master grating molds (all  
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Figure 6.5. Perspective (45°) FE-SEM of CdSe QD gratings prepared by microcontact 

molding from PDMS replicas made from increasing groove density master gratings.  

Each image shows high fidelity transfer of CdSe NC grating features on ITO 

substrates. 
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were inked with 0.5 % nanocrystal solutions) on ITO substrates.  Each mold transfers 

high quality periodic nanocrystal rows (darker visibly raised areas) separated by regions 

of bare ITO substrate (the textured bright areas represent the sub-grain structure of these 

sputter-deposited ITO films)24.   

 The 1200 g/mm nanocrystal gratings maintain the blaze of the master, while the 

remaining three higher density features appear to have a Gaussian shape, similar to the 

masters.  Using plane view SEM images (Figure 6.6), the transferred nanocrystal feature 

width (w) and the grating spacing (d) were measured and are summarized in Table 6.1.  

All four nanocrystal gratings are transferred with exceptional accuracy considering the 

close agreement between the theoretical grating spacing and the measured value of the 

QD features.  A minimum feature width of 160 ± 10 nm was obtained for both the 2400 

and 3600 g/mm samples.  Perspective FE-SEM images show that the nanocrystal features 

were multilayers of comparable height to the 1200 g/mm nanocrystal grating features.  

The stamping process was not optimized for the highest groove density PDMS molds, so 

it remains unclear as to the smallest features obtainable through the microcontact molding 

process. 

 

6.3 Evaluation of Diffraction Efficiency (DE) of 1200 g/mm QD Gratings on ITO 

 DE was measured for nanocrystal gratings in a transmission geometry at normal 

incidence with non-polarized Ar+ (488 nm) and HeNe (633 nm) laser radiation.  The 

microcontact molding process produces regularly spaced semiconductor nanocrystal 

features that afford a periodic modulation of the wavelength-dependent complex index of  
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Figure 6.6. Plane view FE-SEM images of various QD diffraction gratings on ITO-

coated glass used for the determination of the grating spacing parameter (d) and width 

(w) (scale bar = 1 µm for the large images and 50 nm for the high resolution insets).  

The average value of five measurements was used to obtain both d and w, which is 

shown on each figure.  Images (a)-(d) are for films stamped from masters with groove 

densities of 1200, 1800, 2400 and 3600 g/mm, respectively, which have a theoretical 

groove spacing of 833, 556, 417, and 278 nm, respectively. 

 

(a) (b) 

(c) (d) 
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Table 6.1. Master vs. quantum dot diffraction grating parameters.      
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refraction [n‘ (!) = n (!) + ik (!)], which is the basis for diffraction of incident 

radiation.25  Constructive interference of an incident beam, normal to the grating, 

produces a diffraction pattern and is described by the grating formula: 

               

! 

m" = d sin#                                                           (6.1) 

where m is the diffraction order, ! is the wavelength of the incident radiation, d is the 

spacing of the periodic features, and " is the angle at which diffraction occurs (Bragg 

angle).  The measured DE of any grating material may be defined as: 

                

! 

DE =
"Idiff

Io
                                                           (6.2) 

where Idiff is the intensity of the diffracted beam and Io is the intensity of the incident 

beam.   While the DE is dependent on the difference between both the real (n) and 

imaginary (k) components of the complex refractive index with the medium (air in this 

case) separating the grating features, it is also a function of the grating thickness (T) and 

the optical density (OD) of the sample.  
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Schanze et al. demonstrated that small changes in n and k do in fact give detectable 

changes in DE.18  In earlier work presented by the Armstrong research group with 

diffraction gratings created from conductive polymers, and the work of Hupp and 

coworkers, it was confirmed that changes in the real component of refractive index (n) 

are more significant than changes in k.15,17  CdSe nanocrystals appear to be ideal 

candidates for microcontact molding of diffraction gratings operating in the UV-visible 
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wavelength region due to their inherently high absorptivity and refractive index as well as 

their solution processabilty. 

 An optimization curve showing the relationship between DE (488 and 633 nm) 

for a representative sample size of nanocrystals (4.1 nm) and a series of nanocrystal ink 

concentrations is plotted in Figure 6.7a.  Figure 6.8 shows optimization curves for all five 

CdSe NC diameters interrogated, which showed similar trends. The general trend 

observed in the five nanocrystal samples interrogated in this study was pseudo parabolic 

in nature.  There was an initial increase in DE with increasing QD ink concentration from 

0.1 to 0.5 % (w/w), then a region where DE was nearly constant (up to 1.5 wt. %).  Once 

the concentration was finally increased to 2.0 % (w/w), the DE almost always decreased.  

This trend was understood by closely examining the morphology of the nanocrystal 

gratings as a function of inking concentration (vide supra) and its relationship to equation 

3.  All nanocrystals stamped with a 0.1 %, w/w ink concentration produce discontinuous 

grating features as depicted in Figure 6.2a.  These defective features surely scattered the 

incident radiation at angles and planes not aligned with coherent processes producing the 

major diffraction pattern in the detection plane, lowering the measured DE.  The increase 

in DE for intermediate concentrations was related to a convergence of grating features to 

produce a continuous periodic modulation of the complex refractive index (Figure 6.2b).  

