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ABSTRACT 

 
 Colloidal quantum dots (QDs) are very small crystals on the scale of several nanometers in diameter. QDs 

demonstrate interesting size-related phenomena resulting from quantum confinement of electronic energy states. 

Many fundamental optoelectronic properties are heavily influenced by the ligand that resides at the QD surface. 

Because QDs have a large surface to volume ratio compared to bulk materials, macroscopic observables like charge-

carrier mobility, photoluminescence, sinterability, etc. are strongly controlled by the atoms (or lack of atoms) 

present on the surface of the QD. By understanding which chemical species and how to control what resides at the 

surface (through ligand exchange, synthetic protocol, or other treatments) promotes electronic transport and 

passivate traps allows for realization of optoelectronic devices. While this thesis focuses on photovoltaic devices, the 

results herein are applicable to a broad range of applications including transistors, light emitting diodes, 

thermoelectrics, batteries, and other applications where tuning QD properties through surface chemistry is 

important.  

 The findings of this thesis begin with development of ligand-exchanges and the study of exciton dynamics 

and charge transport in films of QDs. Using metal chalcogenide ligands, specifically In2Te3, promotes exciton 

delocalization over six nearest-neighbor QDs despite quantum confinement still present in the absorption spectra. 

This is the first observation that excitons can occupy an interaction space larger than the physical extent of the QD 

that absorbed the excitation.  

We then examined the charge carrier lifetime and yield-mobility product (of excitons that disassociate into 

free charges) with time resolved microwave conductivity measurements. Measurements indicate that using Na2Te 

ligands increases both lifetime and yield-mobility compared to a treatment with pyridine and CdCl2. This main result 

demonstrates that ligands play a crucial role in how nanocrystals sinter and the resulting bulk properties. Exploring 

the physics related to grain growth to induce large columnar crystal grains in sintered CdTe solar cells enabled 

greater than 11% power conversion efficiency with a pyridine CdCl2 treatment. Moving forward with inorganic 

ligation strategies could enable improvements in device efficiency.  

 Applying new ligand exchange strategies to devices improved upon the state-of-the-art of solution 

processed PbS solar cells.  Controlling surface passivation to improve charge transport in PbS QD solar cells leads 

to cells with an efficiency of 7.3%.  I show how controlling what elements are present at the surface of the QDs 

enables tuning of the valence band energy level and work function in arrays of QDs. Using this control to create an 
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energy cascade throughout the device active area improves carrier collection efficiency. The PbS thickness is then 

optimized at nearly 3x thicker than world-record devices reported in literature implying increased carrier lifetime 

(lower recombination) with the novel ligand treatments devised.  

The final portion of my thesis combines the device physics developed with CdTe and PbS cells I developed 

and a full optical model to calculate the necessary layer thicknesses to join cells into tandem solar cells. I test the 

validity of the model and develop recombination layers to experimentally realize tandem solar cells.  
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CHAPTER 1 

GENERAL INTRODUCTION 

Thin film photovoltaic (PV) materials offer an advantage over traditional silicon solar cells due to their 

larger absorption coefficients (resulting from direct band gaps), thereby reducing the total amount of material 

needed to absorb sunlight. In the past decade, thin film materials such as CdTe, Cu(In,Ga)Se2, Cu2ZnSn(S,Se)4, 

quantum dot solar cells, and perovskite materials such as CH3NH3PbI3 have begun to be deposited using inexpensive 

methods on a variety of low cost substrates to achieve a reduction in levelized cost of a PV system. Commercial 

deposition of thin-film PV absorber layers typically relies on close space sublimation or co-sputtering/co-

evaporation to deposit compound semiconductors. Switching to solution-processing of thin materials offers some 

unique advantages: high-throughput, efficient use of precursors, and lower capital costs; however, the power 

conversion efficiencies of solution-based approaches for some materials systems currently fall behind their vapor 

phase counterparts (i.e. CdTe and Cu(In,Ga)Se2) while for other material systems (CZTS and perovskites in 

particular) solution processing gives higher performance compared to vapor phase processing.1-4 The lag in record 

efficiency for certain absorber materials compared to vapor-phase deposition indicates a need to more fully 

understand and further develop solution processed materials if all the advantages of thin film semiconductors are to 

be fully leveraged. This thesis will focus on understanding certain optoelectronic properties of colloidal nanocrystals 

and applying that knowledge to improving solar cell devices. The underlying focus of the work presented here is to 

utilize the benefits of solution processing thin film semiconductors. I begin with an introduction on how deposition 

of thin films from solution has been accomplished in the past. In the first part of this thesis, following the 

introduction, I present the first stages of my work probing exciton dynamics and charge carrier properties in coupled 

quantum dot films with spectroscopic methods. In the second part, I apply the knowledge gained from the 

spectroscopic studies to improve and expand the capabilities of PV devices. 

1.1 Background 

Solution-based deposition of inorganic semiconductors has been accomplished using two distinct 

techniques. The first general set of approaches involves chemical deposition methods like chemical bath deposition, 

spray pyrolysis, successive ionic layer adsorption and reaction (SILAR), electrochemical deposition, and 

dimensional reduction (dissolution of molecular species with an ionic reagent).5 Challenges arising with certain 

chemical deposition techniques include controlling stoichiometry, obtaining large crystal grains, phase purity, 
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substrate limitations (e.g. needing conductive substrates for electrochemical depositions), and effects associated with 

grains boundaries.5 

Figure 1.1.. Comparison of solution- vs. vacuum-processed record solar cell efficiency for various material systems. 

 

A second method is the colloidal syntheses of small crystals of the materials of interest (in this thesis 3-10 

nm CdTe and PbS) that are cast into a film known as a nanocrystal solid where quantum confinement effects can be 

exploited, or they can seed the growth of larger grains when heated.2, 6-12 Casting solutions of NCs with spray-, dip-, 

blade-, or spin-coating methods onto substrates forms a film but care must be taken to prevent cracking during post-

deposition treatments.13 By using layer-by-layer processes, relatively thick (>500 nm) crack-free films can be 

quickly made as sequential coatings fill gaps in the underlying layers.10, 14 Colloidal synthesis of nanocrystals (NCs) 

prior to film deposition enables efficient use of materials yielding nearly 100% conversion of precursor into final 

product,15 tunable stoichiometry,16 and control of the crystal phase.17  Growth of the nanocrystals used here is done 

by injecting a solution of the anion precursor into a hot solution of the cation precursor. Nucleation of small clusters 

occurs immediately upon injection as the two precursors react to form the desired compound. Growth of the small 

clusters into NCs follows as anions and cations are added to the NC core. The rate of growth depends on the 

monomer solubility and affinity to bind to the NC surface.18 The monomer solubility and reactivity are heavily 

influenced by the surfactant (ligand). Thus the ligands used during NC synthesis are necessary and beneficial for 

controlling growth kinetics, providing colloidal stability in organic solvents, and passivating surface states; however, 

they impede electronic transport and lead to insulating films.14, 19, 20 There are two main methods of overcoming 

electronic transport limitations from the aliphatic insulating ligands: one is to remove them thermally and/or 

chemically, a second is to carefully replace the original ligands with short or conductive molecules.14, 21-23 Figure 2 



3 

 

schematically shows how these processes enhance charge transport. Research in this area must be focused on 

intelligent manipulation of the surface ligands to form conductive arrays or films while preserving the benefits of 

NCs.24 

1.1.1 Ligand Removal 

Removing the ligands thermally often causes sintering of the NC films into bulk-like material due to the 

reduction in melting temperature due to small particle size. Reduced melting temperature for particles of radius 

Rparticle is given by:25-27 

� −�� = � � � � � [ � � − � �� ( �� � ) ⁄ ]  (1.1) 

where Lfusion is the molar latent heat of fusion, and  and ρ are the surface tension and density of solid and liquid 

phases, respectively.  The lower melting temperature (in conjunction with volatile ligands) allows for a one-step 

solution deposition of a semiconductor film onto a heated substrate; the NC solution can then be thought of as an ink 

that becomes a bulk film through sintering.8-11 There are two stages of sintering NCs into bulk semiconductors: 

particle/NC fusion and grain-boundary diffusion. After the particles fuse into small-grained polycrystalline material, 

the boundaries between the grains need to diffuse and rearrange in order to obtain larger crystallite sizes. Often a 

fluxing agent (for instance CdCl2) is needed to promote this grain growth. There is precedent for using such NC inks 

in PV devices. Various groups have demonstrated solar cells using this approach with CdTe NC dispersions.9, 18-21 

Devices made from combinations of CdSe and CdTe NCs demonstrate the stoichiometric control possible by using 

NC systems.28, 29 In another example, inks of Cu2ZnSn(S,Se)4 (CZTSSe) NCs are used in solar cells that obtain >7% 

power conversion efficiency (PCE). CZTS NCs are synthesized, spincoated onto a molybdenum-coated substrate, 

then annealed in a Se-vapor atmosphere to expand the lattice, filling voids induced by the removal of ligands.8 

Similar approaches have been used to produce CIGSSe devices with 12% PCE.30 Electrical contacts are not ideal 

nor are grain-boundary effects fully understood, especially in NC-ink based CdTe cells. My work presented in 

Chapter 4 elucidates contact effects and grain-growth dynamics of CdTe solar cells. 

1.1.2 Ligand Replacement 

In the second method for ameliorating charge transport the original ligands are exchanged. There are 

various categories of ligand exchanges. Under the covalent bond classification scheme where ligands are classified 
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by increasing covalent character of the bond, there are X-type, L-type, and Z-type ligands.31 X-type ligands are 

charged, donating ligands that are attached with an ionic bond to the NC surface. X-type ligands like carboxylates 

(O2CR), halides (Cl, I, Br), thiols (SR), etc. terminate the lattice whereas X-type ligands like [In2Se4]
2-2[N2H5]

+, 

[S]2-2[H4N]+, etc. form a bound ion pair on the NC surface.31 L-type ligands – for example phosphines (PR3) and 

amines (NH2R) – act as neutral-donors and are more covalently bonded through their lone pair electrons. Finally, 

covalently bonded Z-type ligands are neutral-acceptors taking the form MX2 , i.e. Cd(O2CR), CdCl2, Pb(SCN)2, etc.  

Poor transport is one of the limiting factors of high efficiency devices. Higher efficiency devices are achievable by 

better understanding and controlling transport through NC solids. Ligands of inorganic, conductive chalcogenide-

based molecules have demonstrated excellent transport properties; such as improvement in conductivity by over 11 

orders of magnitude for metal NCs21 or temperature dependent mobility suggesting band-like transport in CdSe/CdS 

core/shell semiconducting NCs.32 Quantum confinement effects of the synthesized crystals are often preserved in the 

arrays leading to coupled-yet-confined NCs. Therefore, designer PV absorber materials are realizable with new and 

promising photophysics, e.g. multiple exciton generation from a single high-energy photon, tunable absorption 

properties, and tunable carrier-cooling dynamics. 33-38  

Short chain organic molecules like the lattice-terminating X-type: 1,2-ethanedithiol14 and 3-

mercaptopropionic acid;39 or the L-types: hydrazine19, 20 and pyridine;10, 40, 41 have been shown to replace the original 

ligand, leading to reduced spacing between adjacent NCs when cast into films. Replacing longer ligands with shorter 

ones promotes increased carrier mobility through a power law relationship dependent on ligand length.42 Transport 

through films of NCs can occur through several mechanisms: hopping, variable range hopping (VRH), Efros-

Shklovskii VRH (ES-VRH), cotunneling, and Bloch transport.25 Increasing the coupling ( ) between adjacent σCs 

increases the conduction between them. The coupling can be expressed as ≈ ℎ� where h is Planck’s constant and 

Γ is the tunneling rate, which is approximated as25, 43, 44 

Γ ≈ exp {− ∗∆�ħ2 ⁄ ∆�} (1.2) 

where m* is the electron effective mass, ΔE is the height of the tunneling barrier, and Δx is the width of the barrier as 

shown in Figure 1.12. In the case of most Pb-chalcogenide (PbX) devices, conduction occurs through electronic 

hopping between NCs and is heavily researched.14, 42, 45 State-of-the-art PbS QDs have demonstrated PCE >9% using 

short organic ligands and halide treatments to reduce the inter-QD spacing and increase transport.46-49 Table 1 gives 
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the results of an exhaustive literature search of the efficiency and performance parameters of PbS QD solar cells 

(QDSCs). All of the ligand exchanges for the devices in Table 1 use organic-based materials which are inherently 

non-conductive and could be limiting the realization of efficiencies approaching the Shockley–Queisser limit. Using 

X-type bound ion pair ligand exchanges; in particular metal-chalcogenide-complexes (MCCs) could increase the 

conductivity of the matrix surrounding each QD.  However, it is difficult to successfully implement fully-inorganic 

ligand exchanges with PbX QDs because individual QDs tend to disassociate when exposed to solutions containing 

>1M hydrazine, which is often the necessary solvent for most MCC ligands such as In2Se4
2- and In2Te3.

19 Very 

recently, ligand exchanges using halide salts in dimethylformamide have had some success.50, 51 In Chapter 5 I 

present my work developing the first fully-inorganic PbS QD solar cells.  

 
Figure 1.1. Panel A shows a schematic representation of three QDs with quantized energy states (blue lines inside a 
quantum well) and energetic barrier heights (ΔE) and barrier widths (Δx) impeding the transfer of an electron e-. 
Replacing the long-chained organic ligands with short-chained organics narrows Δx, shown in panel B. Panel C 
shows how using conductive short molecules reduces ΔE and Δx potentially allowing band-like transport. Panel D 
demonstrates that sintering would lead to polycrystalline material with a near continuous conduction band and 
completely delocalized states typical of bulk semiconductors. 

 

Furthermore, through the use of electrically active ligand species, macroscopic electrical properties such as 

majority carrier concentrations and control over both carrier’s mobility can also be manipulated.52 The Talapin 
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group has recently demonstrated manipulation of the majority carrier type in CdTe films by invoking a ligand 

exchange from tetradecylphosphonic acid to Te2-.52 This ligand exchange was performed by exposing the NCs to 

dissolved K2Te. Films cast from NCs capped with Te2- formed p-type channel characteristics in a thin film field 

effect transistor. By exposing the array to In3+ cations, the K+ ions were replaced by In, which converted the film to 

ambipolar conduction (thus showing both electron and hole transport characteristics). Furthermore, NCs from the 

same initial batch were prepared with In2Se4
2- ligands in hydrazine, which formed n-type transistor layers. 

Variations of such ligand exchanges (and even mixtures of the NCs) could enable highly tunable absorber layers or 

even the possibility of a p-n homojunction from CdTe.52 

Perhaps the most attractive feature of quantum confinement for this thesis is a tunable bandgap. Figure 

1.3A plots the efficiencies reported in the literature of QDSCs as a function of the bandgap. The highest efficiency 

cells have a bandgap around 1.34 eV, which is theoretically the ideal single junction bandgap.53 However, QDSCs 

are amenable to tandem structures without significantly increasing cost because devices are solution processable, 

don’t need high temperature anneals, and insensitive to lattice matching requirements for epitaxial growth. 

Therefore, research into smaller bandgap QDSCs is important for developing a bottom (or back) cell for a tandem 

structure which uses two junctions to increase the output voltage of the device. Low bandgap devices are an under-

explored research topic as there are only four reports of PbS devices with a bandgap <1eV (the ideal bandgap is 

0.96eV for a tandem bottom cell). There are more reports for low bandgap PbSe QDSCs, however, PbSe devices are 

not inherently air stable and have lower overall efficiencies. Table 2 lists the performance parameters and efficiency 

of PbSe QDSCs reported in the literature. For the highest efficiency devices (both PbS and PbSe), low Voc and low 

FF are limiting the performance. Employing inorganic ligand passivation strategies, the FF may be improved by 

alleviating parasitic resistances. Additionally, trap states and recombination that limit the Voc are passivated by 

certain halide treatments.54 Figure 1.3B shows the Voc plotted as a function of bandgap for PbS and PbSe QDSCs 

taken from literature. The low Voc compared to the theoretical value for these devices indicates a need to improve the 

energy band alignments and to lower recombination throughout the device stack. The “x” symbols are some of the 

highest Voc values for Si55 (lower band gap point) and CdTe56 (higher band gap point) solar cells. There are only two 

reports of tandem devices using all PbS QDs reported in the literature indicating that there is room for improvement 

and further development. The structures and performance parameters for these tandem cells are given in Table A3. 
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To summarize, the work described herein seeks to fill several voids in understanding of how ligand 

removal or ligand exchange with inorganic materials effects of the exciton dynamics, electrical properties, and solar 

cell performance of nanocrystal-based devices. Understanding the properties and leveraging the benefits of NCs, 

whether with PbS or CdTe, allows me to further develop tandem solar cells in an attempt to improve the overall 

device efficiency.  

 

1.2 Thesis Organization 

The work to reach the goals described above is presented as follows. In Chapter 2 I begin by exploring the 

exciton dynamics of electronically coupled films of QDs with the inclusion of my paper entitled:  Coherent Exciton 

Delocalization in Strongly Coupled Quantum Dot Arrays. This paper highlights the benefits of using inorganic 

ligands on QDs to promote electronic coupling between QDs while maintaining the benefits of quantum 

confinement. There are multiple authors on this paper: Joel N. Schrauben, Matthew C. Beard, Joseph M. Luther, and 

Justin C. Johnson. My role in the study was to synthesize and fabricate all the samples, characterize and analyze the 

optical properties (JCJ ran the CPTG setup), interpret the data, and write/edit drafts of the paper. 

Figure 1.2. A) Power conversion efficiencies for PbS (red squares) and PbSe (blue circles) devices taken from 
literature, as well as PbS devices for this thesis (green triangles). B) Voc vs. QD bandgap taken from the literature for 
PbS and PbSe devices. The green line is the maximum theoretical efficiency for a given bandgap material under 
AM1.5 spectrum, calculated using the detailed balance method. “x” symbols represent the high Voc values for the 
commercially viable Si and CdTe reported in literature. References are given in Appendix A Tables A1 & A2. 