Further increasing the inking solution concentration to 2.0 % decreased the DE due to a 

combination of increased OD, which should exponentially lower the DE (see Equation 

6.3), and incoherent scattering produced by the cracked regions. 
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Figure 6.7. Diffraction efficiency measurements as a function of ink concentration (a) 

and nanocrystal diameter (b) for 488 nm (blue circles) and 633 nm (red triangeles) 

laser radiation.  The data in (a) is representative for all nanocrystal sizes used in this 

study and relates to the median diameter of 4.1 nm (all data is shown in Figure 6.8). 

(a) 

(b) 
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Figure 6.8. Diffraction efficiency (DE) as a function of “ink” concentration for 

nanocrystal diameters of 2.5, 2.9, 4.1, 5.1, and 7.3 nm corresponding to blue circle, 

green square, yellow triangle up, orange diamond, and red triangle down, respectively.  

The laser wavelength is shown.   

488 nm 

633 nm 
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 The DE measured at 488 (i.e. resonant scattering) and 633 nm (non-resonant 

scattering for the 2.5 nm CdSe NCs) for the for the five nanocrystal sizes used in this 

study, ranging from 2.5 to 7.3 nm in diameter, increased with increasing nanocrystal 

diameter (Figure 6.7b).  The increase in DE is due to both a change in absorptivity (k) 

and refractive index (n) as a function of nanocrystal diameter.  It is well known that the 

optical band gap decreases, while the oscillator strength increases as the diameter of 

quantum confined (up to ca. 10 nm) CdSe nanocrystals increases.23  All the nanocrystals 

used in this study have a significant solution molar absorptivity at 488 nm (> 104 L mol-1 

cm-1), while the absorptivity at 633 nm is lower in all cases (Table 6.2).  Therefore, the 

discrepancy in DE between 488 and 633 nm for each size of nanocrystal may be 

rationalized by a significant difference in molar absorptivity.  Since there is not an 

appreciable absorption at 633 nm for the smaller sized nanocrystals (2.5 and 2.9 nm), the 

measured differences in DE must be due, in most part, to differences in refractive index.  

Indeed, Wang and Zunger have performed theoretical calculations that demonstrate an 

increase in the static dielectric constant for CdSe nanocrystals with increasing diameter.22   

 Assuming the refractive index of any solid composed entirely of nanocrystals is 

dependent in part on the ratio of the refractive indices of the low dielectric organic 

ligands and the core, which possesses a significantly higher dielectric constant, TGA 

data, which quantitates the mass loading of ligands on the QD, should be directly related 

to the refractive index of the nanocrystal film.  This presumption assumes that the mass 

loss in the TGA data is solely due to removal of all the ligands bound to the surface of the 

CdSe crystal, while the remaining mass is representative of the core alone.26, 27  This  
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Table 6.2. Summary of the maximum DE as it relates to the solution molar 

absorptivity (") and percent ligand mass of CdSe QDs. 

aMolar absorptivity at the first exciton peak was calculated using an average of 

formulas provided in Reference 23.  A two point calibration using the calculated value 

for the peak and zero for a far red wavelength (850 nm) was then used to estimate an 

extinction spectrum for each sample, thus providing an estimate for the molar 

absorptivity at 488 and 633 nm.  bPercent ligand mass was measured by performing 

TGA on dried samples after the majority of excess ligand was removed by repeated 

precipitation/dissolution methods. 

!
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assumption does not take into account any void spaces in the film that may be taken up 

by air, which would surely lower the observed refractive index.28  TGA data, which is 

summarized in Table 6.2, for a series of purified CdSe nanocrystals shows a decrease in 

the relative ligand mass with increasing diameter, as predicted by Foos and coworkers.  

We infer that the decrease in ligand mass with increasing diameter is correlated to an 

increase in the effective refractive index of a nanocrystal solid for larger nanocrystals.   

 In order to elucidate the effect of ligand mass on DE, a precipitation study was 

performed in which DE was measured for gratings molded with nanocrystal ink that was 

subjected to a varying number of precipitations-each precipitation removed excess ligand 

not permanently bound to the QD surface (Figure 6.9).  We observed a significant 

increase in DE after one precipitation, which was due to our inability to make high 

quality gratings with the as-prepared (non-purified) nanocrystal solids that are composed 

of greater than 95 % ligand.  However, there was a general increase in DE for gratings 

prepared with solutions precipitated from a total of one to three times, which corresponds 

to a decrease in effective ligand mass in the nanocrystal solid.  We interpreted this 

increase in DE for both 488 and 633 nm as an increase in the relative refractive index of 

the nanocrystal solids due to the removal of excess ligand.  It is extremely important to 

note that the spots used to measure DE for the gratings molded using inks precipitated 

either one, two or three times all had comparable ODs and grating thickness, which has a 

substantial effect on the measured DE (Eq. 6.3).  Furthermore, it was determined that two 

precipitations provided the optimum conditions for obtaining our largest area and most 

consistent gratings. 
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Figure 6.9. Effect of purity (precipitations) on ligand mass percent (a) and DE (b) for 

a single batch (~ 3nm, not used in the primary study) of CdSe QDs.  (a) TGA for a 

sequentially increasing number of precipitations ranging from zero to three, which 

corresponds to curves a through d. (b) DE vs. precipitation number for both 488 nm 

(black) and 633 nm (gray) laser radiation. 

(a) 

(b) 

a 

b 

c 

d 
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6.4 CdSe QD Coupling Gratings 

 Coupling gratings are important elements in integrated platforms for internal 

reflection spectroscopy (IRS), which is a spectroscopic method that uses the evanescent 

field of reflected radiation at a dielectric interface to probe extremely thin adlayers on 

internal reflection elements (IREs).29  Internal reflection techniques increase the 

interaction with any species within the evanescent field, proportional to the number of 

reflections, which would otherwise be transparent to transmission measurements.  While 

IRS is an extremely powerful analytical tool, it is only sparsely employed in both 

academic and industrial labs.  The major reason for lack of widespread use of this 

technique is due to the specialized equipment and techniques necessary to construct the 

platform and take the data.  One of the major hurdles, especially in compact/field portable 

units, is the implementation of grating, rather than prism couplers.  Traditional methods 

for grating fabrication include photolithography, interference lithography, electron beam 

lithography and stamping.  As the IRE becomes thinner and thus more sensitive, the 

grating features need to be more closely spaced and coherent, which tends to rule out 

traditional masking photolithography and embossing methods.  While interference and 

electron beam lithography are more than suitable for construction of coupling elements, 

they are niche techniques and expensive.  Our nanocrystal gratings presented here are 

ideal candidates for constructing coupling elements because of their ease of fabrication 

and the control of feature size that is only limited by the master grating and size of the 

nanocrystals. 
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Figure 6.10. Demonstration for using QD diffraction gratings for coupling radiation 

into an internal reflection element (IRE). (a) Diagram illustrating the coupling of 

radiation into an IRE at an incident angle of #i with propagation angle #p, using a 

grating with spacing d. Both 488 nm (b) and 633 nm (c) radiation can be coupled into 

a glass slide using a QD grating as evidenced by the trapped laser spots in the slides.  

(d) The QD gratings can also be used to both in couple and out couple laser radiation 

into planar sol-gel waveguide. 

(a) 
!

(b) 
!

(c) 
!

(d) 
!



! 234!

 Figure 6.10a is a simplified diagram whereby incident radiation is coupled into 

and subsequently trapped inside an IRE.  The light must be coupled into the substrate at 

an angle that satisfies Snell’s law for total internal reflection (i.e. light incident at the 

IRE/superstrate interface is reflected rather than refracted).  Figures 5.10b and 5.10c 

show photographs of an 1800 g/mm nanocrystal diffraction grating coupling both 488 

and 633 nm laser radiation, respectively, into an ITO-coated glass slide as clearly 

observed by the internally reflected laser spots at the slide/air interface.  To further 

demonstrate the utility of our CdSe QD gratings, we were able to couple radiation into a 

TiO2/SiO2 sol-gel waveguide30 (i.e. an extremely thin IRE on the order of 500 nm in 

thickness) utilizing an 1800 g/mm element (Figure 6.10d).  The radiation was no longer 

visible as internally reflected spots, but rather as a streak of light that was outcoupled by 

another nanocrystal grating.  These images were only a first step (proof of concept) to 

reveal that CdSe nanocrystal gratings can in fact diffract light at angles necessary to 

satisfy conditions for internal reflection in both “thick” and thin (waveguide) IREs.  

Further studies will seek to quantify the coupling parameters (e.g. coupling/propagation 

angle and efficiency of in/out-coupling) and utilize these elements as attenuated total 

reflectance (ATR) spectroscopic platforms. 

 

6.5 Diffracted Fluorescence 

 One of the original questions surrounding the idea of a CdSe NC grating, or any 

grating composed of a strongly fluorescent material, was whether or not the grating 

would exhibit diffracted fluorescence (i.e. would there be a modulation in the intensity of 
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the grating material’s photoluminescence spectrum as a function of polar angle about the 

substrate?).  As far as this author is concerned, there are not any reports in the literature 

of angle dependent fluorescence intensity of a luminescent grating material.  However, Qi 

et al. have observed anisotropic photoluminescence of rod-shaped ensembles of spherical 

CdSe quantum dots, which was ascribed to dipole alignment of the ensemble.31   

 It is important to note that these measurements were performed on low quality, 

oleic acid-capped CdSe NCs (ca. 5 nm, PLmax=622 nm with 50 nm FWHM) that were 

prepared by a low temperature, two-phase method previously described in the literature;32 

however, these NCs were adequate for the desired study.  This data represents some of 

the first experimental data obtained for this project and are thus not quantitative and were 

subject to a good deal of ignorance.  The NC gratings prepared from these low quality 

oleic acid-capped CdSe NCs were of poor quality (i.e. only small areas of ca. 3 x 3 mm 

appeared to be defect free), but there were sufficient areas on the grating that provided 

sharp diffraction spots (i.e. m =-1, 0, and +1).  Furthermore, the solution concentration 

used to stamp the grating is unknown; however, the grating was quite thick and 

reminiscent of gratings stamped with 2.0 wt. % NC solutions described in the previous 

sections.  The experimental setup is thoroughly described in the experimental section and 

a basic setup is shown in Figure 1d. 

 Figure 6.11 shows representative PL spectra of the CdSe NC grating as a function 

of polar angle about the excitation (488 nm, Ar+) spot.  As the detector was moved 

inward (0° is defined as normal to the substrate, or the position of the m=0 spot) from a 
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Figure 6.11. CdSe NC PL spectra as a function of polar angle about the incident 

excitation spot (488 nm). (a) PL spectra show the characteristic Gaussian shaped of 

CdSe NCs, centered at 622 nm).  (b) and (c) The spectra begin to shift and show 

inhomogeneous spectral enhancement on the red-side of the PL peak. (d) The spectra 

return to their usual shape.  (e) Wavelength of maximum intensity as a function of 

angle in the region where the spectra were distorted. 