A) B) 



8 

 

 Chapter 3 builds on the results of the previous chapter and looks at the electronic properties of coupled 

QDs using a technique called time resolved microwave conductivity (TRMC). I discuss the carrier lifetime and 

mobility in arrays of spherical and tetrapodal CdTe NCs ligand-exchanged with simple chalcogenide ligands. The 

work presented here is in preparation for submittal. 

Chapter 4 details my efforts on understanding and advancing the state-of-the-art of solution processed 

CdTe solar cells. Using the strategies developed in the previous chapters to couple QDs and fabricate conductive 

films is critical to achieving high efficiency solar cells. In this paper I explore five different device architectures and 

examine the devices physics of the resulting solar cells. In order to understand the differences in device 

performance, an in-depth look at the sintering process of the NCs was examined. This paper has multiple authors in 

addition to me: Matthew G. Panthani, William L. Rance, Joel N. Duenow, Philip A. Parilla, Rebecca Callahan, 

Matthew S. Dabney, Joseph J. Berry, Dmitri V. Talapin, and Joseph M. Luther. MGP gave advice on optimizing the 

CdTe deposition conditions; WLR deposited the CdS and ZnTe/Ti contacts to the CdTe superstrate structure; JND 

deposited the Mo and CdS/ZnO to the substrate devices; PAP and JML guided the temperature dependent XRD 

experiments, RC synthesized the CdTe spheres; MSD and JJB deposited the PLD ZnO; and DVT and JML guided 

the experiments. I wrote the paper but everyone was involved in the editing process. Apart from the listed tasks 

above all other experimental work and data analysis was performed by me. 

Chapter 5 highlights my work on synthesizing PbX QDs and developing inorganic ligand exchanges for 

solar cell applications. By utilizing select metal halide ligands the device thickness and PCE could be improved to 

such a point where it is now feasible to use in conjunction with the CdTe solar cells developed in Chapter 4 for 

tandems. The novel ligand exchanges I develop in this chapter improve the charge transport allowing for devices 

optimized at >500 nm thick with PCE >7%. This paper has multiple authors: Daniel M. Kroupa, Ashley R. 

Marshall, Elisa M. Miller, Jianbing Zhang, Matthew C. Beard, and Joseph M. Luther. DMK aided in taking and 

analyzing the FTIR experiments; ARM synthesized PbSe QDs and fabricated PbSe devices; EMM took XPS 

measurements and processed the raw data; JZ initially developed the cation exchange reaction; MCB and JML 

guided the experiments. I wrote the paper but all authors aided in the editorial and review process. Unless noted 

above, all other work was performed by me.  

Chapter 6 discusses my work in preparation on modeling and fabricating tandem solar cell performance 

using the CdTe and PbS cells discussed in the previous chapters. I use an optical model to calculate the transmission 
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and reflection throughout the device as a function of the PbS and CdTe thicknesses. By calculating the absorption 

and generation in each layer I find optimal thicknesses allowing current matching of the sub-cells, which then serves 

as a guide to experimentally realizing high efficiency tandem cells. This chapter is the culmination of my thesis that 

applies the results of the device physics and QD properties learned in previous chapters. 

Chapter 7 concludes the thesis. In each of the chapters the experimental sections have expanded discussions 

in order to convey further information left out of the papers for the brevity needed in published journal articles. 
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CHAPTER 2 
COHERENT EXCITON DELOCALIZATION IN STRONGLY COUPLED QUANTUM DOT ARRAYS 

 
Modified from a paper published in Nano Letter 

 
 Ryan W. Crisp, Joel N. Schrauben, Matthew C. Beard, Joseph M. Luther, Justin C. Johnson 

2.1 Abstract 

Quantum dots (QDs) coupled into disordered arrays have exhibited the intriguing property of bulk-like 

transport while maintaining discrete excitonic optical transitions. We have utilized ultrafast cross-polarized transient 

grating (CPTG) spectroscopy to measure electron−hole wave function overlap in CdSe QD films with chemically 

modified surfaces for tuning inter-QD electronic coupling. By comparing the CPTG decays with those of isolated 

QDs, we find that excitons coherently delocalize to form excited states more than 200% larger than the QD 

diameter. 

2.2 Introduction 

Electronic excitations in isolated quantum dots (QDs) are constrained by the physical size of the 

nanostructure and thus display a manifold of exciton states derived from confinement of the band structure of the 

material by an infinite spherical potential of well-defined diameter.1, 2  Reduction in inter-particle distance and the 

type or amount of material between QDs in a film can incite wavefunction expansion beyond the QD boundary thus 

perturbing the isolated QD exciton state manifold.  This perturbation in excited state electronic structure, which is 

inevitable in almost all practical schemes of solar photoconversion involving colloidal QDs, is bound to influence 

photophysical properties that have been studied in detail only for isolated nanostructures.  For example, multiexciton 

processes like multiple exciton generation (MEG)3 and Auger decay4 depend on electron-hole Coulomb interactions 

that scale inversely with the effective size of the exciton.  Moreover, the rate of thermal equilibration of carriers after 

photoexcitation in hot carrier extraction schemes may depend on the effective exciton size.5  It is therefore crucial to 

measure quantitatively the exciton size after photoexcitation, which is the initial condition for all subsequent 

dynamics.   

The extent of the excited state wavefunction perturbation induced by close QD coupling is not trivial to 

isolate experimentally, as many material properties also exhibit continuous variation in behavior as the bulk limit is 

approached.  During the past several years, researchers have reported on a large number of successful ligand 

exchange and surface manipulation treatments for creating electronically-coupled nanocrystal arrays.6  Short-chain 
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organic ligands,7 inorganic salts,8 and metal chalcogenide complex (MCC) ligands9 have increased charge carrier 

mobilities in close-packed films fabricated from surface-modified colloidal QDs compared to those retaining the 

native organic ligands from synthesis.  Photophysically, these treatments produce a broadened and red-shifted, yet 

still distinct, lowest exciton absorption feature.  Charge carrier mobilities in such films, determined by time-resolved 

microwave conductivity (TRMC) measurements or measuring the gate response of the array in a field-effect 

transistor (FET), have exceeded 10 cm2 V-1 s-1 for PbSe QDs10 and CdSe QDs.11  Even in the absence of long-range 

order, transport was found to occur without thermal activation, implying a change from a charge hopping transport 

mechanism to a regime that is more coherent or band-like.  While true band-like transport (i.e., fully delocalized 

states) across a macroscopic film seems unlikely in such samples,12 coherent expansion of excited states over shorter 

ranges remains possible and could lead to the observed temperature dependence.13 Neither TRMC nor FET 

measurements report directly on exciton delocalization since each is sensitive only to free charges, but these 

interesting observations may have at their origin the presence of a delocalized exciton state that is less sensitive to 

typical activation barriers than percolation and more efficiently moves charge over long distances.  

In this Letter we investigate the ultrafast transition from localized and quantum-confined excitons created by photo-

absorption in coupled CdSe QD films to delocalized excitons extending over multiple QDs.  We find that the MCC 

ligand In2Te3 produces the largest effective exciton size without thermal annealing, about 2.2 times the known QD 

size.  Mild thermal annealing of pyridine-capped QDs also produces a significantly larger exciton size, but the onset 

of necking or sintering at higher temperatures eventually destroys the simultaneous presence of quantum 

confinement and delocalization. We explore the consequences of these findings for secondary and tertiary events 

like Auger recombination and charge conduction. 

Cross-polarized transient grating spectroscopy (CPTG) has been proven as a viable means by which to 

measure coherent exciton delocalization in isolated QDs in advance of other excited state processes,14-16 thus 

providing a “snapshot” of the effective exciton size.  CPTG is a four-wave mixing process, depicted in Figure 1, in 

which two coincident ultrafast pulses with orthogonal polarizations and slightly different k-vectors interact on a 

sample to produce a spatially varying modulation of the phase of the photoexcited excitons.17  Exciton fine structure 

relaxation (i.e., spin flipping) alters the phase grating during the waiting period for the third pulse, even while the 

overall excited state population remains constant.  When the detected polarization is orthogonal to that of the third 

pulse, the signal amplitude depends on the phase change that results from a flipped spin.  Destructive interference 
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between flipped and unflipped exciton contributions leads to signal decay, leaving CPTG as a measure of 

specifically coherent dynamics.    

Briefly, a homebuilt noncollinear parametric amplifier operating at 10 kHz was tuned to the peak of the 

lowest exciton absorption and compressed to approximately 30 fs width, measured by autocorrelation in a 50 µm 

thick BBO crystal at the sample position (Appendix B Figure B1).  The full NOPA output pulse energy prior to 

entering the interferometers was approximately 100 nJ.  The beam was then split evenly into two copies using an 

ultra-thin beamsplitter (CVI-Melles Griot), with each beam traversing a delay stage before being focused into a 

diffractive optic (DO, Holoeye).  The DO was optimized for +1 and -1 order diffraction, producing identical copies 

of each beam translated horizontally.  k1 and k2 remained time-overlapped, with their delay from the k3/k4 pulse pair 

controlled by a motorized delay stage.  The four beams then propagated parallel paths in a boxcar configuration, 

each through a /β waveplate and polarizer combination before being focused into the sample to a common spot 

using an 8 in. focal length spherical Ag mirror.  Glass cover slips were inserted in the paths of k3 and k4, the latter of 

which contained varying thicknesses of evaporated silver, and mounted on a rotation stage.  k4 is identified as the 

local oscillator (LO) in the heterodyne detection scheme, with its phase and power accurately controlled to produce 

 

Figure 2.1.  Experimental setup for cross-polarized transient grating spectroscopy. FM = folding mirror, BS = 
beam splitter, CM = curved mirror, OC = optical chopper, CS = cover slip, BB = beam block, PD = photodiode, 
/β = half waveplate. 

 



16 

 

the desired signal.  k3 was chopped at 3.3 kHz to provide a frequency for lock-in detection.  The beam size at the 

sample was approximately 230 µm, with the pulse energy in each beam set at about 5 nJ.  A mask blocked beams 

coming from the sample except in the direction of k4, where a set of irises was used to reject scattering and define 

the signal beam path.  The co-propagating signal and LO were focused onto the same spot on a Si photodiode.  

Using the pump intensity and known absorption cross section for CdSe QDs,18 we determined the average exciton 

occupation <N>eh following each pulse to be no higher than 0.02, indicating that experiments were performed in a 

highly dilute excitation regime.  Higher order or thermal effects are also ruled out as experiments were performed in 

a regime where the kinetics were independent of pump fluence. The measured CPTG signal is actually a convolution 

between the population decay and the fine structure relaxation.  Pump-probe measurements described below and 

common polarization TG scans did not contain decay components faster than about 10 ps, much shorter than the 

CPTG decay window, thus the deconvolution was deemed unnecessary (Figure B2).   

The exciton levels that make up the fine structure are labeled by their total angular momentum F and are 

split from each other by exchange and crystal anisotropy effects, yielding a manifold of levels with F = +,-,0 

spanning an energy range of several to tens of meV.2  Both exchange and spin-orbit effects that mediate the 

transition between fine structure levels are dependent on electron-hole overlap and thus the size of the exciton. The 

CPTG decay rate is related to the splitting between relevant levels by Fermi’s Golden rule.  Since CPTG decays 

have been measured in isolated QDs of known size, an effective “ruler” of CPTG decay rate kCPTG vs. exciton size is 

known (kCPTG  1/d4 for CdSe).15  We can then use this ruler to measure the degree of exciton delocalization in QD 

fi lms treated by various methods known to produce good performance in optoelectronic devices. 

2.3 Results and Discussion 

The MCC ligands were synthesized and exchanges performed on oleate capped QDs, similar to Kovalenko 

et al.9 Here 1.5 mL of 10 mg/mL QD solution in hexane was placed on top of 1.5 mL neat hydrazine then 100 µL of 

0.5 M ligand solution in hydrazine was added to the bottom phase. The QDs were stirred for several minutes until 

complete phase transfer from the top toluene phase to the bottom hydrazine phase was complete. The top toluene 

solution was pipetted off and the remaining QDs in hydrazine were vigorously rinsed with hexane three times before 

precipitation by adding acetonitrile and centrifugation at 7500 RPM. The synthesis and exchange with Na2S was 

carried out in a similar manner to Nag et al and given above but the polar solvent was formamide instead of 

hydrazine.8  For the inorganic ligands the substrates were heated to 60 C as the solutions were drop cast.  Other 
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films were drop cast onto 0.5 mm thick sapphire substrates at room temperature from either 9:1 hexane:octane or 4:1 

chloroform:pyridine solutions. The Cd2+ metal ion treatment on the Na2S film was performed as in Nag et al.19  All 

films were sealed in inert atmosphere by placing the film between two sapphire windows with an intervening O-

ring. 

In Figure 2A,B we display the extinction spectra of the various QD films studied here.  We have analyzed 

our data near the lowest exciton band by overlaying a red-shifted copy of the spectrum from the oleic acid (OA)-

capped QDs.  We observe four effects on the optical properties after ligand-treatments or thermal-annealing:  (1) 

redshift of the 1S exciton feature;  (2) broadening of the 1S exciton feature; (3) a low energy tail; and (4) changes on 

the high-energy side of the spectrum.     

Figure 2.2.  Absorption spectra of the CdSe QD films studied here. (a) Various chemical treatments for ligand 
replacement and (b) pyridine treatment followed by thermal annealing (temperature and time noted).  The 
spectra are vertically offset for clarity.  A shifted copy of the as-cast film with OA ligands is shown as the 
dashed lines, where the red-shifted energy needed to align the peaks is noted for each trace. The vertical dashed 
line is the peak position of the uncoupled QD 1S exciton. (c) TEM of pyridine-exchanged QDs, showing 
preferential chain formation (also see Appendix B).  (d) Absorption spectra of [In2Se4]

2- and In2Te3 ligands in 
hydrazine solution. Inset: Bonding scheme for MCC ligands at the QD surface, with counterbalancing 
hydrazinium ions. 
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There have been many reports concerning the modification of the optical properties of QDs upon film 

formation and subsequent QD-QD electronic coupling.  Micic and co-workers20 studied the optical properties of InP 

QD films where the QD separation was varied by exchanging ligands of different length prior to film formation.  

They observed a broadening and redshift of the lowest exciton band that depended on the QD size and ligand length, 

ascribing the 140 meV redshift to quantum mechanical coupling.  A similar shift was observed in films prepared 

from CdSe clusters but interpreted as a change in the polarization energy rather than quantum mechanical 

coupling.21 They used a 1D Kronig-Penny model to show that broadening of the absorption is a better metric of 

quantum mechanical coupling than shifting.  However, broadening is complicated by grain growth of the QDs that 

can occur during thermal annealing or from QD-QD necking after ligand removal, resulting in both larger QDs and 

larger size distribution.  Difficulty in separating true quantum mechanical coupling from dielectric effects has been 

noted,22 and similar phenomena are expected to contribute to the absorption spectra of the films studied here. 

Overall, red-shifting and broadening may be viewed as a signature of electronic coupling but not a quantitative 

measure due to uncertainty about the how much each of the various effects contributes. 

Displayed in Figure 3 are normalized and offset-subtracted CPTG decay curves for two different QD sizes 

and a variety of surface treatments.  2.8 nm OA-capped QDs (solution or film) exhibit fast CPTG decay rate 

constants of 10 ps-1, slowing to 7 ps-1 for 3.0 nm QDs.  The slowing is caused by the change of QD size and thus 

reduction in splitting between fine structure levels.  Pyridine-treated QDs exhibit decays that are similar to, or 

slightly faster than, those of OA-capped QDs. Decays measured for solution samples (Figure B3) were identical to 

within error, suggesting that without QD-QD coupling the nature of the ligand does not significantly affect the  

CPTG decay. 

Treatments with Na2S reduce the decay rate constant by about 20% compared with untreated QDs, while 

subsequent Cd(NO3)2 treatment reduces the CPTG decay rate by about one order of magnitude with respect to 

untreated films.  The MCC treatments In2Se3 and In2Te3 both greatly reduce the CPTG decay rate, to 2.8 and 0.47 

ps-1, respectively, for the 2.8 nm QD size.  It should be noted that CPTG signals become increasingly difficult to 

measure under conditions of intense diffuse scattering of k3, which is inevitable in some treated films, particularly 

after exchange with inorganic salts.  A larger background signal contributes noise to the decay and can produce 

interference with the CPTG signal, obscuring the true kinetics.  This effect is mostly responsible for the varying 

signal-to-noise ratios apparent in Figure 3. 
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CPTG decay kinetics after 0.1 ps are essentially monoexponential after subtraction of an offset, and all fits 

assume one decay constant.  Table 1 contains average rate constants (kCPTG) and the magnitude of the average offset 

ΔCPTG resulting from the fits to CPTG decays obtained on at least five locations for each film.  The fast decay rate 

represents the most facile conversion of the initially excited exciton of 1 angular momentum projection, which has 

the largest oscillator strength from the ground state, to one of opposite sign ∓1 via a direct or two-step pathway 

(Figure 4a).  Past work has shown the two-step process to be dominant, with the limiting step being a hole flip to the ∓2 exciton.  Slower decays, often seen as an offset in >10 ps time windows, represent a separate pathway involving 

states with F=0, which are normally only a minor contributor in small, isolated CdSe QDs23 but become significant 

upon exciton shape and size distortion.  

The effect of thermal annealing of pyridine-treated arrays on the CPTG signal is shown in Figure 3c,d.  

Initial heating at 150 C produces a two-fold reduction in kCPTG, while continued heating at that temperature has only 

Figure 2.3. Cross-polarized transient grating decay traces vs surface ligand treatment.  Films are drop-cast from 
(a,c) 3.0 nm and (b,d) 2.8 nm CdSe QDs. (c) and (d) are pyridine-treated followed by thermal annealing. 
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a minor effect.  Raising the annealing temperature to 175 C or 200 C decreases the rate by another factor of 3.  For 

the smaller QDs, 200 C annealing produced a film that changed greatly in optical quality and texture, suggesting 

significant sintering.  This was often accompanied by a low energy absorption tail that extended to the bulk band 

gap energy. The larger QDs were able to withstand annealing at 200 C without dramatic changes in film quality. 