(a) 
!

(b) 
!

(d) 
!

(c) 
!

(e) 
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wide angle (80°), the overall intensity of the NC grating PL spectrum, which displayed 

the characteristic Gaussian shape observed in solution, increased without any change in 

shape.  Once an angle of 52° was reached, the intensity of the PL spectrum did not 

change relative to 54°; however, the spectrum was red-shifted by ca. 2 nm (from 622 nm 

to 624 nm).  The spectrum was once again red-shifted by ca. 3 nm at 56°, relative to 54°, 

and began to display inhomogeneous PL enhancement (i.e. the red portion of the 

spectrum was enhanced relative to the blue side).  Overall, there is a ca. 12-14° window, 

centered at ca. 50°, where PL spectra were either red-shifted or showed shoulders on the 

red side of the PL peak (note: the same effect was observed near -50°).  Once an angle of 

38° was reached, the spectra returned to their classic Gaussian shape.   

 Figure 6.12a shows the normalized (i.e. the maximum intensity was assigned a 

value of “1”) maximum PL intensity of the CdSe NC grating and the excitation laser 

intensity as a function of angle.  The laser spot was diffracted at an angle of ± 37°, which 

was in good agreement with the theoretical diffracted angle of ± 36° using Equation 6.1 

(with d=833 nm for a 1200 g/mm grating; and ! = 488 nm).  While CdSe PL spectra were 

observed at all angles measured, the NC PL did show what appears to be diffracted 

fluorescence with a maximum in intensity around ± 53°, which was slightly higher than 

Equation 6.1 would predict (48°; with ! = 620 nm).  This theoretical prediction assumed 

that the interference effect responsible for observed enhancements in PL intensity at 

specific angles and wavelengths followed Equation 62.1, which may not be the case.  The 

raw data (Figure 6.12a) shows an overall increase in intensity for both the laser 

diffraction power and the PL peak intensity at negative angles, which was due to the fact  
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Figure 6.12. CdSe NC photoluminescence (PL) and Ar+ laser (488 nm) maximum 

intensity as a function of angle around the grating element.  (a) Normalized linear plot 

showing enhanced CdSe PL at ca. 53° and laser diffraction at 37°. (b) Background-

subtracted polar plots for both the Ar+ laser (blue) and CdSe NC maximum PL 

intensity (red), which clearly shows angle-dependent enhancements for both the laser 

diffraction and PL for the CdSe NCs. 

(a) 
!

(b) 
!
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that the grating was blazed and thus provided unequal diffraction for both first order 

processes (i.e. in all experiments measuring grating power and spectra, one side always 

provided increased intensities relative to the other).  This background was linear and thus 

subtracted from the raw data to provide the normalized polar plots (Figure 6.12b).  This 

treatment revealed another angular region centered at ± 15° where CdSe NC PL emission 

was enhanced.  It is unclear as to the source of this enhanced PL as it does not correspond 

to a theoretically viable diffraction process, where the diffraction equation yields 216 nm 

for ± 15°. 

 It is clear that there is something interesting going on here, but the intricacies of 

the physical processes is beyond the scope of this dissertation.  Similar to the results 

obtained by Qi and coworkers,32 it could be possible that the dipoles of the CdSe NCs 

align in the drying process, which could possibly explain the observed anisotropic 

emission properties.  I would suggest running these experiments for a series of high 

quality NCs with sharp PL spectra across the entire visible wavelength region, which 

should show a shift in the diffraction angle.  It would also be interesting to measure the 

PL using polarized excitation at all 360° around a slide-supported grating element that 

was end-polished to build an entire optical picture of the emission.  Furthermore, it would 

be interesting to explore CdSe nanorods as inks, which might provide for enhanced 

anisotropic ordering and thus emission 

 

6.6 Conclusion 
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 Microcontact molding of CdSe nanocrystals provides a facile route for 

preparation of efficient diffraction gratings on various substrates.  The concentration of 

purified nanocrystal solutions used to ink the PDMS stamp had a significant effect on 

both the morphology and DE of blazed 1200 g/mm gratings composed of CdSe NCs, 

which was optimized in the region of 0.5 to 1.5 %, w/w.   This optimum concentration 

region was postulated to provide for increased interparticle and nanoparticle-PDMS 

interactions that allowed inter-channel dewetting. Further intra-channel dewetting 

occurred for suboptimal concentrations, which afforded discontinuities in individual 

grating rows.  Increasing the NC concentration up to 2 wt.% further increased the ink-

substrate interaction, which prevented dewetting of the stamp and thus provided 

continuous NC films with grating features.  Indeed, it would be interesting to measure the 

contact angle of the ink solutions as a function of NC concentration; however, it is 

postulated that the effects responsible for the dewetting process occur at highly elevated 

concentrations, once the original solution volume has evaporated to small droplets.  

Grating features could be printed down to a line spacing of ca. 270 nm (160 nm in width).  

Optimized molding procedures produced continuous and extremely regular defect free 

films with areas greater than 0.5 cm2.  The DE of 1200 g/mm gratings produced with 

CdSe nanocrystals ranging from 2.5 to 7.3 nm in diameter increased with increasing 

diameter (up to ca. 30% for 488 nm radiation).  The increase in DE with increasing 

diameter for both 488 and 633 nm laser radiation was attributed to both an increase in 

molar absorptivity and refractive index with increasing diameter.  While the molar 

absorptivity of the nanocrystals is well known as a function of size, the real component of 
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the refractive index is less understood.  We utilized a simple argument for nanocrystal 

solids that uses TGA data to determine the relative ratio of nanocrystal core mass to that 

of the ligands (i.e. a decreased ligand mass should account for a larger effective refractive 

index).  Spectroscopic ellipsometry and/or Kramers-Kronig analysis of thin films would 

aid in understanding the relationship between the effective ligand mass and the optical 

constants (n and k) of nanocrystal solids. 

 The as prepared nanocrystal gratings showed promise as coupling elements for 

both thick internal reflection elements and extremely thin sol-gel waveguides.  It is clear 

that there are a great deal of parameters that need to be understood before these gratings 

may be employed in a real spectroscopic experiment; however, the microcontact molding 

of CdSe nanocrystals opens the door for a facile method for fabrication of coupling 

gratings that have been otherwise difficult to produce, especially for those not established 

in the field of internal reflection spectroscopy.  With the wealth of publications in the 

field of both II-VI and III-IV semiconductor nanocrystal synthesis, it would be extremely 

interesting to begin a systematic study on the properties of gratings composed of a 

number of different types of nanocrystals, which would help tune the properties of the 

grating to a number of specific applications and wavelength ranges. 

!
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CHAPTER 7 

CONCLUSIONS AND FUTURE DIRECTIONS 

  

 This dissertation was focused on three corresponding applications of II-VI 

semiconductor nanocrystals (e.g. CdSe), as: i) photoelectrochemical sensitizers, ii) the 

active layers in Type II heterojunction photovoltaic cells, and iii) as a high refractive 

index optical material in novel, printable diffraction gratings.   Meeting these goals was 

facilitated by our ability to reproducibly synthesize, purify and functionalize high quality 

nanocrystal samples of varying diameter, which was not straightforward.  Several key 

improvements in the synthesis and purification of high quality CdSe NCs have been 

noted in the synthetic methodology, which were introduced here.  The following sections 

present the key findings for these novel applications of II-VI semiconductor nanocrystals 

and their observed sensitivity to quantum confinement (i.e. the diameter of the 

nanocrystals has a significant effect on the optoelectronic properties of devices composed 

of strongly confined, monodisperse samples). 

 

7.1 Photoelectrochemistry of Electron-rich 3,4-dioxy-substituted Thiophene 

Polymer-CdSe NC Thin Films 

7.1.1 Electrochemical synthesis of EML and nanocomposite hybrid CdSe NC-polymer 

thin films 
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 Hybrid materials were developed where monomer-functionalized CdSe 

nanocrystals were, for the first time, electrochemically crosslinked to ultrathin films of 

electron-rich thiophene polymers (e.g. PEDOT, PProDOT, and P(Et)2ProDOT).  These 

materials were envisioned as stand alone photocatalytic platforms for the reduction of 

solution acceptor species.  It was originally believed that close proximity of CdSe NCs to 

the electron-rich donor polymers, facilitated by direct chemical crosslinking, would 

suppress well-known photocorrosion processes previously observed for these II-VI 

semiconductor materials.   

 Synthetic procedures were developed that afforded a size range of high quality 

CdSe nanocrystals that were subsequently functionalized with a novel ligand that 

possessed a pendant electroactive monomer (ProDOT-CA).  Electrochemical oxidative 

polymerization provided nanoscale control for the bottom-up synthesis of these hybrid 

thin films.  ProDOT-CA-functionalized CdSe nanocrystals were electrochemically 

“wired” to existing polymer thin films that were previously tethered to transparent ITO 

electrodes.   It was found that both “effective monolayer,” EML, and nanocomposite thin 

films could be formed on the existing polymer films by controlling the monomer feed 

ratio during the NC crosslinking step.  Specifically, CdSe NC EMLs (or sub monolayers) 

could be coupled to polymer films by electrochemically crosslinking the NCs in the 

absence of any excess monomer (e.g. EDOT), while nanocomposite films were formed 

by copolymerization of monomers and monomer-functionalized NCs.  Initial NC 

polymerization efforts focused on traditional constant potential electrolysis conditions 

over long time scales to ensure complete functionalization of the polymer film with 



! 244!

nanocrystals; however, these methods were determined to be excessive considering the 

slow diffusion coefficient of nanocrystals relative to traditional small molecules.  These 

insights prompted the utilization of multi-potential step polymerization cycles where 

short polymerization pulses were followed by long rest pulses, which allowed 

equilibration of the diffusion layer formed during the polymerization process at the 

electrode interface back to bulk solution values.  This multi-potential step protocol 

provided a novel, enabling protocol for the controlled synthesis of EML and 

nanocomposite CdSe nanocrystal-conductive polymer thin films.  These hybrid thin films 

displayed continuous morphologies over large areas (ca. 0.7 cm2), which implied that 

these materials could be scaled up for more commercial applications.  The synthetic 

methodologies described in Chapter 3 utilizing electrochemical polymerization of 

monomer-functionalized nanocrystals should be applicable for the formation of 

innovative polymer-nanocrystal/nanoparticle composite thin films with a variety of 

electroactive polymers and nanomaterials (e.g. metal, metal oxide, and other 

semiconducting nanoparticles of various morphologies). 