Samples that have been significantly sintered and lose most of the oscillator strength in the lowest exciton band 

show weak signals dominated by scattering and lack a clear decay in the 0.1 to 10 ps time window, suggesting that a 

quantum-confined exciton with fine structure levels as shown in Figure 4a-c is not formed.  In this sense, the 

technique only measures the simultaneous presence of quantum confinement and exciton delocalization. 

 

If kCPTG from coupled QDs are compared with those of isolated QDs, an effective exciton size can be 

determined.15  Whether or not such a comparison is truly quantitative may depend on the exact electronic interaction 

that gives rise to the fine structure splitting and if it changes in a fundamental way upon the introduction of QD−QD 

couplingν however, as long as the mechanism depends on quantum confinement (i.e., electron−hole overlap)24 the 

comparison provides a practical means by which to compare degrees of coupling. If there is no confinement 

potential leading to exciton formation that is long-lived on the CPTG measurement time scale then this measurement 

would be insensitive to the degree of coupling. For unannealed OA- or pyridine-capped QDs in solution or film we 

find exciton size (dex) to be equal to the QD size (dQD), to within uncertainty.  For other treatments the effective 

Table 2.1.  Parameters measured for 2.8 nm diameter CdSe QDs from steady-state 
absorption (first two columns), transient grating spectroscopy (next three columns) and 
pump-probe spectroscopy (last column). Eex and Γex are the peak position and width, 
respectively, of the first exciton band estimated from the steady-state absorption spectra. 

Treatment Eex (eV) Γex (eV) kCPTG (ps-1) ΔCPTG dex/dQD NN 

OA solution 2.290 0.12 11.2 0.04 1.00 0 

OA film 2.290 0.12 10.5 0.05 1.01 0 

Pyr 2.290 0.13 9.7 0.06 1.03 b 

Pyr 150C 2 min 2.245 0.20 3.8 0.38 1.33 b 

Pyr 150C 5 min 2.225 0.22 4.0 0.20 1.29 b 

Pyr 175C 2 min 2.215 0.23 0.72 0.40 1.98 b 

[In2Se4]
2- 2.225 0.21 2.8 0.24 1.42 6 

In2Te3 2.160 0.30 0.47 0.28 2.21 6 

Na2S 2.225 0.21 8.5 0.15 1.07 2 

Na2S/Cd(NO3)2 2.180 0.25 1.8 0.19 1.58 b 
aEex and Γex are the peak position and width, respectively, of the first exciton band estimated 
from the steady-state absorption spectra.  
bThese films had fast trapping kinetics that complicated TA analysis. 
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exciton size is larger, reaching 2.2×dQD for 2.8 nm In2Te3-capped QDs. It is interesting that this treatment produces 

the largest size exciton, even in the absence of annealing.  [In2Se4]
2-, of similar length to In2Te3

 and shown to 

produce very high mobilities in FET measurements, also produced a larger exciton, but only about 1.4×dQD.  

Significant annealing of the pyridine-treated QDs nearly doubled dex, but further increases could not be achieved 

before other film properties significantly changed, suggesting loss of quantum confinement.  Na2S treated QDs, 

ostensibly the closest together physically, exhibited less than 10% expansion of the exciton.  However, secondary 

treatment with Cd2+ did increase the size to nearly 1.6×dQD, suggesting that surface electrostatic properties or 

bridging of the QDs play a role in exciton delocalization.19   

ΔCPTG (here considered to be any decay slower than 0.05 ps-1), shown in Table 1, should be related to the 

relative influence of the upper spin flip pathway through the 0U state.  In CdSe nanorods the 0U energy depends not 

only on the nanorod diameter but also on its length, falling below the 1U levels for aspect ratios significantly 

greater than 1, even as the diameter remains constant.  In this sense, ΔCPTG could be an indicator of preferential 

elongation of the exciton wavefunction along a chain of aligned QDs,25 if ΔCPTG and kCPTG are not correlated in a 

manner that would be expected for isotropically-delocalized excitons.26  Although ΔCPTG is found to be more 

variable than kCPTG, values are similar to previous measurements for CdSe rods with aspect ratios from 1 to 3.27  For 

Figure 2.4. Schematic diagram of the effect of QD film environment on the exciton wavefunction and fine 
structure. (a-d) Inter-QD environment and associated 2D wavefunction projection with associated fine structure 
levels for each regime. (d) shows the sample under significant annealing, approaching the bulk situation. 
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most samples, ΔCPTG and 1/kCPTG grow equally as QDs are more strongly coupled, suggesting that the exciton 

expansion is approximately spherical.  Deviations toward an elongated exciton may be found in pyridine-treated 

films, where ΔCPTG rises noticeably without a significant decrease in kCPTG, and evidence for chain formation is 

observed (Figure 1c and Figure B4).  

Pump-probe transient absorption (TA) spectroscopy (Figure 5) was performed at increasing photon 

fluences in order to investigate biexciton decay characteristics for the various films.  Unlike CPTG, TA will not 

report on coherent delocalization but may reveal how subsequent incoherent exciton dynamics are affected by strong 

electronic coupling.  For isolated QDs, above band gap photons are absorbed by the ensemble following Poisson 

statistics, giving the number of excitons per QD as � ℎ = �� ∙ � , where a is the per-QD absorption cross section 

and J0 is the photon fluence. When Neh  begins to exceed ~0.3 the number of excited QDs that have absorbed more 

than one photon exceeds 10%, and evidence of biexciton decay becomes apparent.  When the biexciton decay is fast 

compared to the single exciton decay ( 2≪ 1) the total decay dynamics can be modeled as a sum of exponentials 

whose amplitudes (ai) are be determined by Poisson statistics (∆� = ∑ �� � ��� ) and thus are determined by a 

and J0.  TA dynamics are well-behaved at the lowest fluences, for which single exponential kinetics are observed 

with lifetimes ranging from 2 ns for the [In2Se4]
2- treated films to 7 ns for the OA-capped QDs. A faster component 

( 2 = 15-30 ps) rises with increasing fluence consistent with Auger recombination, similar in both OA-capped QDs 

in film and solution. In contrast, strongly annealed pyridine-capped QDs show evidence of a < 100 ps decay at all 

fluences (Figure B5) and cannot be subject to the Auger analysis described here. Although it may be possible to 

determine decay schemes in such films,28 for our present purposes, only samples without clear evidence of a fluence 

independent sub-ns decay are studied further by TA. Bulk-like Auger recombination29 was also considered but not 

found to provide a satisfactory fit to the TA data.  

Biexciton decay is governed by an Auger process, the rate of which has been conclusively shown in 

isolated QDs to be inversely proportional to QD volume.4  However, in electronically-coupled QD films a new 

Auger process not available in isolated QDs is possible, leading to an onset of fast decay at much lower J0 

corresponding to Neh  calculated for individual QDs of <0.1. Concomitant with the lower threshold for 

biexponential kinetics in strongly coupled QD films is the slowing of the faster decay time to as long as ~200 ps, 

about one order of magnitude larger than for uncoupled QDs, similar to observations in coupled PbSe QD films.30  

The slower Auger process may result from reduced Coulomb interactions between carriers as the time-averaged 
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distance between them increases after delocalization.  Then, the d3 scaling of the Auger decay time predicts a 

biexciton size of about twice dex, very similar to that inferred from CPTG measurements.   

In Figure 5e we plot the ratio of early time to late time TA amplitude (R) as a function of J0.  In the case of 

isolated QDs, � = ��� ( − � −��� )⁄ , which at low fluences is 1. At higher fluences R = aJ0,
31  which 

exceeds 1 at a lower effective Neh  in coupled QD films than in isolated QDs.  This could result from a higher a, 

which is known to increase under close QD packing,32 but at the lowest exciton absorption the enhancement should 

be only minor.  Instead, strong coupling hastens the rates of energy and charge transfer, allowing electrons and holes 

to interact and undergo Auger recombination over distances larger than dQD. This interaction volume is essentially 

the distance over which carriers and/or excitons can move during the excited state lifetime.  We can modify R to 

account for carriers that interact on neighboring QDs by dividing by the probability of not finding an excited carrier 

within an interaction sphere.  This is done by calculating the probability of finding two QDs within a sphere of 

 

Figure 2.5. Transient absorption transients of the various 2.8 nm CdSe QD films taken at a variety of increasing 
pump-photon fluences.  Treatments are: (a) OA, (b) Na2S, (c) In2Te3, and (d) [In2Se4]

2- with values <Neh> shown 
in the lower right of panel a. The single and biexciton lifetimes extracted from a global fit are noted on each 
graph. Panel (e) shows the ratio of early to late times as a function of pump fluence for OA, Na2S and In2Te3 
films.  The curve for [In2Se4]

2- was very similar to that of In2Te3 and is not shown for clarity.  
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radius r that have absorbed a photon:�′ � =  ∑ ��! − � ����−� ! �� − !⁄���= , where � =� − � ℎ is the probability of exciting zero QDs and NN is the number of interacting nearest neighbors within r 

such that � � � = �� ( − �′ � )⁄ .  We modeled our data using R to extract a for the OA film (Figure 5e, black 

dotted line) with NN = 0.  The dashed brown and tan lines that reproduce the Na2S and In2Te3 data use a determined 

from the OA-capped QDs and only differ by setting NN = 2 for Na2S and NN = 6 for In2Te3. There appears to be a 

correlation between dex from CPTG and NN from TA, suggesting that coherent delocalization affects the subsequent 

incoherent process of exciton migration and Auger annihilation. The fact that 2, NN, and dex are not perfectly 

correlated may stem from the onset of other excited state pathways occurring on a picosecond time scale, such as 

localization due to trapping or nteractions between excitons and pre-existing trapped charges.33-35 Such events are 

less likely to affect kCPTG; thus dex measured by CPTG remains a measure of the effective initial exciton size with 

all treatments. 

Without question, center-to-center distance between QDs plays a large role in exciton delocalization and 

can account for the general trends observed as ligands significantly shorter than OA are employed; however, at short 

ranges ligand length does not solely dictate dex. One consideration is to what degree disorder of spacing and 

orientation impedes delocalization.  Order was not specifically measured in these samples, but all films are drop-

casted from solution, which provides opportunity for short-range, but not likely long-range order.  Another source of 

disorder is the energetic mismatch due to QD size polydispersity.  The 1S exciton energies vary by as much as 100 

meV, indicating that some QD nearest-neighbors on the high energy side of the distribution may inhibit 

delocalization.  Ligand electronic states may also act either as tunneling/activation barriers or efficient molecular 

wires, depending on their electronic structure. An energetic resonance between empty orbitals in In2Te3 and CdSe 

<1Se1Sh> exciton states (Figure 1d), lacking with many of the organic ligands and simple anions, may facilitate 

delocalization.  Similarly, the static charge distribution at the surface of a QD may result in localization, explaining 

the compensatory effect of Cd2+ treatment after OA exchange with S2-.   

One intriguing question is how our CPTG results relate to measurements of transport.  Although the two 

experiments investigate processes occurring over different length/time scales, the large gate bias employed in FET 

measurements creates a “trap-free” regime, which CPTG also probes by timescale discrimination.  Literature reports 

suggest pyridine-treated CdSe QD films exhibit small mobilities µ (<10-5 cm2 V-1 s-1),36 while extensive annealing at 

350C produces much higher values (1 cm2 V-1 s-1).37   [In2Se4]
2- treatments of CdSe QDs produce the >10 cm2 V-1 
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s-1 mobilities mentioned earlier,11 although to our knowledge, treatments involving In2Te3 have not yet been tested 

for FET mobility.  K2S treated films have produced electron mobilities of 0.01 cm2 V-1 s-1,6 and when followed by a 

Cd2+ treatment, the mobility increases to 1.3 cm2 V-1 s-1.19 Although it is difficult to mimic the conditions used for 

FET measurements, the equivalent trends with dex measured here suggest that for very high mobilities (1 cm2 V-1 s-

1), an effective exciton size significantly greater than 1×dQD may be necessary. Hall effect mobility measurements 

are not easily achievable with QD solids due to low conductivity. FETs have smaller feature sizes than the Hall 

measurements at our disposal and thus allow us to measure carrier mobility. 

In summary, we have measured the exciton size in electronically coupled CdSe QDs using a method that 

selectively monitors coherent exciton expansion in the initial period after photoexcitation. We have found that the 

effective exciton size can be larger than two QD diameters and that it is roughly spherical, suggesting that all of the 

QD nearest neighbors are involved in the coherence.  While making a connection between the ultrafast “snapshot” 

provided by CPTG and events at later times is challenging, general trends suggest that the coherent expansion 

influences both subsequent photophysics and transport.  The technique can be applied and the conclusions 

generalized to other nanomaterial systems in which nominally quantum-confined excited state properties are 

modified by electronic coupling with the surroundings.  

2.4 Acknowledgments 

J.C.J and J.N.S. acknowledge support from the Department of Energy, Basic Energy Sciences, Division of 

Chemical Sciences, Biosciences, and Geosciences under contract No. DE-AC36-08GO28308 with NREL. M.C.B. 

acknowledges the Center for Advanced Solar Photophysics (CASP), an Energy Frontier Research Center funded by 

the Department of Energy, Basic Energy Sciences.  J.M.L. and R.W.C. were funded by the DOE SunShot program 

under award no. DE-EE0005312. Supplemental data and analysis can be found in Appendix B. Reprinted with 

permission from Ref. 38. Copyright 2013 American Chemical Society. 

 

2.5 References Cited 
 
1. Efros, A. L.; Rosen, M., The Electronic Structure of Semiconductor Nanocrystals. Annu Rev Mater Sci 2000, 

30, 475-521. 
 
2. Efros, A. L.; Rosen, M.; Kuno, M.; Nirmal, M.; Norris, D. J.; Bawendi, M., Band-Edge Exciton in Quantum 

Dots of Semiconductors with a Degenerate Valence Band: Dark and Bright Exciton States. Phys Rev B 1996, 
54, 4843-4856. 

 



26 

 

3. Nozik, A. J.; Beard, M. C.; Luther, J. M.; Law, M.; Ellingson, R. J.; Johnson, J. C., Semiconductor Quantum 
Dots and Quantum Dot Arrays and Applications of Multiple Exciton Generation to Third-Generation 
Photovoltaic Solar Cells. Chemical Reviews 2010, 110, 6873-6890. 

 
4. Klimov, V. I.; Mikhailovsky, A. A.; McBranch, D. W.; Leatherdale, C. A.; Bawendi, M. G., Quantization of 

Multiparticle Auger Rates in Semiconductor Quantum Dots. Science 2000, 287, 1011-1013. 
 
5. Nozik, A. J., Spectroscopy and Hot Electron Relaxation Dynamics in Semiconductor Quantum Wells and 

Quantum Dots. Annu Rev Phys Chem 2001, 52, 193-231. 
 
6. Chung, D. S.; Lee, J. S.; Huang, J.; Nag, A.; Ithurria, S.; Talapin, D. V., Low Voltage, Hysteresis Free, and 

High Mobility Transistors from All-Inorganic Colloidal Nanocrystals. Nano Lett 2012, 12, 1813-1820. 
 
7. Luther, J. M.; Law, M.; Song, Q.; Perkins, C. L.; Beard, M. C.; Nozik, A. J., Structural, Optical and Electrical 

Properties of Self-Assembled Films of Pbse Nanocrystals Treated with 1,2-Ethanedithiol. ACS Nano 2008, 2, 
271-280. 

 
8. Nag, A.; Kovalenko, M. V.; Lee, J. S.; Liu, W. Y.; Spokoyny, B.; Talapin, D. V., Metal-Free Inorganic Ligands 

for Colloidal Nanocrystals: S2-, Hs-, Se2-, Hse-, Te2-, Hte-, Tes32-, Oh-, and Nh2- as Surface Ligands. J Am 
Chem Soc 2011, 133, 10612-10620. 

 
9. Kovalenko, M. V.; Scheele, M.; Talapin, D. V., Colloidal Nanocrystals with Molecular Metal Chalcogenide 

Surface Ligands. Science 2009, 324, 1417-1420. 
 
10. Talgorn, E.; Gao, Y. N.; Aerts, M.; Kunneman, L. T.; Schins, J. M.; Savenije, T. J.; van Huis, M. A.; van der 

Zant, H. S. J.; Houtepen, A. J.; Siebbeles, L. D. A., Unity Quantum Yield of Photogenerated Charges and Band-
Like Transport in Quantum-Dot Solids. Nat Nanotechnol 2011, 6, 733-739. 

 
11. Lee, J. S.; Kovalenko, M. V.; Huang, J.; Chung, D. S.; Talapin, D. V., Band-Like Transport, High Electron 

Mobility and High Photoconductivity in All-Inorganic Nanocrystal Arrays. Nat Nanotechnol 2011, 6, 348-352. 
 
12. Guyot-Sionnest, P., Electrical Transport in Colloidal Quantum Dot Films. J Phys Chem Lett 2012, 3, 1169-

1175. 
 
13. Wang, L.; Beljonne, D., Flexible Surface Hopping Approach to Model the Crossover from Hopping to Band-

Like Transport in Organic Crystals. The Journal of Physical Chemistry Letters 2013, 1888-1894. 
 
14. Johnson, J. C.; Gerth, K. A.; Song, Q.; Murphy, J. E.; Nozik, A. J., Ultrafast Exciton Fine Structure Relaxation 

Dynamics in Lead Chalcogenide Nanocrystals. Nano Lett 2008, 8, 1374-1381. 
 
15. Kim, J.; Wong, C. Y.; Scholes, G. D., Exciton Fine Structure and Spin Relaxation in Semiconductor Colloidal 

Quantum Dots. Accounts Chem Res 2009, 42, 1037-1046. 
 
16. Scholes, G. D.; Kim, J.; Wong, C. Y.; Huxter, V. M.; Nair, P. S.; Fritz, K. P.; Kumar, S., Nanocrystal Shape and 

the Mechanism of Exciton Spin Relaxation. Nano Lett 2006, 6, 1765-1771. 
 