 

7.1.2 Photoelectrochemistry of hybrid CdSe NC-polymer thin films with solution acceptor 

molecules 

 Hybrid CdSe NC-polymer composite thin films were subjected to 

photoelectrochemical interrogation with a variety of solution acceptors in order to assess 

their photocatalytic activity and stability.  This is a unique approach to solar fuel 



! 245!

production, where the polymer host is asked to reduce the solution electron acceptor, 

using the semiconductor NC as the sensitizer and catalyst.  Initial proof of concept 

experiments, utilizing broadband excitation, showed that CdSe NC-sensitized PEDOT 

films afforded enhanced photocurrents compared to control polymer films with solutions 

of C60 acceptor molecules.  Furthermore, these films showed photocurrent onsets at 

potentials well positive of the formal reduction potential of C60, implying that a 

photovoltaic effect was also observed for these hybrid materials.  It was demonstrated 

that EML films provided significantly greater photocurrent yields with C60 acceptor 

solutions compared to nanocomposite films, which was attributed to vectorial alignment 

for EML films as opposed to nanocomposite films.  These preliminary experiments 

proved that the initial hypothesis, which stated that crosslinked CdSe-electron-rich 

polymer composite thin films would show stable photoelectrocatalytic activity towards 

solution acceptor molecules, was valid. 

 EML-sensitized CdSe NC-PEDOT thin films were further explored for their 

photocatalytic activity toward hydrogen generation from aqueous solutions, using 

broadband excitation, which was the original motivation for this research project.  These 

nanocomposite thin films were successfully platinized through a photoelectrochemical 

process using acceptor solutions of hexachloroplatinic acid, which was anticipated to 

increase the photocatalytic activity of these films toward hydrogen evolution.  Both 

pristine and platinized CdSe NC-sensitized PEDOT films provided significant 

photocurrents when exposed to degassed aqueous solutions, which implied that hydrogen 

was in fact evolved from these photocatalytic thin films.  Furthermore, platinized films 
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showed enhanced photocurrent yields relative to the pristine hybrid films.  These results 

implied that addition of a Pt catalyst effectively lowered the activation overpotential for 

hydrogen evolution, which has previously shown to be the case for aqueous suspensions 

of micron-sized II-IV semiconductors (e.g. CdS and CdSe).ref  While the 

photoplatinization process was not optimized, it did provide an enabling methodology for 

increasing the catalytic activity of semiconductor nanocrystal-sensitized polymer films 

toward hydrogen evolution. 

 These original photoelectrochemical experiments with C60, Pt4+, and aqueous 

solutions (i.e. H+) demonstrated the utility of hybrid CdSe NC-PEDOT thin films towards 

photocatalytic reaction schemes; however, the mechanism by which the donor polymer 

captured photoexcited holes from the CdSe NCs was still unknown.  A single monomer-

functionalized CdSe NC sample (ca. 5.0 nm) was electrochemically crosslinked with a 

series of three electron-rich donor polymers of the 3,4-dioxy-substituted thiophene family 

(i.e. PEDOT, PProDOT, and P(Et)2ProDOT) in order to elucidate structure/property 

relationships relating to the photocatalytic activity of these hybrid films.  The 

aforementioned polymers displayed substantially different potential-dependent doping 

behavior, as evidenced by spectroelectrochemical measurements, which was exploited to 

understand the doping-dependent hole capture efficiencies of these polymers.   Methyl 

viologen (MV++) was chosen as the acceptor probe molecule for these mechanistic studies 

since it has recently been demonstrated that electron injection from photoexcited CdSe 

NCs into MV++ occurs on extremely fast time scales, which implied that any observed 

discrepancies in the potential-dependent photocurrent between different donor polymers 
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may be ascribed to the polymer itself.  Potential-dependent photoelectrochemical 

experiments using band pass-filtered radiation (500 ± 5 nm) showed significant 

differences in both the onset potential for the forward reaction and photocurrent yields for 

the three polymers studied.  A simple model was constructed that revealed the effect of 

doping fraction on the observed turn on voltage and photocurrent yield.  Specifically, it 

was found that turn-on voltage of these hybrid films was dependent on the ratio of neutral 

(reduced) to oxidized states (i.e. [P(red)]/[P(ox)]) in the polymer film, in that the onset of 

hole capture from the photoexcited nanocrystal occurred at similar [P(red)]/[P(ox)] for 

each polymer (ca. 0.05).  Furthermore, it was found that the photocurrent yield was 

linearly-dependent on the doping ratio at elevated overpotentials, which was ascribed to a 

combination of decreased back reaction processes (i.e. electron injection from 

photoexcited CdSe NCs into inter-gap polaron states) and increased driving force for hole 

capture as the Fermi energy of the polymer became more negative.  Of the three polymers 

studied, P(Et)2ProDOT was the most efficient hole scavenger, which was attributed to its 

more positive valence band position.  These results demonstrate for the first time that 

doped polymers are quite efficient hole scavengers from photoexcited CdSe NCs, which 

could ultimately enhance charge collection efficiencies in photovoltaics composed of 

these hybrid films relative to un-doped neutral polymers. 

 In order to asses the effects of quantum confinement in these systems, a series of 

three nanocrystal sizes (3.3, 5.0 and 7.0 nm) were crosslinked with P(Et)2ProDOT and 

their potential-dependent photocurrent response with MV++, using 500 ± 5 nm excitation, 

was probed.  These hybrid films displayed size-dependent turn-on voltages and relative 
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internal quantum efficiencies, in that the smaller NCs turned on at more positive 

potentials and possessed increased internal quantum efficiencies.  These effects were 

ascribed to increased ionization potentials for smaller nanocrystals, which afforded 

increased overpotentials for hole capture and thus higher rates of charge transfer.  These 

size-quantized observations imply that a balance between driving force and optical 

density (i.e. the smaller NCs absorb significantly less light) must be met when optimizing 

the photocatalytic/photovoltaic properties  of semiconductor nanocrystals. 

 

7.1.3 Future Directions 

 While only relative quantum efficiencies of these materials are reported, it is 

believed that hybrid thin films composed of CdSe NC-sensitized polymers are in fact 

quite efficient at converting absorbed photons into electrons (IQE ca. 50% or greater).  

However, increased optical densities are required to realize working devices that afford 

substantial photocurrent densities.  This objective may be accomplished by increasing the 

active surface area of the polymer film, which can be achieved by using well-known 

templating methods (e.g. polymer inverse opals, AAO-templated pillars or tubes that are 

vertically aligned, etc.). 

 The original ligand (ProDOT-CA) proved to be quite effective in solublizing the 

CdSe NCs in electrochemical solvents, but was quite long considering that some level of 

tunneling must occur during charge transfer.  It would be interesting to study the effect of 

ligand length, binding group (e.g. –NH2, -SH, -PO3H2, and –P=O), and structure (i.e. 
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introduction of conjugated ligands to provide charge transport pathways through the 

ligand) on the photocatalytic efficiency of these systems.  Furthermore, thin inorganic 

shells (i.e. CdS) have shown the ability to stabilize CdSe NCs to corrosion processes, 

with minimal effect on the position of the frontier orbital energies, which could further 

enhance the photocatalytic efficiencies of similar films.1 

 

7.2 CdTe-CdSe Nanocrystal Photovoltaics 

 All inorganic nanocrystal Type-II heterojunction photovoltaics were prepared 

using sequential layer-by-layer (LBL) deposition of CdTe and CdSe nanocrystals to 

demonstrate the efficacy of LBL self-assembly to achieve highly photoactive films that 

still retain the quantum confinement characteristics of the individual nanocrystals.  Since 

it was known that the LUMO/CB of CdSe NCs significantly changed with size, it was 

postulated that solar cells based on CdTe and CdSe NCs would display significant shifts 

in open circuit voltage as the diameter of the CdSe NC was varied (i.e. the open circuit 

voltage in these cells should be proportional to the difference in energy between the 

LUMO of CdSe and the HOMO of CdTe).   While similar solar cells composed of CdTe-

CdSe nanocrystals have been demonstrated in the literature, these materials were sintered 

to bulk crystallites using high temperatures, which negated observations of the effect of 

quantum confinement on solar cell parameters (e.g. VOC, JSC, etc.). 

 The photovoltaics presented in Chapter 5 are the first reports of significant 

changes in the open circuit voltage with nanocrystal size for the CdTe-CdSe 



! 250!

heterojunction, which was attributed to the effect of quantum confinement of the built in 

potential in these devices.  These results demonstrated that quantum confinement plays a 

critical role in the energy level alignment of solar cells composed of semiconductor 

nanocrystals.  Low temperature sintering of bilayer thin films utilizing a single CdTe 

nanocrystal diameter and varying CdSe NC diameters provided the necessary coupling of 

nanocrystal layers to permit exciton and charge transport, while still maintaining the 

optical properties the individual nanocrystals.  Once again, these results show that 

judicious choice of specific nanocrystal diameters is critical to the performance of 

photoactive nanocrystal assemblies. 

 

7.2.1 Future Directions 

 These results were preliminary in that the overall performance of the 

photovoltaics was not optimized.  The system may be optimized by systematically 

controlling the thickness of each layer, which would allow for optimization of the optical 

density and transport in these thin film photovoltaics.   These studies only employed 

ethanedithiol (EDT) as a crosslinking agent, which may not optimize the surface states or 

morphology of the nanocrystal assemblies.  Indeed, there are a number of crosslinking 

agents with differing binding groups (e.g. amines, thiols, phosphonic acids, and 

phosphine oxides) that could provide variations in the thin film morphology and 

significantly control the electronic properties of the nanocrystal surface, which could 

have profound effects on the performance of all nanocrystal solar cells.  Since the frontier 
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orbital energies of these nanocrystals are not well known, ultraviolet photoemission 

spectroscopic measurements could be used to measure the ionization potential of thin 

films of both CdSe and CdTe NCs and their bilayers to determine the energetic offsets at 

interface between these materials.  The study of all inorganic nanocrystal solar cells is a 

relatively new field and there are a variety of semiconductor nanocrystals that have not 

been investigated for their applications in solar cells, which provides the basis for novel 

studies of the size-quantized properties of a number of different heterojunction structures 

composed of nanocrystals.   

 

7.3 Microcontact Molding of CdSe NC Diffraction Gratings 

7.3.1 Nanocrystal grating morphology  

 Novel diffraction gratings composed of CdSe NC assemblies were fabricated 

using microcontact printing techniques, which demonstrates the utility of high quality 

semiconducting nanocrystals for photonic technologies requiring functional 

nanoparticles.  While microcontact printing and molding techniques have been previously 

established in the literature for semiconductor nanocrystals, this is the first application of 

microcontact molding for creating high fidelity grating structures from CdSe NCs.  The 

original drive for creating grating structures from CdSe nanocrystals focused on their 

high dielectric constant (n), high absorptivity (k), and solution processability.  