17. Scholes, G. D.; Kim, J.; Wong, C. Y., Exciton Spin Relaxation in Quantum Dots Measured Using Ultrafast 

Transient Polarization Grating Spectroscopy. Phys Rev B 2006, 73. 
 
18. Klimov, V. I.; Schwarz, C. J.; McBranch, D. W.; Leatherdale, C. A.; Bawendi, M. G., Ultrafast Dynamics of 

Inter- and Intraband Transitions in Semiconductor Nanocrystals: Implications for Quantum-Dot Lasers. Phys 
Rev B 1999, 60, R2177-R2180. 

 
19. Nag, A.; Chung, D. S.; Dolzhnikov, D. S.; Dimitrijevic, N. M.; Chattopadhyay, S.; Shibata, T.; Talapin, D. V., 

Effect of Metal Ions on Photoluminescence, Charge Transport, Magnetic and Catalytic Properties of All-
Inorganic Colloidal Nanocrystals and Nanocrystal Solids. J Am Chem Soc 2012, 134, 13604-13615. 



27 

 

 
20. Micic, O. I.; Nozik, A. J.; Lifshitz, E.; Rajh, T.; Poluektov, O. G.; Thurnauer, M. C., Electron and Hole Adducts 

Formed in Illuminated Inp Colloidal Quantum Dots Studied by Electron Paramagnetic Resonance. Journal of 
Physical Chemistry B 2002, 106, 4390-4395. 

 
21. Dollefeld, H.; Weller, H.; Eychmuller, A., Semiconductor Nanocrystal Assemblies: Experimental Pitfalls and a 

Simple Model of Particle-Particle Interaction. Journal of Physical Chemistry B 2002, 106, 5604-5608. 
 
22. Foos, E. E., The Complex Interaction of Spectroscopic Shifts and Electronic Properties in Semiconductor 

Nanocrystal Films. The Journal of Physical Chemistry Letters 2013, 4, 625-632. 
 
23. Wong, C. Y.; Kim, J.; Nair, P. S.; Nagy, M. C.; Scholes, G. D., Relaxation in the Exciton Fine Structure of 

Semiconductor Nanocrystals. Journal of Physical Chemistry C 2009, 113, 795-811. 
 
24. Scholes, G. D.; Rumbles, G., Excitons in Nanoscale Systems. Nat Mater 2006, 5, 683-696. 
 
25. Peng, X. G.; Manna, L.; Yang, W. D.; Wickham, J.; Scher, E.; Kadavanich, A.; Alivisatos, A. P., Shape Control 

of Cdse Nanocrystals. Nature 2000, 404, 59-61. 
 
26. Smith, E. R.; Luther, J. M.; Johnson, J. C., Ultrafast Electronic Delocalization in Cdse/Cds Quantum Rod 

Heterostructures. Nano Lett 2011, 11, 4923-4931. 
 
27. Kim, J.; Wong, C. Y.; Nair, P. S.; Fritz, K. P.; Kumar, S.; Scholes, G. D., Mechanism and Origin of Exciton 

Spin Relaxation in Cdse Nanorods. Journal of Physical Chemistry B 2006, 110, 25371-25382. 
 
28. Tyagi, P.; Kambhampati, P., False Multiple Exciton Recombination and Multiple Exciton Generation Signals in 

Semiconductor Quantum Dots Arise from Surface Charge Trapping. The Journal of Chemical Physics 2011, 
134, 094706. 

 
29. Ghanassi, M.; Schanne‐Klein, M. C.; Hache, F.; Ekimov, A. I.; Ricard, D.; Flytzanis, C., Time‐Resolved 

Measurements of Carrier Recombination in Experimental Semiconductor‐Doped Glasses: Confirmation of the 
Role of Auger Recombination. Appl. Phys. Lett. 1993, 62, 78-80. 

 
30. Beard, M. C.; Midgett, A. G.; Law, M.; Semonin, O. E.; Ellingson, R. J.; Nozik, A. J., Variations in the 

Quantum Efficiency of Multiple Exciton Generation for a Series of Chemically Treated Pbse Nanocrystal 
Films. Nano Lett 2009, 9, 836-845. 

 
31. Beard, M. C.; Knutsen, K. P.; Yu, P. R.; Luther, J. M.; Song, Q.; Metzger, W. K.; Ellingson, R. J.; Nozik, A. J., 

Multiple Exciton Generation in Colloidal Silicon Nanocrystals. Nano Lett 2007, 7, 2506-2512. 
 
32. Geiregat, P.; Justo, Y.; Abe, S.; Flamee, S.; Hens, Z., Giant and Broad-Band Absorption Enhancement in 

Colloidal Quantum Dot Mono Layers through Dipolar Coupling. ACS Nano 2013, 7, 987-993. 
 
33. Kraus, R. M.; Lagoudakis, P. G.; Muller, J.; Rogach, A. L.; Lupton, J. M.; Feldmann, J.; Talapin, D. V.; Weller, 

H., Interplay between Auger and Ionization Processes in Nanocrystal Quantum Dots. Journal of Physical 
Chemistry B 2005, 109, 18214-18217. 

 
34. Klimov, V. I.; McBranch, D. W., Auger-Process-Induced Charge Separation in Semiconductor Nanocrystals. 

Physical Review B 1997, 55, 13173-13179. 
 
35. Cohn, A. W.; Janssen, N.; Mayer, J. M.; Gamelin, D. R., Photocharging Zno Nanocrystals: Picosecond Hole 

Capture, Electron Accumulation, and Auger Recombination. Journal of Physical Chemistry C 2012, 116, 
20633-20642. 

 



28 

 

36. Webber, D. H.; Brutchey, R. L., Ligand Exchange on Colloidal Cdse Nanocrystals Using Thermally Labile 
Tert-Butylthiol for Improved Photocurrent in Nanocrystal Films. Journal of the American Chemical Society 
2012, 134, 1085-1092. 

 
37. Ridley, B. A.; Nivi, B.; Jacobson, J. M., All-Inorganic Field Effect Transistors Fabricated by Printing. Science 

1999, 286, 746-749. 
 
38. Crisp, R. W.; Schrauben, J. N.; Beard, M. C.; Luther, J. M.; Johnson, J. C., Coherent Exciton Delocalization in 

Strongly Coupled Quantum Dot Arrays. Nano Lett. 2013, 13, 4862-4869. 
  



29 

 

CHAPTER 3 
THE EFFECTS OF SIZE, SHAPE AND LIGAND ON PHOTOCONDUCTIVITY IN CDTE NANOCRYSTAL 

ARRAYS 
 

The photoconductivity of films of CdTe nanocrystals (NCs) is studied using time-resolved microwave 

photoconductivity (TRMC). Spherical and tetrapodal CdTe NCs with tunable size-dependent properties are studied 

as a function of surface ligand (including inorganic molecular chalcogenide species) and annealing temperature. 

This represents one of the first TRMC studies of CdTe NCs relevant to photovoltaics. Relatively high carrier 

mobility is measured for films of sintered tetrapod NCs (4 cm2/Vs) that have shown promising photovoltaic power 

conversion efficiency of >12%. Furthermore, Te2- capped CdTe NCs show even higher carrier mobility (11 cm2/Vs) 

indicating that ligands play a crucial role in charge-carrier mobility even after the NC solids are sintered into bulk 

films. 

3.1 Introduction 

Semiconductor nanocrystals (NCs) offer many advantageous features for a variety of optoelectronic 

applications. Specifically, they can be solution-processed into a film where the benefits of quantum confinement can 

be exploited1-4 or they can be sintered into a bulk material where the NCs are used as an ink to reduce processing 

costs.5-7 Also, the unique chemistry available to NCs allows the possibility of new device structures and concepts 

such as p-n homojunction CdTe devices, CdTe absorber layers with tunable carrier concentrations from ligand-

induced doping, and accurately tuned stoichiometry in quaternary compounds.8-11 However, colloidal NCs are 

known for having poor long-range transport properties (>500nm) due to energetic barriers between individual NCs 

associated with organic ligands and grain boundaries.11-14 Our work on inorganic surface passivation of nanocrystals 

opens new possibilities for absorber layers composed of nanocrystal arrays in conductive matrices.15, 16 Increasing 

the charge carrier mobility and lifetime of photogenerated charge carriers would enable optically dense absorber 

layers that could take advantage of the above-mentioned benefits of such absorber layers and efficiently extract all 

photogenerated charges.16-18 For quantum dot solar cells employing multi-exciton generation, extracting charges 

from optically thick layers remains a challenge.13, 19 

In nanocrystal arrays, charge carrier mobility is largely constrained by an energetic barrier created by the 

encapsulating nanocrystal ligands. The native ligands (i.e. the ligands used to synthesize the NCs) often consist of a 

monolayer of long aliphatic moieties that cover the surface of the nanocrystal. The ligand shell dictates the inter-

nanoparticle spacing as well as the energetic barrier to charge transfer.20, 21 The effect of spacing on charge transfer 
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between nanocrystals has been previously well studied22, 23 and more recently work has focused on quantifying the 

effects of the barrier height on charge transfer.24, 25  Our recent work has shown the performance of nanocrystal 

CdTe ink-based devices to be highly influenced by the nanocrystal shape.26 Similarly, Dayal et al. observed 

differences in charge transfer efficiency dependent on NC shape as well.27 New coupling strategies such as 

nanocrystals with inorganic ligands have demonstrated highly conductive films, some with band-like transport.8, 18, 

28, 29 The use of nanocrystal-ligand systems offers the ability to further tune macroscopic properties by the adjusting 

NC-ligand matrix. CdTe represents a near-ideal model system to study because the Cd-based surface chemistry is 

well understood and controllable and it is applicable to highly efficient commercially-relevant devices. With the 

ever-growing library of ligands available it is difficult to assess the feasibility of each ligand/NC combination (e.g. 

spheres, rods, tetrapods, etc.) in completed photovoltaic devices; thus, we have employed a unique optical technique 

to rapidly quantify and study the photogenerated carrier dynamics in nanocrystal arrays. 

In this work, time-resolved microwave conductivity (TRMC) is employed to study the effects of 

nanocrystal shape, size and ligand-type on photoconductivity.  It has previously been applied to study photoinduced 

charge generation and charge carrier dynamics in conductive polymers, organic small molecules, dye-sensitized 

TiO2, hybrid organic-inorganic heterojunctions, and, similar to this work, neat nanocrystalline films systems.30-33 In 

short, we find that annealing CdTe NCs with ligands of molecular chalcogens (specifically Te2-) leads to higher 

photoconductance than CdCl2-treated NCs that have shown 12.3% solar cell power conversion efficiency.5 The 

observed increase in the mobility and lifetime of photogenerated carriers could, in principle, lead to higher 

efficiency photovoltaic devices by increasing the charge extraction. 

3.2 Results and Discussion  

Carrier mobility and conductivity measurements in electronic devices rely on contacts between the sample 

and an electrode that can have certain associated complications; e.g. Fermi level pinning, Schottky barriers, and 

shunting through pin-holes. Furthermore, casting films from both very high vapor pressure (hexane) and low vapor 

pressure (N-methylformamide) solutions can lead to uneven covering of the substrate surface producing varying 

degrees of surface heterogeneity across the sample. As mentioned, a wide breadth of ligand systems have been 

developed to create high conductivity nanocrystal films but the direct measurement and assessment of each ligand 

system has so far been reliant upon optimization of the extraneous device architecture. The pump-probe TRMC 

measurement is an electrodeless technique that detects photoexcited carriers using a 9 GHz microwave probe and 
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can accommodate a variety of sample morphologies and electronic properties.31 The TRMC technique is therefore 

ideal for screening potential inorganic ligand/NC systems for high carrier mobilities and directly comparing 

prospective ligands without the complications caused by electrical contacts.  

Signal decay of the photoconductance occurs during the laser pulse (4 ns) and microwave cavity response-

time (~ 10 ns) leading to an under-reported value of the actual yield of photogenerated charges from the transient 

peak. It is presumed that the carrier mobilities (Σ  = µelectron+µhole) are constant in the measurement timeframe. To 

account for the charge losses including trapping and recombination that occurs in this timeframe each 

photoconductance (ΔG) transient was fit to a triexponential function convolved with an instrument response 

function, IRF, as shown in Eq. 1.  The sum of the exponent prefactors represents the total generated charges for the 

sample from the laser pulse at time, t=0.  

 

(3.1) 

 

The measured TRMC photoconductance, determined from microwave power absorbed by the sample 

(ΔP/P) after photoexcitation, is related to the product of the yield (ϕ) and the sum of the carrier mobilities (Σ ) by 

Eqs. 1 and β, where  is a ratio between the short and long dimensions of the microwave waveguide, qe is the 

elementary charge, Io is the intensity of light incident on the sample and FA is the fraction of light absorbed by the 

sample at the excitation wavelength.  

 

(3.2) 

The versatility of the measurement lies in knowing either a yield of charges generated or the sum of carrier 

mobilities in the measured sample and using it to calculate the other value from the measured product.  

Microwave absorption transients were measured across a range of light intensities, typically from 1012-1014 

photons/cm2. In the majority of samples measured with the TRMC technique a nonlinear relationship exists between 

the absorption normalized photoconductance and the light intensity. This has been attributed to nonlinear loss 

processes such as exciton-hole quenching.34 An empirical equation modified from the work of Dicker et al.33, is fit 

to the double-logarithmic plot of yield-mobility (t=0) as a function of absorbed photon fluence (I0FA), Eq. 3.  At low 
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absorbed fluence, the fit asymptotically approaches the A-value which acts as an indication of the linear regime of 

the ϕΣ (I0FA) function. The A value thus acts as an indication of the yield-mobility product at low fluences at which 

higher order loss processes are negligible, such as those at the solar fluence, as well as allows for the direct 

comparison of the maximum yield-mobility product between samples.  

 

        (3.3)

 

 

Imaginary contributions to the photoconductance were detected by measuring microwave transients on-

resonance, fo and off-resonance at frequencies both larger and smaller than fo; Ref.30 and Ref.31 give detailed 

descriptions of this process. For samples using short ligands that give rise to longer-range (>100 nm) conductivity 

the imaginary component is negligible and we focus only on the real component of the photoconductance. 

3.2.1 Effect of Tetrapod Size on Photoconductance  

Prior to studying the ligand-based coupling strategies we sought to determine the size dependence of CdTe 

tetrapods on photoconductivity. CdTe nanocrystals were synthesized to produce both spheres and various sizes of 

tetrapods as discussed in our previous work.26 TRMC measurements were made on films of the oleic acid capped 

tetrapods to compare size effects. These specific NCs have shown promise in solar cell applications but little is  

Normalized absorption spectra (offset for clarity) of the tetrapods in hexane is also shown in Figure 1A 

indicating the variation in the first exciton peak, and thus degree of size-induced quantum confinement, across three 

samples of nanocrystals.  The arms, as determined from transmission electron microscopy (TEM) images, vary in 

both length (8 nm to 14 nm) and diameter (2.5 nm to 5.5 nm). Long-lived signal seen in the normalized ΔG 

transients (Figure 1B) indicate the lifetime of photoexcited carriers in oleic acid-capped NCs increases with 

increasing tetrapod size. However, it is interesting to note that the yield-mobility product is inversely related to the 

size of tetrapods as determined from the fit A-values shown in the inset of Figure 1B. It is important to note that 

despite the NCs having their native long-chained oleate ligand, charge separation (i.e. exciton disassociation) is still 

occurring and that they are not corrected for the imaginary change in photoconductance as we seek to simply screen 

and compare these as-deposited samples before applying more conductive ligands as discussed below. The three size 

samples are all capped with the same partially isolating ligand, for which the sum of mobilities for carriers hopping 

between NCs will be similarly very small. Intuitively, the larger tetrapods should have higher mobility because of 
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the increased crystal volume available to the carriers before interacting with an interface and scattering. The 

increased lifetime of carriers can be explained by this reasoning, i.e. the ability of carriers to move farther away 

from the interface in the larger particles lengthens their lifetime.27 However, the inverse relationship between 

tetrapod size and the yield-mobility product implies that the carrier generation yield increases with decreasing 

particle size faster than the expected decrease in mobility. Hence we conclude that, qualitatively, more charges are 

separated in smaller tetrapod nanocrystals than the larger crystals but these charges recombine on faster time scales 

perhaps through increased bimolecular recombination. 

Figure 3.1. A) Absorbance spectra of the three NC sizes. B) Normalized photoconductivity transients at 520 nm 
excitation wavelength measured at an absorbed photon flux near 4x1012 cm-2 that show the lifetime of excited 
carriers increases as the size of the NC increases. 
 
 
3.2.2 Comparison of ϕΣμ of Spherical and Tetrapodal CdTe Nanocrystals 

Figure 2 shows the increase in yield-mobility product for tetrapod CdTe samples relative to their spherical 

analogs. The nanocrystals were chosen to have similar first exciton absorption peaks to minimize the effects of 

energetic differences on the sample. Tetrapods systematically have a larger yield-mobility product. Similar results 

were observed in a comparison of CdSe nanocrystal shapes on photoconductivity.27 In that work, the arm length, 

which allows for larger separation of charges, was proposed as the mechanism that increased the charge yield. In our 

previous work, we fabricated CdTe solar cells using the same method for sintering the tetrapods and spheres shown 

here and reported improved device efficiency using sintered tetrapodal NCs vs sintered spheres.26  Carrier transport 
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is greatly improved due to crystallite size becoming an order of magnitude larger with the sintered tetrapods than the 

sintered spheres. The improved yield-mobility product found here corroborates the results found previously. 

Figure 3.2. TEM images of spheres A) and tetrapods B) with insets showing higher magnification images of the 
NCs. C) Yield-mobility product (obtained from the sum of pre-exponential factors from fits to the individual 
photoconductance transients) plotted as a function of absorbed photon flux for oleic acid-capped and fully sintered 
tetrapods and spheres, as well as pyridine-capped spheres. D) Solution and film absorbance spectra of OA-capped 
tetrapod and spheres indicating that the characteristic size of the NCs is similar so the intra-dot mobility should 
ideally be similar. 