Furthermore, it was believed that these gratings would exhibit size-dependent diffraction 
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efficiencies since both the molar absorptivity and dielectric constant have been shown to 

be a function of nanocrystal diameter. 

 It was found that large area (> 0.5 cm2) and continuous gratings could be 

transferred with sub-micron features (down to ca. 160 nm) from inked PDMS replica 

stamps.  Optimal grating features showed continuous rows of nanocrystal assemblies 

separated by bare substrate regions.  The ink concentration played a critical role in 

determining the morphology of the dried ink on the PDMS stamp, which controlled the 

morphology of the transferred nanocrystal features.  A dewetting process was responsible 

for the observed concentration-dependent morphologies.  Below a critical concentration 

(ca. 2 wt. %), the ink was sequestered into the troughs of the stamp during the drying 

process (noted as inter-trough dewetting), which was a direct result of the incompatibility 

of the ink with the PDMS stamp.  Further drying of the ink deposited continuous 

nanocrystal rows in the trough of the stamp for optimum concentrations (between 0.5 and 

1.5 wt %); however, below a critical concentration (ca. 0.5 wt. %), intra-trough dewetting 

was observed, which provided discontinuities within individual nanocrystal rows.  At 

elevated concentrations, the nanocrystal solution wet the entire PDMS stamp, which 

produced thick and complete nanocrystal films after transfer.  This study provides an 

enabling protocol for stamping/molding high fidelity nanoscale patterns using colloidal 

inks for a number of optoelectronic device applications. 

 

 7.3.2 Diffraction properties or transmission NC gratings 
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 The transferred grating elements were studied for their capabilities as 

transmission diffraction gratings.   The DE of nanocrystal gratings was dependent on the 

morphology of the transferred nanocrystal grating features, the diameter of the CdSe 

NCs, the incident laser wavelength, and the purity of the nanocrystal samples.  Maximum 

diffraction efficiencies (up to ca. 30% at 488 nm for 7.3 nm CdSe NCs) were correlated 

with optimized grating morphologies (i.e. continuous grating features separated by bare 

substrate provided the highest DE).  The DE increased with increasing diameter for both 

488 nm and 633 nm laser radiation, which was a direct result of both increased 

absorptivity and effective dielectric constant for larger nanocrystals.  Furthermore, the 

diffraction efficiency increased with increasing purity (decreasing ligand mass) of the 

nanocrystals used to ink the PDMS replica.  The observed increase in DE with purity was 

attributed to an increase in the relative refractive index of nanocrystal solids containing 

only the minimum amount of ligand to passivate the nanocrystal surface (i.e. samples 

with little to no free ligand as determined by TGA measurements).  These results once 

again show the significant effect of quantum confinement on the optical properties of thin 

films composed of CdSe NCs. 

 Printed CdSe NC gratings displayed the ability to couple incident laser radiation 

into thick internal reflection elements (e.g. glass slides and ITO) and extremely thin sol-

gel waveguides.   These results were quite impressive considering the ease with which 

the grating features were stamped compared to more traditional, time intensive and 

strenuous lithographic procedures used to construct coupling gratings for internal 

reflection spectroscopy.2  While this was only a first-order study, the application of CdSe 
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NC gratings as coupling elements is a novel example of the utility of colloidal 

nanocrystals. 

 

7.3.3 Future directions 

 The next logical step for this project would be to utilize nanocrystal gratings as 

the active optical elements in working attenuated total reflectance (ATR) spectroscopic 

experiments.  These studies should first be focused on understanding the efficiency of in- 

and out-coupling of radiation into the internal reflection element, which is crucial 

parameter for coupling gratings.  Stamped nanocrystal grating elements could also be 

utilized as dopant layers in organic light emitting diodes (OLEDs), where the OLED 

excites the grating to internally couple spectrally pure nanocrystal PL emission for 

applications in stand-alone, integrated spectroscopic platforms.  

 

7.4 Concluding Remarks 

 CdSe nanocrystals are a remarkably diverse material with a wide range of 

applications in optoelectronic devices.  The size-dependent optical and electronic 

properties of high quality nanocrystals, afforded by a single reaction scheme, offers an 

unparalleled level of control when compared to more traditional polymers and small 

molecules.  The surface chemistry and subsequent optical and electronic properties may 

be further tuned by proper design of the surface capping ligands, which also affords 
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solubility and compatibility with a variety of substrates and solvents.  The studies 

presented in this dissertation have presented novel applications of these semiconductor 

nanocrystals (i.e. CdSe and CdTe) the active material in photocatalytic electrochemical 

cells, photovoltaics and diffraction gratings.  Furthermore, it was shown that these 

applications were quite sensitive to the size-quantized optoelectronic properties of CdSe 

nanocrystals. 

 In addition, it was found that significantly doped conductive polymers (e.g. 

PEDOT, PProDOT and P(Et)2ProDOT) were quite effective hole scavengers from 

photoexcited CdSe NCs.  These observations present a novel methodology for possibly 

increasing the performance of solar cells employing conductive polymers that may be 

lightly doped to increase charge transport and collection efficiencies. 

!
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