 

3.2.3 Yield-Mobility Product for CdTe Nanocrystals with Inorganic Ligands 

The main scope of this work is to explore ways to tune the conductivity of the films beyond sintering the 

particles into a semi-bulk structure. To this end, inorganic ligands were exchanged for the original oleic acid ligands 

as previously described by Nag et al. and given in the Methods section.10 The solution absorption of the ligand 

exchanged nanocrystals as compared to their original absorption (Figure 3A) shows that the inorganic-capped 
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nanocrystals retain quantum confinement, and that the ligand exchange only red-shifts the absorption profile perhaps 

due to increased coupling between the NCs.15 

Although the tetrapodal CdTe nanocrystals showed a higher yield-mobility product, we wanted to 

systematically study the effect of the ligand selection on the photoconductance without surface area dependence as 

we saw in the tetrapod size study. Thus isotropic (spherical) CdTe nanocrystals were prepared with S2-, Se2-, and 

Te2- ligands via a two-phase solution ligand exchange from hexane to N-methylformamide (NMF). Briefly, 

dissolved Na2X (X=S, Se, Te) in NMF displaces the native oleate ligands and attaches the chalcogenide to the 

surface of the NC while phase transferring from the hexane to the NMF. Measuring spherical NCs minimizes the 

effects of packing and percolation of free charges through the NC array seeing as all directions are isotropic whereas 

there might be a preferred direction with tetrapodal or nanorods NCs. Figure 3B shows the yield-mobility product as 

a function of absorbed photon flux for films of spherical CdTe NCs ligand-exchanged with Na2X and annealed at 

350°C. The Te-capped NCs show high mobility with the A-value from the fit using Eq. 3 equal to 11.6 cm2/Vs. 

Plotting the A-values as a function of annealing temperature for each of the ligand exchanges explored shows drastic 

improvement by two orders of magnitude for the Te-capped NC (Figure 3C). By comparing the Te-capped NCs to 

the sintered spheres (originally capped with pyridine and CdCl2-treated in a procedure known to give high efficiency 

solar cells), we find that the Te-capped NCs reach nearly an order of magnitude higher yield-mobility product, 

indicating that the Te-capped NCs could out-perform the established procedure in devices where the carrier mobility 

plays a significant role in performance. To further assess the improvement in electronic properties of the films we 

calculate an effective diffusion length for photoexcited carriers.  

The calculated charge diffusion length, Ld, is a useful characterization parameter for predicting the ability 

for charges to be extracted from a device. The Ld is determined from the lifetime of charges, ave, and the diffusivity 

of charges a parameter based on sample temperature and the charge carrier mobility,  following the work of Ref.32  

 

(3.4) 

Similar TRMC studies of nanocrystal arrays have used a transient half-life time constant, 1/2, for the calculation of 

carrier diffusion lengths. A half-life measurement is an appropriate gauge of lifetimes for signals that undergo 

single-exponential decay mechanisms. The photoconductivity decays shown herein are more complex, and as 

previously mentioned can be fit to a triexponential function, representing three separate lifetimes and thus decay 
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mechanisms leading to signal decay. Thus to accurately compare across the samples measured herein we have 

instead utilized a weighted average lifetime, as calculated in Eq. 5 and tabulated in Table 1. 

Figure 3.3. A) Solution absorbance spectra of spherical CdTe NCs before (OA-capped) and after ligand exchange 
with Na2X (X = S, Se, Te) normalized to the first exciton peak and off-set for clarity. B) Yield-mobility product as a 
function of absorbed photon flux for films of spherical CdTe NCs ligand-exchanged with Na2X and annealed at 
350°C. Lines are fits to the data using Eq. 3 C) The A-values of the fits from Eq. 3 plotted as a function of annealing 
temperature for the ligand-exchanged samples. D) Yield-mobility product as a function of absorbed photon flux for 
films of spherical CdTe NCs capped with Na2Te ligands compared to CdTe NCs that have been sintered using a 
protocol known to yield high efficiency solar cells from our work in Ref.26 Note: only four points were taken 
because at fluences 1012 photons/cm2 the photoconductance was high enough to saturate the detector. 

 

         (3.5) 
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High temperature annealing of inorganic capped nanocrystals led to a sizeable increase in the calculated 

charge diffusion length. In particular the Te2- capped CdTe spheres show the largest diffusion length, over two 

microns, and are therefore a promising candidate for use in solution processed bulk CdTe photovoltaic devices.  

 

Table 3.1. The A-values from the fits using Eq.3, the average life-time, 

and the calculated diffusion length of the samples explored. 

Sample Σμ (cm2/Vs) τave (ns) Ld (nm) 

OA Spheres 0.00047 24 n/a 

OA TPs 0.011 58 n/a 

Pyr. Spheres 0.011 17 53 

Sintered Spheres 0.44 15 323 

Sintered TPs 4.3 2 334 

TPs-S2- 80°C 0.015 38 94 

TPs-S2- 250°C 0.0038 22 36 

TPs-S2- 350°C 0.61 21 449 

TPs-Se2- 80°C 0.0057 14 35 

TPs-Se2- 250°C 0.034 26 116 

TPs-Se2- 350°C 0.15 20 215 

TPs-Te2- 80°C 0.024 1190 661 

TPs-Te2- 250°C 0.05 18 117 

TPs-Te2- 350°C 11.6 39 2660 

 

3.3 Conclusions 

Photoconductivity results show a distinct improvement in the yield-mobility product between sintered 

spherical CdTe NCs samples ligand exchanged with Na2Te compared to pyridine-capped and CdCl2-treated NCs 

following a procedure known to yield high-efficiency solar cells. Improving the diffusion length of sintered films of 

CdTe NCs through ligand exchanges and removing the environmentally-hazardous CdCl2-treatment show promise 

for improving solar cells. Fabricating CdTe films with a high diffusion length without the standard CdCl2 activation 

process is a step forward in enhancing solution processed optoelectronic devices. 

3.4 Experimental 

Spherical CdTe nanoparticles were synthesized from by the method of Kloper et al.36 Tetrapodal CdTe 

nanoparticles were synthesized from the same starting materials but lowered the temperature as discussed in Ref.26 
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All nanoparticles were cleaned with a series of hexane/ethanol and centrifugation to remove excess precursors. All 

samples were stored in a helium-filled glovebox.  

Sodium telluride (Na2Te) was synthesized from elemental precursors37: 2Na + Te = Na2Te. 

The reaction was carried out in ~50 mL of liquid ammonia in an acetone/dry ice bath. Gaseous ammonia was first 

dried by liquefying in the presence of sodium hydroxide. Residual oxygen was subsequently removed by 

recondensing ammonia through two traps containing elemental sodium. Finally, the dried and deoxygenated 

ammonia is evaporated and condensed into the reaction vessel, which contains the elemental Na and Te.  Initially 

the reaction solution was blue, indicative of dissolved elemental sodium. As Na2Te formed, this blue-colored 

solution faded and became colorless with a white precipitate of sodium telluride. The ammonia was then slowly 

evaporated by warming the vessel to room temperature and the Na2Te was transferred into a N2-filled glovebox. 

Na2Te can be dissolved in N-methylformamide (NMF) and forms a clear purple solution. Na2S and Na2Se were 

purchased from Alfa Aesar and used as received. 

The Na2X inorganic ligand exchanges were performed as previously described by Nag et al.10 in an inert 

atmosphere. Briefly, 2 mL of 20mg/mL NC solution in hexane is placed on top of 2 mL of NMF. Then, 100 µL of 

40mg/mL stock ligand solution in NMF is added to the bottom NMF phase and the resulting bi-phase solution is 

stirred for several minutes until complete phase transfer occurs. The top hexane phase is discarded and the NCs in 

NMF are then washed three times with hexane and precipitated with minimal amounts of acetonitrile.  The resulting 

NC pellet was redispersed at 40 mg/mL in NMF. The pyridine exchanged was performed by heating the OA-capped 

NCs at 105°C in neat pyridine overnight. The NCs were then precipitated by adding hexane and centrifugation. The 

NCs were then redsiperesed at 40 mg/mL in a 1:2 vol:vol mixture of pyridine and 1-PrOH. 

Thin film samples were dropcast from the indicated solvent onto clean quartz substrates in a nitrogen-filled 

glovebox. Oleic acid-capped CdTe films were cast from hexane. Pyridine capped NCs were cast from mixture of 

chloroform: pyridine (9:1). Sintered pyridine capped films were dipped in a CdCl2 solution prior to the annealing. 

Inorganic ligand capped films were cast from NMF onto substrates held at 80°C.  The samples remained in inert 

atmosphere during casting as well as during measurement. 

Electrodeless photoconductivity measurements were made on films in a home-built TRMC setup, 

extensively described elsewhere.38 A 4 ns laser pulse of 520 nm light from a Continuum Precision II Nd:YAG laser 

with a Continuum Panther OPO (repetition rate of 10 Hz) was used as the photoexcitation source. The transient 
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microwave signal was recorded with a Tektronix DPO as a ratio of the change in power during photoexcitation 

normalized by the dark power (∆P/P). Transient signals were averaged to achieve sufficiently low signal-to-noise, 

typically between 100-20,000 averages. Transients were measured over a series of neutral density filters to resolve 

light intensity effects on the photoconductivity dynamics. A resonance frequency curve was determined by 

measuring the difference in reflected microwave power between the measurement cavity and a reflective plate.  

Transients at select light intensities were also measured at on-resonance and off-resonance microwave frequencies, 

which were chosen for each sample based on the measured resonance frequency curve. 

For the on-resonance measurements, photoinduced change in microwave power was converted to the 

photoconductance, ∆G, using a measured cavity parameter, K, shown in Eq. 3.1. 

Film absorption was measured with a Shimadzu UV-3600 equipped with an integrating sphere.  
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CHAPTER 4 
NANOCRYSTAL GRAIN GROWTH AND DEVICE ARCHITECTURES FOR HIGH EFFICIENCY CDTE INK-

BASED PHOTOVOLTAICS 

Modified from a paper published in ACS Nano 

Ryan W. Crisp, Matthew G. Panthani, William L. Rance, Joel N. Duenow, Philip A. Parilla, Rebecca 
Callahan, Matthew S. Dabney, Joseph J. Berry, Dmitri V. Talapin, and Joseph M. Luther 

4.1 Abstract 

We study the use of cadmium telluride (CdTe) nanocrystal colloids as a solution-processable “ink” for 

large-grain CdTe absorber layers in solar cells. The resulting grain structure and solar cell performance depend on 

the initial nanocrystal size, shape, and crystal structure. We find that inks of predominantly wurtzite tetrapod-shaped 

nanocrystals with arms ~5.6 nm in diameter exhibit better device performance compared to inks composed of 

smaller tetrapods, irregular faceted nanocrystals, or spherical zincblende nanocrystals despite the fact that the final 

sintered film has a zincblende crystal structure. Five different working device architectures were investigated. 

Surprisingly, we find the indium tin oxide (ITO)/CdTe/zinc oxide structure leads to our best performing device 

architecture (with efficiency >11%) compared to others including two with a cadmium sulfide (CdS) n-type layer 

typically used in high efficiency sublimation-grown CdTe solar cells. Moreover, devices without CdS have 

improved response at short wavelengths. 

4.2 Introduction 

Thin film photovoltaic (PV) materials offer an advantage over traditional silicon solar cells due to their 

larger absorption coefficients (primarily resulting from their direct band gaps), thereby reducing the total amount of 

material needed to absorb sunlight. Additionally, thin film materials such as CdTe, Cu(In,Ga)Se2, Cu2ZnSn(S,Se)4, 

quantum dot solar cells, and perovskite materials such as CH3NH3PbI3 can be deposited using inexpensive methods 

on a variety of (low cost) substrates to achieve a reduction in levelized cost of a PV system. Commercial deposition 

of thin-film PV absorber layers typically relies on close space sublimation or co-sputtering/co-evaporation to deposit 

compound semiconductors. Solution-processing of thin materials offers some unique advantages: high-throughput, 

efficient use of precursors, and lower capital costs; however, the power conversion efficiencies of solution-based 

approaches in some materials currently fall behind traditional vapor deposition techniques (CdTe and Cu(In,Ga)Se2) 

while other material systems (CZTS and perovskites) solution processed films out-perform vapor phase deposition.1-

4 The lag in record efficiency for certain absorber materials compared to vapor-phase deposition indicates a need to 

more fully understand and further develop solution processed materials. 
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 Solution-based deposition of inorganic semiconductors has been accomplished using two distinct 

techniques. The first general set of approaches involves chemical deposition methods. Challenges arising with 

chemical deposition techniques include controlling stoichiometry, crystal grain size, phase purity, substrate 

limitations (e.g. needing conductive substrates for electrochemical depositions), low throughput, and effects 

associated with grains boundaries.5 

A second method is the colloidal synthesis of small crystals of the material of interest (in this report 5-10 

nm CdTe) that seed the growth of larger grains when cast into a film and heated.2, 6-12 Colloidal synthesis prior to 

film deposition enables efficient use of materials yielding nearly 100% conversion of precursor into final product13, 

tunable stoichiometry,14 and control of crystal phase.15 Casting solutions of NCs with spraying, dipping, blading or 

spincoating methods onto substrates forms a film but care must be taken to prevent cracking during post-deposition 

treatments.16 By using a layer-by-layer process, relatively thick (>500 nm) crack-free films can be made as 

sequential coatings fill in gaps in the underlying layers.10, 17 The ligands used during NC synthesis are beneficial for 

controlling growth kinetics, providing colloidal stability, and passivating surface states on the nanocrystal; however, 

they impede electronic transport and lead to insulating films.17-19 A method of overcoming electronic transport 

limitations from the aliphatic insulating ligands is to remove them thermally and/or chemically. The NC solution can 

then be thought of as an ink that becomes a bulk film through sintering.8-11 There is precedent for using such NC 

inks in PV devices. Various groups have demonstrated solar cells using this approach with CdTe NC dispersions.9, 

18-21 Devices made from combinations of CdSe and CdTe NCs further demonstrate the stoichiometric control 

possible by using NC systems.20, 21 In another example, inks of Cu2ZnSn(S,Se)4 (CZTSSe) NCs are used in solar 

cells that obtain >7% power conversion efficiency (PCE). CZTS NCs are synthesized, spincoated onto a 

molybdenum-coated substrate, then annealed in a Se-vapor atmosphere to expand the lattice, filling voids induced 

by the removal of ligands.8 Similar approaches have been used to produce CIGSSe devices with 12% PCE.22 

However, the effects of the contacts and grain structure of ink-based cells are still not fully understood.   

4.3 Results and Discussion 

In this work, we investigate the role of the NC ink properties (e.g. starting NC shape, crystal structure, and 

concentration) on grain growth as well as how device architecture and film processing further affect device 

performance. Through optimization of the ink and contacts, we achieved champion devices having power 

conversion efficiencies of up to 11.3%. After optimizing the ink formulation and deposition conditions to achieve 
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high-quality thin films, we explored the viability of using the optimized ink in five different device architectures. 

The device structure and electrical contacts determine the energetics of the system and allow for charge extraction. 

In order to achieve higher efficiencies, it is important to understand how different contact materials interact with the 

solution processed CdTe film.23 In the layer-by-layer approach used here to construct CdTe absorber films, oleate-

terminated NCs are dissolved in pyridine and placed on a hotplate heated to 105°C for 24 hours. This process 

displaces the oleate ligands with pyridine, which loosely binds to Cd-chalcogenide NC surfaces and can be easily 

removed with mild thermal annealing.24 Heating the NCs in pyridine also alters the stoichiometry of the nanocrystals 

from Cd-rich to near stoichiometric.25 In previous reports, the CdTe NCs used were not spherical but rather rod- or 

tetrapod-shaped.10, 20, 21, 26, 27 Working under the hypothesis that spherical NCs could assemble with higher packing 

density and therefore more easily convert into continuous films with less void space and larger grains, we 

synthesized different NC morphologies by modifying the reaction temperature and injection concentrations.  

Furthermore, the highest efficiencies in previously reported CdTe NC ink-based solar cells include an ITO/CdTe 

interface whereas conventional higher-efficiency CdTe solar cells are built in an FTO/CdS/CdTe/back-contact 

structure.28 This suggests that CdTe ink-based cells could likely reach higher efficiencies with more conventional 

device structures. This work aims to test ink-based CdTe absorbers in the highly explored structures used in more 

traditional CdTe cells. 

4.3.1 Film characteristics resulting from modification of the NC ink 

Figure 1A-C shows transmission electron microscope (TEM) images of the starting NCs before pyridine 

ligand exchange, synthesized by injecting tri-n-butylphosphine telluride (TBP-Te) into a hot cadmium 

oleate/octadecene mixture. By altering the injection temperature and concentration of the Te-precursor, we were 

able to synthesize nanocrystals with three distinct morphologies: nearly spherical (≥γ00°C), faceted (<β40°C), and 

tetrapodal (260 - 275°C) nanocrystals. While this effect is not new as Yu and coworkers also noticed similar effects 

by changing the Cd concentration and the ligands used during synthesis and also saw variation in crystal shape and 

phase; they, however, did not report the ability to synthesize tetrapods using TBP-Te.15 Figure 1D and E show 

absorbance spectra and powder x-ray diffraction (XRD) data, respectively, for the NCs before and after pyridine 

ligand exchange. The absorption spectra of the pyridine-capped NCs match the oleate-capped starting NCs 

indicating that the NC size and shape are unaffected by the pyridine treatment (dot symbols). This is supported by 
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transmission electron microscope (TEM) images taken of the NCs before and after pyridine treatment (Figure 2 

A,C,E), which shows increased agglomeration but no change in the NC size and shape.  

 

 

Figure 4.1. A-C) TEM images of as synthesized spheres, faceted NCs, and tetrapods, respectively, showing the 
uniformity of the shapes (frames are color-coded to match graph traces). D) The absorbance spectra of the spherical 
(blue), faceted (green), and tetrapodal (red) NCs synthesized with oleic acid (solid lines) and after the pyridine 
treatment (dotted lines) displaying similar absorbance spectra compared to as-synthesized NCs. Also shown are the 
absorbance spectra for sintered films from each of these starting NC morphologies. As a control, TEM images of the 
same samples in A-C after the pyridine treatment are shown in Figure 2 indicating that the pyridine exchange does 
not significantly alter the NC shape but it is noted that the spheres slightly increased in diameter. E) XRD data for 
CdTe spheres, faceted, and TPs where the faceted NCs and tetrapods show mixed wurtzite and zincblende crystal 
structures with the spheres showing fully zincblende phase before annealing. After annealing at 350°C for 30 
seconds per layer (12 layers total) the films all result in the zincblende crystal structure. Standard CdTe wurtzite and 
zincblende patterns are shown at the bottom of E). Peaks at 33° and 55.3° on the unannealed CdTe Spheres (lower 
blue trace) are indicative of CdO. The peak at 22.4° in all of the annealed NC traces has been suspected to be an 
oxide like TeO2 formed upon heating.29 
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Figure 4.2. A, C, E) TEM images of NC material after pyridine treatment of the spheres (A), faceted (i.e no defining 
crystal habit) (C), and tetrapods (E). There is increased agglomeration but as the insets show, the shapes remain the 
same after pyridine treatment. B, D ,F) SEM cross-sections of completed PV devices for the three NC starting 
shapes, respectively,  showing the superior film quality of the tetrapod NCs in regards to larger grain size, less void 
density within the film, and smoother overall film. Panels B and F show only the CdTe layer whereas panel D the 
CdTe is the center layer as labeled. The scale bars in TEM images are 10 nm and 100 nm in the SEM images. 

 

We also synthesized tetrapods using tri-n-octylphosphine telluride (TOP-Te) and varying the TOP-Te 

injection concentration. Using TOP-Te vs. TBP-Te allowed us to obtain three sizes of tetrapods with first exciton 

peaks occurring at: 603 nm, 625 nm, and 670 nm. We first verified the literature result that larger NC size yields 

higher PCE devices before extending our study to examine the effects of crystal shape and phase holding the 

characteristic size (e.g. first exciton peak) constant.29 Upon spincoating, treating with CdCl2, and brief annealing on 

a hotplate (as discussed in the methods sections, a process referred to from here on as layer-by-layer or LbL 

processing), the absorption onset of all films redshift to 850 nm (Figure 1D), accompanied by narrowing of the XRD 

peaks indicating formation of large-grained CdTe. The redshift indicates a loss of quantum confinement in the 

CdTe 

layer 
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sintered films. They become bulk-like with the absorption onset occurring at the optical bandgap of bulk CdTe. In 

regards to crystal structure, the spherical NCs are zincblende whereas the tetrapods and faceted NCs are mixed 

phase with both zincblende and wurtzite domains. Previous studies of tetrapod-shaped NCs indicate that the core is 

zincblende with wurtzite arms.30  

To further detail the temperature dependence of the sintering process, in situ XRD measurements were 

taken as a film of CdCl2-treated tetrapodal σCs was heated from room temperature to 500˚C. Figure γA shows an 

intensity plot of the XRD βθ spectra as a function of temperature. The color change from blue to yellow indicates 

increased XRD intensity. σarrowing of the diffraction peaks as the temperature is increased over γ00˚C indicates the 

gradual grain-growth onset. Figure 3B shows differential scanning calorimetry (DSC) data for a similar sample. In 

the DSC plot, an endothermic change in heat flow around β80˚C indicates loss of the remaining surface ligands but 

could also indicate a phase change (likely surface melting) whereas the higher temperature exothermic peak 

indicates recrystallization as the film potentially converts from wurtzite to zincblende.29 These phase changes over 

γ00 ˚C to 400˚C correlate to the in situ XRD data and indicate that annealing in this temperature range indeed leads 

to a transition in crystallographic phase and crystallite size. 

Annealing beyond γ50˚C in air leads to the formation of CdTeOx and TeOx as indicated by peaks in the βθ 

angles between γ0˚ and γ5˚. Similarly, we see a reduction in the peak intensity at βθ=4γ˚ (as also seen in Fig. 1E, 

annealed red trace) as the wurtzite component disappears above γ00˚C. At temperature beyond 400˚C, many new 

peaks appear and the film changed from brown to white in correlation with endothermic response shown in the DSC 

data. We note that this data is taken with slow (1˚C/min) increase in substrate temperature with good thermal 

conductivity between the film and hot stage, whereas LbL style film progression in device fabrication involves short 

rapid anneals where a room temperature film is placed on a hotplate set to γ50 ˚C for less than one minute multiple 

times. Thus, the multiple peaks near βθ=β5˚ are found to not completely reduce as is found in the LbL deposition. 

4.3.2 Film formation and characterization 

The hotplate temperature and duration of the thermal anneal affects device performance and film quality. 

As seen in Figure 1E and 3A the rate at which the film is annealed can have an impact on proper phase conversion 

from wurtzite to zincblende. For high throughput fabrication of PV modules, a rapid sintering process is desired. We 

found optimal performance with brief (<1 min) thermal annealing on an aluminum hotplate set to a temperature 

between 300 and 400°C.  This correlates to the highest temperature for pure CdTe phases before the onset of oxide 
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formation above 350°C. We find that annealing at 350°C for 30 seconds leads to the largest grains and highest 

efficiency. While annealing at higher temperatures in an inert atmosphere might improve the crystallinity, it would 

lead to degradation of the ITO TCO.  

Figure 4.3. A) Intensity contour plot of XRD spectra as a function of temperature. Blue color indicates low XRD 
intensity while yellow is high intensity. LbL processing was performed with wurtzite CdTe tetrapodal NCs but the 
high temperature annealing step was skipped. XRD measurements were taken on the sample as it was heated at 
1˚C/min while monitoring the XRD signal. The temperature was varied from β5˚C to 500˚C. The peaks gradually 
sharpen as the temperature is increased and the material converts from wurtzite to primarily zincblende. After 400˚C 
the film undergoes oxidation and numerous peaks appear. B) DSC curves showing the relative heat flow as a 
function of temperature for wurtzite CdTe tetrapodal NCs that were drop cast and CdCl2 treated. There is an 
endothermic peak near β80˚C which indicates that the σCs are undergoing a phase change as the surfaces begin to 
melt. At γβ0˚C there is an exothermic peak potentially indicating recrystallization into the zincblende crystal phase. 
The XRD and DSC data correlate well over this range where the XRD peaks sharpen and shift from wurtzite to 
zincblende.  σoteμ the horizontal lines at ~150˚C and 410˚C in the DSC plot are artifacts of the heating and cooling 
process. 

 

After LbL processing, all films have a zincblende crystal structure. Without CdCl2 treatment or if the CdCl2 

is rinsed off before sintering, the NCs do not sinter into large grains (Figure 4) and devices fabricated in this manner 

perform poorly due to low Jsc perhaps caused by grain boundary scattering. When the CdCl2 treatment is optimized, 

the CdTe films become dense (Figure 4), convert to zincblende phase, and grow into larger grains as Figure 2 (B, D, 

F) shows with cross-sectional SEM images of films sintered from the different shapes of pyridine-treated NCs. 

Furthermore, care must be taken to prevent inclusions of CdCl2 into the final film. Figure 5 shows secondary ion 
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mass spectrometry (SIMS) and a cross-sectional SEM image that indicates CdCl2 remains in the film if they are 

soaked in the CdCl2 solution for too long (>15-20 s). Using tetrapod-shaped NCs leads to smooth films with the 

largest grain size (~500 nm when fully optimized) and least amount of void space. The films possess columnar 

grains that extend throughout the entire active layer even though the sintering process is occurring in a LbL fashion. 

The lack of visible individual layers in the SEM images indicates that each subsequent layer recrystallizes into the 

previous layers to form continuous grains. We find that grains appear larger and pore sizes are smaller with higher 

temperature/shorter annealing processes, while the absorbance spectra are very similar in all cases tested as shown in 

Figure 6 and Figure 7 with the performance parameters tabulated in Table 1. The larger grains and reduced pore 

sizes likely promote charge carrier transport. Panthani et al.27 attributed the increase in efficiency over similar solar 

cells reported by Jasieniak et al.10 to larger grains extending throughout the active layer. Here we have determined 

what factors lead to the optimal grain growth by varying the starting ink composition and the device architecture. 

Investigating the factors influencing grain-growth explains how each layer amalgamates into the previous ones as 

the NCs undergo a phase transition from wurtzite to zincblende.   

 

 

Figure 4.4. SEM images of CdTe films deposited from tetrapodal NCs, both films were processed identically but 
the film in B) was rinsed with water after the CdCl2 treatment thus removing not only excess CdCl2 but also enough 
CdCl2 to prevent large grain growth. The film did not densify like the film in A) even though the number of layers 
and solution used for both is identical. Grains in B) are ~10 nm in diameter (as measured by averaging the grain 
“spot” sizes in this SEM image) compared to the ~λ0 nm grains in A). Scale bars are 100 nm. 
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Figure 4.5. (A) Secondary ion mass spectroscopy (SIMS) characterization of the chlorine, cadmium and tellurium 
levels within device structures that were spincoated from NC solutions, dipped into a saturated CdCl2 solution, then 
rinsed with either water (solid line) or isopropanol (dashed line). The water rinse removes more CdCl2 due to higher 
solubility of CdCl2 in water compared with IPA. The IPA rinsed device shows higher levels of chlorine and 
cadmium deep within the film while the tellurium levels in both films are comparable. The water rinse cleans the 
film well to produce even and flat profiles throughout for each element. Note: log scale. (B) SEM micrograph 
showing what appears to be a CdCl2 inclusion (red circle) in the film supporting the SIMS data that the IPA rinse 
does not fully remove all CdCl2. 

 

 

Figure 4.6. Temperature and time dependence of the NC sintering process. Panel A) shows that while the absorption 
properties of the films are quite similar, the lower temperature (but longer) anneal (panel B) shows smaller grains 
with larger amount of void space between the grains compared with the higher temperature shorter anneal (panel C). 
Furthermore light scattering below the band gap of the lower temperature anneal is evident in the absorption spectra. 
The scale bars are 100 nm. The inset of A) shows the JV characteristics of the two devices where the device 
annealed at higher temperature has significant improvement in the Jsc. 

A) B) 
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Figure 4.7. JV characteristics of devices that show the effect of annealing temperature and time on device 
performance. Panel A) shows devices annealed at 350°C for 20 s, 60 s, and 120 s with 60 s having the best overall 
efficiency for this series. Panel B) shows devices annealed at 375°C for 20 s, 60 s, and 120 s with 60 s having the 
best overall efficiency for this series also. Performance characteristics are shown in Table 1. 

 

Table 4.1. Performance characteristics for varying annealing time and temperature. 
Anneal 

Temperature 
Anneal 
Time Voc (mV) Jsc (mA/cm2) FF (%) PCE (%) 

 20 s 679 18.1 59.7 7.34 
350˚C 60 s 646 21.1 59.4 8.11 

 120 s 643 20.2 58.2 7.54 
 20 s 543 21.2 50.4 5.79 

375˚C 60 s 607 19.7 55.0 6.58 
 120 s 580 18.9 50.3 5.53 

 

4.3.3. Effects of the device structure on performance of CdTe ink-based solar cells 

 We investigated multiple device architectures in both substrate and superstrate configurations with various 

contact materials to the CdTe layer. Figure 8 shows schematic layouts for various device structures along with cross-

sectional SEM images of completed devices with their performance characteristics. Optimized devices utilize a ~550 

nm thick CdTe absorber fabricated via spin coating a CdTe ink composed of tetrapods with a concentration of 40 

mg/mL with each layer annealed at 350°C for 30 seconds (see Figure 9). Panthani et al. recently reported that 

subjecting the devices to a forward bias current soak under illumination improves the interfacial energetics at the p-

CdTe/n-ITO interface yielding power conversion efficiencies >12%.27 We found that the choice of substrate affects 
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the CdTe grain size and morphology. Molybdenum-coated glass substrates with a 5 nm CuxTe layer lead to the 

largest grains (300 nm on average) with minimal void space (<1 pore/µm2) observed in the CdTe layer as measured 

from the SEM cross-sections given in Figure 8A-E. Depositing the CdTe layer on top of sol-gel ZnO leads to the 

smallest grains and most voids in the CdTe film (Figure 8A-E). Figure 8F shows current-voltage (JV) characteristics 

under AM1.5 illumination for each of the device-types with device parameters shown in Table 2. To briefly describe 

the device structures; two devices (Figure 8A, B) were fabricated in a substrate configuration where light is incident 

through the top of the device stack rather than through the glass. For these cells a transparent conducting oxide 

(TCτ) layer was used as the top electrode along with an Al grid to reduce the devices’ series resistance. CdS or 

ZnO:In (1%) act as window layers for these structures (Figure 8A and 8B, respectively). Some benefits of using a 

substrate design are removal of the absorption and reflection of a glass superstrate, as well as separating the CdTe 

growth from the junction formation. Drawbacks of the substrate structures include the inability to apply various 

treatments to the CdTe to improve the ohmic behavior of the back contact. We also use a traditional CdTe 

architecture (Figure 8C) - a superstrate design in which light is incident through the glass substrate then passes 

through a TCO and CdS window layer. Superstrate devices Figure 8D and 8E each employ ZnO rather than CdS as 

the n-type component of the heterostructure with light incident through the glass in each case, however, these 

devices have opposite polarity. Benefits to using a superstrate structure include exposing the back of the CdTe to 

chemical and physical treatments that allow for improved contacting (like the addition of copper at that interface). 

Limitations to this structure include increased reflection and absorption from the glass and the formation of a 

CdTexS1-x alloy.31 Finally, the device structure in Figure 8E was further expanded by depositing the ZnO layer via 

three different routes: sol-gel, nanocrystalline ZnO (NC-ZnO), and pulsed laser deposition (PLD) (all described in 

detail in the methods). 

We found that the highest EQE across the largest spectral width is obtained using a superstrate 

configuration with a sol-gel ZnO:In heterojunction (Figure 8G). ZnO is transparent to light with wavelength greater 

than ~375 nm, whereas CdS absorbs photons with wavelength less than 515 nm, allowing for increased collection of 

higher energy photons. This difference in photon collection accounts for the reduced EQE in the blue spectral region 

for devices employing a CdS window layer (Figure 8A and 8C). By using a thin absorber layer in the inverted 

superstrate structure (Figure 8E) longer wavelengths likely make multiple passes through the absorber layer due to 

reflection from the Al contact. The increased optical path length due to reflection gives an effective thickness greater 
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than the ~550 nm physical thickness allowing more long-wavelength light to be absorbed. Furthermore, using a very 

thin CdTe layer allows for efficient collection of blue light even though the charge-separating junction is located at 

the rear of the cell rather than the incident side. However, the depletion region (calculated by Panthani et al. for a 

similar device to be ~400 nm27) extends throughout most of the CdTe layer thus allowing collection of the blue light 

absorbed in the first tens of nanometers. In an effort to increase the spectral response in the 300-550 nm spectral 

range of devices using CdS (structures in Figure 8A and 8C), the CdS layer was replaced with ZnO:In (1%) via the 

sol-gel route. Comparing the structure shown in Figure 8A to the one in Figure 8B, indeed replacing the CdS leads 

to a greater blue response (from ~25% to over 60% going from CdS to ZnO). Unfortunately, the devices in Figure 

8B had significantly lower collection efficiency in the 600-700 nm spectral region. As a result the overall 

photocurrent suffered by 2 mA/cm2 (see Table 2). Comparing the structure shown in Figure 8C to the one in Figure 

8E, there is greater spectral response in the blue region indicating that using ZnO allows for better collection of the 

higher energy photons.  

We fabricated a device using the standard superstrate configuration (Figure 8C). In this device, the CdS 

layer is thinner compared to the substrate device shown in Figure 8A (80 nm vs. 115 nm) so the blue losses are not 

as severe, resulting in a larger JSC of 18.3 mA/cm2. Utilizing an ITO anode and ZnO:In n-type layer in devices leads 

to a synergistic effect that allows for large photocurrent (~25 mA/cm2, see Table 1) and an appreciable Voc > 680 

mV after a short light soak in forward bias as described previously and in the methods section.27 Other reports have 

noted transient light soaking behavior drastically increasing the PCE due to trap filling in solution-processed metal 

oxide layers.32, 33 We further investigated modulating the In concentration in the ZnO sol-gel (details in methods 

section). Indium doping can increase the crystallinity of ZnO sol-gel films, increasing the electronic mobility by 

reducing grain boundary scattering.34 Kim et al. found that 3% doping leads to an increase in crystallinity and a 

reduction in the texture coefficient of sol-gel deposited films.34 Figure 10 shows the device performance for devices 

using ZnO:In layers doped with 0, 1, 3, and 10% atomic ratio of In to Zn. 1% In doping gave the best efficiency, 

although the highest Voc is obtained with slightly more In. From this structure, we further optimized the CdTe 

deposition conditions, as discussed above, and achieved device efficiencies nearing 12%. Attempts to use ZnO-NCs 

in these devices leads to reduced FF and Voc compared to the sol-gel ZnO. The reduction in FF has been attributed 

to the increased series resistance in the ZnO films composed of NCs in previous reports.27  

 



55 

 

 

Figure 4.8. SEM cross-sections and schematic representations of device architectures used in this study. Structures 
in panels A and B are substrate configurations where the light is incident on the top of the device stack. Structures in 
panels C-E are superstrate configurations where the light is incident upon the glass before being absorbed in the 
CdTe layer. The bottom SEM shows the n-type layer made with ZnO:In (1%) via sol-gel but ZnO deposition 
methods using NC-ZnO and pulsed laser deposition were also constructed as discussed. In each cell, either the ZnO 
or the CdS side of the heterojunction is the anode. Scale bars are 250 nm. Panel F) shows the current-voltage 
characteristics from devices made from each of the structures; each employing a CdTe film spincoated from NCs on 
the order of 550 nm thick. Panel G) shows external quantum efficiency (EQE) of four of the most promising 
structures. Panel H) shows EQE for three thicknesses: 330 nm (dotted line), 550 nm (solid line), and 650 nm (dashed 
line) of CdTe employed in the structure shown in E) with all three thicknesses having PCE ≥10%. The legend for the 
symbols in panels F and G is given in Table 1 and the frame color of panels A-E correspond to the trace colors in 
panels F-H. 
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Figure 4.9. JV characteristics with varied thicknesses of the CdTe absorber layer for two starting concentrations of 
A) 20 mg/mL and B) 50 mg/mL. The Jsc trends with increasing absorber layer thicknesses. C-D) Jsc and PCE 
plotted as a function of thickness showing the trend of increasing Jsc with increasing thickness for the lower starting 
concentration (panel C) and the higher concentration (panel D). 

 

In addition to solution-processed ZnO deposited from NC solutions and sol-gel methods as discussed above 

and in Ref. 27, PLD ZnO was tested to determine if ZnO is the limiting layer.  Using PLD, the electronic properties 

of ZnO can be modulated by changing the partial pressure of O2 during deposition. This affects the position of the 

Fermi level as well as the conductivity. Furthermore, by changing the deposition conditions during growth, the 

energy band profile within the ZnO layer can be adjusted. In an effort to increase carrier extraction, a bilayer 

structure was explored that introduced a highly conductive PLD ZnO layer directly on the CdTe as well as a lower 

conductivity PLD ZnO capping layer above the conductive layer to aid in reducing interfacial carrier recombination. 
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We found that the bilayer structure improved performance, leading to high Jsc but lower than devices using sol-gel 

ZnO in terms of power conversion efficiency. Devices with ZnO-σCs had higher series resistance (1β.β5 Ω cm2) 

than those with PLD Znτ (λ.08 Ω cm2) and sol-gel Znτ (γ.1λ Ω cm2), which trends with device performance 

indicating that not only crystallinity but dopant levels play a significant role in device performance.  

 

 

Figure 4.10. A) Current-voltage response of CdTe devices where sol-gel ZnO is doped with varying amounts of In. 
The highest Voc is achieved with 3% In inclusion yet the highest current and overall efficiency is obtained with 1% 
In. B) Overall cell efficiency and Voc plotted alongside a ZnO layer made from synthesized NCs of ZnO rather than 
sol-gel.  

 

The superstrate device structure with a ZnO n-type layer (Figure 8D) aims to solve the potential problem of 

having the junction at the back of the optical path by positioning the n-type ZnO layer at the light incidence side but 

suffers from large series resistance and poor FF shown in the JV curves of Figure 8F and Table 2. The decreased 

performance could potentially be due to degradation of the ZnO during the CdTe processing steps. We also observe 

greater void space and a smaller CdTe grain size when depositing on ZnO compared to depositing on ITO (<100 nm 

average grain dimension vs. ~200 nm, respectively. Pore-sizes range from 25 nm to 9 nm and pore areal density 

changes from ~46 pores/µm2 to ~2.5 pores/µm2 when grown on ZnO vs. ITO respectively). This likely impedes 

charge transport within the CdTe film as an increased number of grain boundaries could lead to increased grain-

boundary scattering, leading to the reduction in mobility and thus device performance. The series resistance for the 

device in Figure 8D was γ0.λ Ω cm2 compared to 8.5 Ω cm2 for both the structures in Figure 8A and Figure 8C 

indicating that increased series resistance plays a role in device performance.  
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4.3.4 Light Intensity-dependent current-voltage measurements (Excerpt from Panthani et al.27, reprinted with 

permission from ref. 27. Copyright 2014 American Chemical Society) 

We used light intensity-dependent current-voltage (IV) measurements (Figure 11A) to determine whether 

the increase in VOC with current/light soaking arises from a change in the trapping mechanism. Ideally, ISC would be 

linearly proportional to illumination intensity; however if trap states are filled at low light intensity, there should be 

a superlinear dependence of log(ISC) with log(intensity) (slope > 1).35 We found that the intensity dependent short 

circuit current (ISC) exhibits superlinear behavior with no significant change in slope (2.8±.6 to 2.7±.7) with 

current/light soaking. These results imply no change in the trap density or depth occurs within the CdTe during the 

current/light soak. 

We can gain insight into the mechanism of carrier recombination by comparing ideality factors, determined 

from the intensity-dependence of the VOC 
36: � � = �� − �� ln [�0��],  (4.1) 

where EG is the band gap energy of the absorber layer, A is the diode ideality factor, J0 is the reverse saturation 

current, T is temperature, and JL is the photogenerated current. In our CdTe thin films, JL is directly proportional to 

the laser intensity, as nearly 100% of the light from the laser (514 nm) will be absorbed and the exciton dissociation 

probability is unity.37 If deep traps within the CdTe dominate charge transport, carrier recombination is dictated by 

the presence of both holes and electrons, yielding an ideality factor of 2. If recombination is limited by only the 

minority carrier concentration the ideality factor should be 1. This latter scenario would indicate either band-to-band 

recombination within the absorber or interfacial recombination at the absorber–electrode interface. A difference in 

the ideality factor thus provides some insight into the primary mechanism by which recombination occurs. From the 

intensity dependence of the VOC (Figure 11B), we observe an increase in ideality factor from 1.2 to 1.8 upon 

current/light soaking. Considering that the VOC, JSC, and “rollover” in forward bias all improve after current/light 

soaking, it can be implied that the ideality factor of 1.2 means that carrier recombination predominantly occurs at an 

absorber/electrode interface. The increase in ideality factor upon current/light soaking indicates that trap-assisted 

Shockley-Read-Hall (SRH) recombination plays a larger role in the VOC due to some passivating effect at an 

interface. To further clarify this, we measured the temperature-dependence of the VOC (Figure 11C). Using Eq 1, we 

see that when T = 0K, the VOC should ideally equal the bandgap.36 The extrapolation of the Voc to 0 K falls well 

below the bandgap of CdTe (Eg ≈ 1.45 eV) both before and after current/light soaking, indicating that interfaces limit 
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the VOC, rather than SRH recombination in the CdTe. Furthermore, the 0 K intercept shifts to a higher potential, but 

still below Eg, after current/light soaking, indicating that this process reduces an interfacial energetic barrier but does 

not remove it. From the combined intensity/temperature IV characterization results we can infer that the VOC is 

limited by a combination of interfacial effects and SRH recombination within the CdTe and that current/light 

soaking electronically passivates an interface, increasing the VOC. Upon current/light soaking, the interfacial barrier 

is reduced and plays less of a role compared to SRH recombination resulting in an increase in A. However, the 

temperature-dependent VOC data indicates that an interfacial barrier still exists, and addressing this could further 

improve the VOC. 

 

Figure 4.11. A) ISC and B) VOC as a function of illumination intensity (514 nm laser), C) temperature dependence of 
VOC, and D) Mott-Schottky analysis of a ITO/CdTe/Al solar cell. All graphs show data before (blue circles) and after 
(red squares) current/light soaking. The ideality factor (A) in panel B) increases from 1.2 to 1.8 with current/light 
soaking. The slope of the Mott Schottky plot gives NA = 5±2 x 1015 cm-3 before and 6±1 x 1015 cm-3 after 
current/light soaking. 

 

Using structure utilizing a sol-gel ZnO layer, we varied the thickness of the CdTe film to explore the effect 

of absorber thickness on photocurrent generation and achieved > 10% efficiency for CdTe film thicknesses between 

330 and 650 nm. As shown in Figure 8H, greater blue response is observed for the thinnest device, as the higher-

energy photons are absorbed closer to the CdTe/ZnO junction and in the depletion region. However, using thinner 
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absorber layers results in lower EQE at longer wavelengths due to reduced absorption of low energy photons. The 

EQE of the thickest monotonically decreases with decreasing wavelength because photogenerated charges further 

away from the junction (in the first few nanometers of the device) have lower probability for collection due to short 

carrier diffusion lengths. Optimized devices have thicknesses around 550 nm where the sum of losses from these 

mechanisms is minimized.  

It is surprising that we do not observe our highest power conversion efficiency using structures like in 

Figure 8A or 8C that have demonstrated PCE >15% and >13%, respectively, with CSS-CdTe.28, 38 We find that 

ZnO:In sol-gel approach on ITO yields the most appropriate structure for CdTe films made from NCs. Based on the 

broad spectral response, larger open-circuit voltage, and best FF, the device structure in Figure 8E shows the most 

promise for efficiently extracting photogenerated charges from CdTe films made of sintered NCs. 

Table 4.2. Performance characteristics of each device structure. 

Structure Voc (mV) Jsc (mA/cm2) FF (%) PCE (%) 

A  679 15.9 54.9 5.94 

B  299 13.9 39.8 1.66 

C  709 18.3 51.3 6.66 

D  460 12.9 28.8 1.73 

E:NC-ZnO  459 18.3 38 3.19 

E:PLD  556 23.9 44.9 6.00 

E:sol-gel  686 25.5 64.7 11.3 

4.4 Conclusion 

This study explores grain growth of sintered CdTe NC-based absorber layers and its effect on device 

performance in various device architectures. We examined various NC shapes: spheres, faceted NCs, and tetrapods. 

We found that larger tetrapods spin-coated in a layer-by-layer process at lower concentration in solution form the 

largest grains and produce the highest efficiency devices. By utilizing the well-studied vacuum processed CdTe 

structures, and comparing them to the structures used in most CdTe NC ink device reports10, 20, 21, 26, 27 we show that 

CdTe deposited from NC inks behaves differently in various structures and that an ITO contact with a CdTe/ZnO 

heterojunction in conjunction with solution processing results in the highest efficiency devices. We find that such 
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solution-processed CdTe and ZnO films yield high efficiency devices that enable broader-band spectral response 

compared to CdS as is traditionally used in CdTe PVs. Respectable efficiencies are achievable using this ink-based 

approach that allow for a thin, smooth, CdTe absorber layer deposited without high-temperature or high-vacuum 

processing. The ZnO layer that yields highest power conversion efficiency is processed using a sol-gel approach 

with 1% doping with indium. This device structure yields comparable photocurrent density to the highest 

performance CdTe devices, but has a Voc that is ~200 mV lower. This report serves as a first step in fully 

understanding the grain growth required for utilizing NC-based inks in commercial PV modules. This work also 

demonstrates that solution-processed absorber layers for other material systems may require changes in solar cell 

device structure from those of vapor-phase deposition. 

4.5 Methods 

All chemicals and powders were purchased from Sigma Aldrich and used as received. CdTe NCs were 

synthesized by slight modification of the synthesis described by Jasieniak et al.10 and Panthani et al.27 For the 

tetrapod synthesis, in brief, 1.25 g of CdO and 11.4 g oleic acid (OA) were dispersed in 150 mL octadecene (ODE) 

and stirred in a 3-neck flask and degassed at 100°C under vacuum for 20 minutes.  The flask is filled with nitrogen 

and the solution temperature is increased to 270°C at which point the solution turned clear. Nine mL of 0.75 M 

solution of tri-n-butylphosphine telluride (TBP-Te) mixed with 10 mL ODE is injected at 270°C and the flask is 

immediately taken off the heating mantle and cooled naturally to room temperature.  For the faceted NC synthesis, 

0.26 g CdO and 4.4 g OA, were dispersed in 60 mL of ODE, stirred in a 3-neck flask and degassed at 100°C under 

vacuum for 20 minutes.  The flask was filled with nitrogen and the solution heated to 260°C until the solution turned 

clear. It was then cooled to 235°C and once the temperature was stable, 2 mL of 0.75 M solution of TBP-Te mixed 

with 4 mL ODE was injected and the flask immediately taken off the heating mantle and cooled naturally to room 

temperature. For the sphere-shaped NC synthesis, 74 mg CdO and 0.6 mL OA were dispersed in 30 mL ODE, 

stirred in a 3-neck flask and degassed at 100°C under vacuum for 20 minutes. Then heated to 310°C where the 

solution first turned clear, then slightly grey (following the procedure outlined by Kloper et al.39), at which point 

0.95 mL of 0.75 M TBP-Te mixed with 5 mL ODE were injected and the reaction immediately taken off the heating 

mantle and allowed to cool naturally. For all CdTe syntheses, the nanocrystals are precipitated with ethanol and 

redispersed in hexane in air. This process is repeated thrice to remove excess ligands and unreacted precursors. The 

purified nanocrystals are then moved into a glovebox and redispersed in hexane where they are kept until 
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performing the pyridine treatment.  A portion of the NCs are precipitated with ethanol and redispersed in pyridine at 

a concentration of ~20 mg/mL.  The CdTe NCs in pyridine are stirred in the glovebox overnight on a hotplate set to 

105°C.  This solution is precipitated with hexane and redispersed in a 1:2 vol:vol mixture of pyridine and 1-propanol 

at a concentration of 40 mg/mL and stored in the glovebox until needed.  

CdTe nanocrystals were deposited on the various substrates (first cleaned by sonicating in acetone and then 

isopropanol for 5 minutes each) by spincoating at 1000 rpm for 60 seconds.  When adding solution onto the 

substrate before spinning, it is important to cover the entire substrate because irregularities in the film thickness and 

smoothness can develop and propagate across the substrate as a result of bare spots. The substrates were placed onto 

a hotplate held at 150°C for 2 minutes followed by a dip in a saturated solution of CdCl2 dissolved in methanol at 

58°C (~400 mg CdCl2 in 35 mL MeOH). While not being used the CdCl2 solution was stirred at this temperature but 

when the substrates were dipped into it, the stirring was stopped. On some occasions the vigorous stirring caused the 

CdTe to flake off the substrate and also caused visible CdCl2 buildup on the film. The substrates were swiftly 

removed from the CdCl2 solution, dipped into isopropanol, then rinsed with isopropanol and dried with a stream of 

dry air.  The substrate was then placed on a second hotplate held at various temperatures, as measured by a 

thermocouple, but typically 350°C for 30 seconds then swiftly removed and placed on a room temperature Al block.  

This process was repeated multiple times (typically 12-14) to build a film of the desired thickness.  

 In-doped CdS for device structures in Figure 8A and 8B was deposited by radio frequency magnetron 

sputtering at room temperature from a target with a composition of 0.5 mol.% In2S3 in CdS.  The film was grown to 

a thickness of 115 nm in an ambient of 2 vol.% O2 in Ar at a power of 60 W. Device structure in Figure 8C was 

fabricated as described by Rose et al.40 and Gessert et al.41 aside from the deposition and processing of the CdTe 

layer. The CdTe solar cells in device in Figure 8C were mesa-isolated with an area of 0.25 cm2 while the cells in 

device in Figure 8A and 8B were isolated by scribing and had a nominal area of 0.42 cm2. Figure 12 shows the 

additional processing steps used to optimize devices in Figure 8A and 8C. By applying a post-contact anneal of 

250°C for 5 minutes for device in Figure 8A and varying the deposition temperature of the ZnTe:Cu for device in 

Figure 8C from 310 °C to room temperature and then applying a short post-contact anneal we found an 

improvement in the Voc, Jsc, and FF for these devices. Device in Figure 8B saw no such improvement with further 

annealing.  
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Figure 4.12. A) Annealing optimization for structure A. Post-contact annealing at 250°C for 5 minutes improved all 
JV parameters of device operation which we conjecture is a result of improving the top contact to the devices 
lessening potential barriers. B) Annealing optimization for structure C. Depositing the ZnTe:Cu at room temperature 
(RT) then annealing at 250°C lead to the best FF and improved the Jsc over just the RT deposition and the 
deposition at 310°C possibly due to driving in Cu (from the back contact) and creating a more optimal doping 
profile that allows for better charge extraction. 

 

ZnO NCs were synthesized by adding 0.44 g of Zn acetate dihydrate to 40 mL of ethanol in a flask and 

heating at 60 °C. After 30 min of heating, 2 mL of tetramethylammonium hydroxide (20% in MeOH) in 10 mL of 

ethanol was added dropwise to the solution over 5 min similarly to Wood et al.42 The ZnO nanoparticle solution was 

heated at 60 °C for 30 min to attain the ZnO NCs of 5 nm in size. ZnO NCs dispersed in their growth solution were 

precipitated with hexane and centrifuged. The supernatant was discarded, and the precipitated nanoparticles were 

redispersed in 1-propanol at a concentration of 40 mg/mL. The ZnO NCs were then spincoated at 900 rpm for 60 

seconds prior to a 2-minute heat treatment on a hotplate set to 300 °C to dry residual solvent. 

One variation of the device in Figure 8E employs ZnO as deposited by pulsed laser deposition as discussed 

in Ref.43 The PLD system had a base pressure of <1.0×10−6 torr and ablates material with a KrF laser operating 

at 248 nm. For these experiments, a pulse energy of 280 mJ at 5 Hz repetition rate was used to deliver an energy 

density to the target of approximately 0.76 J/cm2 after optical losses. Depositions of 80-100 nm of material typically 

took one hour. The substrate temperature and chamber atmosphere were fixed at 300 °C and 1.1×10−γ torr partial 

pressure of oxygen, respectively, for the first half of the deposition then the heater was turned off and the sample 

cooled naturally before the last 50 nm were deposited. The substrate was mounted to the heater block using silver 

paint to increase thermal conductivity.  
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ZnO:In sol gel was prepared in a similar manner as Ohyama et al.44 and similar to our previously published 

work45 by dissolving 1.2 g Zn acetate dihydrate in 12 mL of 2-methoxyethanol and 0.31 mL of ethanolamine.  

Indium was introduced by addition of various atomic percentages as described in the manuscript from direct 

addition of InCl3 into the sol-gel mixture. This solution was then spincoated onto a substrate at 3000 RPM followed 

by annealing at 300 °C (measured by a thermocouple) on a hotplate in air for 2 minutes. Physical characteristics of 

the ZnO films from all three deposition methods can be found in the associated references. 

MoOx and Al top contacts were thermally evaporated following the procedure described by Gao et al.23 The 

MoOx was needed in the structure shown in Figure 8D to provide a p-type contact to the CdTe layer similar to the 

work done by Lin et al.46, 47 Structures in Figure 8D and 8E used circular top contacts evaporated through a shadow 

mask on unpatterned ITO with a nominal area of 0.11 cm2.  

 Sample annealing was monitored with in situ x-ray diffraction (XRD) using a Bruker D8 Discover with a 

Vantec area detector (sample-to-detector distance of 15 cm) and an Anton Paar DHS 900 hot stage. The sample was 

placed on the hot stage with spring clips and illuminated with x-rays from a copper target (40 kV, 35 mA) using a 

Göebel mirror (parallel optics) and 1mm circular collimator. The stage was ramped to 500°C from room temperature 

in air at a 1 °C /min. ramp rate and 3-minute XRD data frames centered at ~γ6° βθ were acquired every ~γ.5 

minutes starting with the temperature ramp onset.  The nominal temperature for each data frame is the average 

temperature during that data frame.   

Completed solar cells were tested on a Newport class B solar simulator. The light intensity was adjusted to 

match the current output of a reference GaAs solar cell to the predetermined AM1.5 photoresponse as measured by 

the measurements and characterization group at NREL. The light soak under forward bias (Current/light soak) was 

done by holding the cell under +3V forward bias and monitoring the current as it slowly increases under 1-sun 

illumination. After roughly 10 minutes, the current plateaus at ~0.2 A, then the Voc is monitored and slowly 

increases as well; once it also stabilizes, the JV scan is run from +1 V to -0.4V. Only devices with a CdTe/ITO 

interface show an increase in efficiency with current/light soaking as shown in Figure 13. In order to verify the 

stability of the devices after current/light soaking, the JV scan was run repeatedly in both directions (forward to 

reverse bias and reverse to forward bias) and found to remain steady after a small initial drop as shown Fig. 14. 

Similar effects have been found in other systems with other metal oxide n-type layers where the oxides are photo-

doped to change their carrier concentration and Fermi level.32, 33 
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Figure 4.13. A) Current/light soaking (CS) treatment shows improvement for structure G mainly by improving the 
Voc. CS treatments for the structures without the CdTe/ITO interface show diminished performance as evidenced in 
panel B for structure A and panel C for structure C. To check if heating caused the reduced performance (in panels 
B, C), the device was cooled down by blowing N2 after current soaking but devices did not recover indicating there 
is no beneficial CS effect. If higher voltages are applied in structures A and C, the devices short circuit. 

 

 

Figure 4.14. A) JV measurements testing the hysteresis and stability of the current/light soak in structure in Figure 
8E. The device was light soaked under a forward bias of 3V (CS 3V) for 10 minutes which improved the 
performance for the green trace to the purple trace as indicated. The device was then measured repeatedly (23 more 
times) alternating between starting the sweep in reverse bias (blue traces) and forward bias (red traces) with roughly 
10 second gaps between measurements. The device performance initially suffers after the first measurement, but 
then is stable at one of two nodes depending on whether the sweep starts in reverse or forward bias. B) When the 
device is current soaked and only measured from forward bias to reverse bias the degradation is not as extreme as 
alternating the sweep direction. 
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CHAPTER 5 

METAL HALIDE SOLID-STATE SURFACE TREATMENT FOR HIGH EFFICIENCY PBS AND PBSE QD 
SOLAR CELLS 

Modified from a paper published in Scientific Reports 

Ryan W. Crisp, Daniel M. Kroupa, Ashley R. Marshall, Elisa M. Miller, Jianbing Zhang, Matthew C. 
Beard, and Joseph M. Luther 

5.1 Abstract 

We developed a layer-by-layer method of preparing PbE (E=S or Se) quantum dot (QD) solar cells using 

metal halide (PbI2, PbCl2, CdI2, or CdCl2) salts dissolved in dimethylformamide to displace oleate surface ligands 

and form conductive QD solids.  The resulting QD solids have a significant reduction in the carbon content 

compared to films treated with thiols and organic halides.  We find that the PbI2 treatment is the most successful in 

removing alkyl surface ligands and also replaces most surface bound Cl- with I-.  The treatment protocol results in 

PbS QD films exhibiting a deeper work function and band positions than other ligand exchanges reported 

previously. The method developed here produces solar cells that perform well even at film thicknesses approaching 

a micron, indicating improved carrier transport in the QD films.  We demonstrate QD solar cells based on PbI2 with 

power conversion efficiencies above 7%. 

5.2 Introduction 

Solution-processed photovoltaics (PV) represent a promising route forward in reducing the cost of solar 

energy production. Quantum dot (QD) solids are one such solution-processed system currently being researched. In 

addition to being solution processable, QD solar cells (QDSCs) have a higher limiting single junction power 

conversion efficiency than is possible using conventional bulk or thin film semiconductors due to enhanced multiple 

exciton generation (MEG) in the QDs.1,2 Recent improvements in QDSC performance and processing ease have 

resulted from modification of the device architecture, processing of the QD-layers under ambient conditions, 

improved QD synthetic procedures and surface treatments improving QD passivation.3-6 A critical component of the 

progress listed above is the incorporation of halides into the QD matrix.6,7 Specifically, Cl- anions were shown to 

improve stability while passivating trap states that lower the minority-carrier lifetime.3,4,8  Incorporation of these 

halide anions has been achieved by using chloride precursors in the QD synthesis,3 using post-synthesis solution 

treatments,9-11 and, recently, employing ammonium halide salts as the only ligand treatment.6,12  However, when 

using the previously reported halide passivation schemes, organic molecules that are instrumental in delivering the 
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halide anion (e.g. tetrabutylammonium iodide (TBAI), 3-chloropropane-1-thiol, methylammonium iodide (MAI), 

etc.), leave behind cationic organic residue that could potentially limit device performance. In contrast, here, we 

demonstrate a procedure that removes nearly all of the organic moieties from the QD solid during device fabrication. 

The groups of Wang, Talapin, and Kovalenko have previously reported solution-phase ligand exchanges using 

halide ligands but have not applied them to solar cells.13-15 Our procedure is based upon a layer-by-layer approach 

demonstrated previously but uses metal halides dissolved in dimethlyformamide (DMF) (rather than thiols in 

acetonitrile or alcohols) to build-up thick, all -inorganic films by either dip coating or spin coating with PbS or PbSe 

QDs.  

5.3 Results 

The QD synthesis used in this study follows previous reports where PbE (E=S, Se) QDs are made by cation 

exchange of CdE QDs with PbCl2/oleylamine.4 Of the numerous metal halide materials available, we focus on four 

metal halides solvated in DMF: PbCl2, PbI2, CdCl2, and CdI2. The chosen metal halides introduce ions (Cl- or I-) that 

have demonstrated passivation of QD trap states. Metal halides have not previously been used as the sole ligand 

treatment for QDSCs but rather as a pre- or post-treatment in conjunction with short-chained alkyl thiol ligands. 

Previous reports indicate soaking QD solids in neat DMF displaces the native oleate ligands derived from oleic acid 

(OA) and leads to oriented attachment along the (100) facets of the PbE QDs.16 Here, we find that the metal-

halide:DMF treatment removes Pb-oleate from the QDs while incorporating the metal halide into the film as is 

discussed below.  

Dip coating QDs allows for a controlled thickness of a compact film with appropriate surface coverage.17 In 

Fig. 1A, we show the increase in absorption of PbS QD films with increasing number of deposition cycles while 

preserving the first exciton feature originating from the individual QD size. In Fig. 1B, we show baseline-corrected 

Fourier-Transform Infrared (FTIR) spectra of dropcast films capped with the native oleate ligand (black lines) and 

the corresponding spectra after ligand treatment with various metal halide salts in DMF (red lines). Based on the 

ratios of the largest absorbance feature at 2925 cm-1 (corresponding to the νa (–CH2) mode), the iodide salts remove 

more Pb-oleate than their respective chloride salts (i.e. CdI2 removes more than CdCl2), and the lead salts remove 

more than the cadmium salts (i.e PbI2 is more effective than CdI2). This trend is deduced using a ratio of the 

absorbance at 2925 cm-1 i.e. [post-soak]/[pre-metal halide soak]; 26% oleate remains after treatment with CdCl2, 

14% after CdI2 treatment, 5.1% after PbCl2 treatment, and 1.4% after PbI2 treatment.  However, some of the residual 
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organics from DMF are still present after rinsing, as indicated by the peak near 1640 cm-1. The generality of the 

concept is shown by using each of the compounds in Fig. 1B but, we focus on PbI2 in DMF as a treatment to prepare 

QD solar cells since it is most effective at removing the oleate. 

Figure 5.1. A) Absorption spectra calculated by measuring the transmission and reflection spectra of dip coated PbS 
QD films on glass as a function of the number of dip cycles using PbI2. Inset: photograph of PbS QD films with 
variable thickness controlled by the number of dip cycles given in the legend. B) Fourier-Transform Infrared (FTIR) 
spectra of 1.3 eV bandgap PbS QDs dropcast from hexane (black traces) and then soaked for 2 hours in 10 mM 
metal halide in N,N-dimethylformamide (DMF) (red traces). The peak at 1640 cm-1 is attributed to residual DMF 
that can be removed with heating and/or placing the film under vacuum. 

 

To further detail the composition and properties of the QD films treated with PbI2 (PbSPbI2), we examined 

the atomic concentrations and energy levels using x-ray photoelectron spectroscopy (XPS) and compare to other 

ligand-exchanged QD films. We fabricate films using iodine-containing ligands: TBAI and PbI2, as well as the 

sulfur-containing ligands: MPA and NH4SCN. Both NH4SCN and MPA have carbon signatures greater than 20%. 

Comparing QD films treated with TBAI to those treated with PbI2 in Table 1, we find that the percentage of carbon 

present in the film is greatly reduced (from 26.7% to 2.5%) when using the PbI2 treatment.  Interestingly, the MPA 

and NH4SCN do not displace the Cl present in the QDs (Cl added during the ion exchange reaction via 

PbCl2/oleylamine4), whereas after treating QD films with TBAI or PbI2, Cl is not detected by XPS. This 

demonstrates the strong bonding character of iodine to the surface of lead chalcogenide quantum dots and may be 

responsible for the lessened sensitivity to oxygen in PbS and PbSe devices found here and previously.6 

Researchers have demonstrated a link between the stoichiometry in ionic QDs and majority carrier type in 

QD films.18,19 For instance, the Pb:E ratio decreased with the addition of chalcogens from ligands like MPA or 
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NH4SCN resulting in p-type QD films.18-20 Changes in the stoichiometry would therefore alter the Fermi level 

position within the bandgap. The XPS spectra can be used to determine the work function (ϕ = difference between 

Fermi energy and vacuum level) and the onset of emitted electrons from VB states relative to the Fermi energy (EF – 

E VB onset). Here we find that treating the QDs with MPA or NH4SCN decreases the Pb:S ratio compared to the I- 

treated films and the separation between the onset of the valence band (VB) states and the Fermi level is also 

smaller, consistent with previous reports.21 In addition, the I- treatments lead to a deeper VB (i.e. larger energy 

difference between vacuum and the VB onset) then the sulfur-containing ligand treatments as shown in Fig. 2. With 

total cation:anion ratio equal to unity, the lower Pb:S ratios for the MPA and NH4SCN treatments compared to the I- 

ligand treatment support the conclusion that the MPA and NH4SCN treatments lead to more p-type films than the I- 

ligand treatments.22  

 

The XPS results of the VB onset and ϕ show that the ligand can dictate the Fermi level position within the 

bandgap and can control the overall band positions relative to vacuum.21,23,24 Our results with the TBAI, MPA, and 

NH4SCN ligand treatments agree with those of Brown et al.21, and we find (Fig. 2) that the PbI2 ligand exchanged 

PbS QD film has the lowest lying VB onset and ϕ of all of the ligands studied here and in previous work with PbS 

QD films. Furthermore, treating the PbS QDs with CdCl2 or CdI2 yields a shallower valence band onset. This control 

over both the band positions and majority carrier type within QD solids enables deliberate engineering of the 

energetics within a device.  

We then fabricated PbE QDSCs with the structure shown in Fig. 3A. The processing details and 

characteristics of devices made for this study are summarized in Table 2. The devices are fabricated in air using a 

layer-by-layer coating process.  Both dip coating and spin coating yield nominally the same results with details 

given in Table 2 and the Methods section.  Both of these deposition protocols allow for conformal films with well-

controlled thickness. As mentioned above, a unique feature of QD solids is the ability to control the absolute energy 

levels by applying different ligands. This effect has been attributed to ligand-induced surface dipoles.21 Such control 

Table 5.1 – Relative atomic percentage of elements in ligand-exchanged QD films determined by XPS 
Treatment C N I Cl Pb S O Cd Pb:S Pb:I Pb:Cl (Pb+Cd):(S+I+Cl) 
PbI2 2.5 * 26.9 * 45.7 19.3 5.3 0.3 2.1 2.1  1.0 
TBAI 26.7 1.3 19.2 * 34.3 16.4 1.7 0.4 2.1 1.8  1.0 
MPA 27.3 * * 7.0 28.4 19.7 16.6 1.0 1.4  4.1 1.1 
NH4SCN 21.0 2.9 * 4.0 37.8 27.3 7.0 0.2 1.4  9.5 1.2 
*values below detection limit  
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allows the energetics within a device to be engineered by using multiple surface treatments during the QD 

deposition to create bilayer (or in principle, more complex) structures of QD solids. For example, Semonin et al. 

demonstrated increased performance in PbSe solar cells by stacking ethanedithiol- (EDT) and hydrazine-treated 

layers.1  Other combinations using TBAI and EDT or tetramethylammoinium hydroxide have been used to enhance 

carrier collection resulting in improved device performance.6,25 In Fig. 3B, we compare devices with only a PbSPbI2 

layer to those with bilayer structures where the PbSPbI2 layer is followed by either PbSMPA or PbSNH4SCN layers and 

find that the bilayer structure can greatly improve the current density-voltage (J-V) characteristics of the device. 

Although PbS QDs treated with the inorganic SCN- ligand have been reported to be more conductive in QD films 

than the organic MPA ligand,26,27 we find that the QD devices presented here function more efficiently with 

PbSPbI2/PbSMPA than PbSPbI2/PbSNH4SCN.  

 

Figure 5.2. Summary of photoelectron spectroscopy results of 1.3 eV bandgap PbS QDs with various surface 
treatments.  The EF - EVB onset and ϕ  of PbS QDs changes with PbI2, TBAI, PbCl2, NH4SCN, MPA, CdCl2, and CdI2 
surface treatments/ligand exchange. 

 

Adopting the PbSPbI2/PbSMPA bilayer structure, we then compare PV devices using each of the metal halides 

discussed. Figure 3A shows a scanning electron microscopy (SEM) image of a completed PbSPbI2/PbSMPA device 

indicating highly uniform QD deposition throughout the device. The difference in contrast shown in the SEM for the 

PbI2- vs. MPA-capped QDs indicates that the layers remain distinct with likely different material density or perhaps 

conductivity. While we have optimized the device fabrication conditions for the PbI2 treatment, we note that each of 

the metal halides results in functioning devices and each affect the PV performance in unique ways.  For example, in 

Fig. 3C, we show that devices fabricated using CdCl2 have an improved Voc over those fabricated from PbI2-treated 
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QDs and reach a PCE of 5.6%. The spectral response of a CdCl2-treated device (Fig. 3D) exhibits a 100-nm blue 

shift in the wavelength of the first exciton feature that is likely due to a surface ion exchange which reduces the size 

of the PbS core and increases the bandgap.28 Metal halide treatments can also be used to fabricate PbSe QDSCs 

under ambient conditions (PbSe is generally more prone to oxidation than PbS). The J-V characteristics of a 1.3 eV 

bandgap PbSe QDs device are shown in Fig. 3E with the inset showing the external quantum efficiency (EQE) of 

the device with >70% response throughout most of the visible spectrum. 

 

Figure 5.3. A) Schematic representation of the device structure superimposed on a false-color scanning electron 
microscope image for a completed PbSPbI2/PbSMPA device. Scale bar is 500 nm. B) Current-voltage characteristics 
using only a PbI2 treatment shows low FF (blue trace) with a double-diode at each interface but using a secondary 
layer treated with MPA (red trace) and with the inorganic SCN- ligand (gold trace) aids in band alignment yielding 
improved FF and PCE. C) Current-voltage characteristics of devices incorporating the four metal halides discussed 
above are shown. Using CdCl2 as opposed to PbI2 improves the VOC to over 615 mV. D) External quantum 
efficiency (EQE) curves for PbS QDSCs with PbI2 and CdCl2 ligand treatments (PbSMPA is the back layer as shown 
in panel A). E) Current-voltage characteristics of air-fabricated PbSePbI2 QDSC. The inset shows the external 
quantum efficiency for the device. 

 

We test the thickness dependence of the PbS absorber layer by producing devices composed of 4, 6, 7, 8, 

and 10 sequential spin coating steps. After each spin, the film is treated by soaking in 10 mM PbI2 in DMF for 3 



76 

 

minutes. The last two coatings were treated by 10% MPA in methanol rather than PbI2. In Fig. 4A, we plot the open-

circuit voltage (VOC), short-circuit current (JSC), fill factor (FF), and PCE as a function of the total QD layer 

thickness. The solid symbols represent the average of 6 devices and the hollow symbols represent the champion 

device for each film thickness.  Current-voltage characteristics of the devices are shown in Fig. 4B with the best 

device reaching a PCE of 7.25% which corresponds to a thickness of 500 nm. Figure 4C shows the EQE response of 

the devices as a function of thickness and indicates a general trend of increasing spectral response for lower energy 

photons (i.e. photons with wavelength between 600 and 1200 nm). We also determined that the internal quantum 

efficiency (IQE) increases in this same manner with the thickest cell showing a flat response of 80-85% (Fig. 4D). 

Theoretically, the IQE should be independent of the cell thickness unless majority carrier transport limits the device 

or there is high minority carrier recombination at the wrong interface. For the device with a PbS QD thickness of 

740 nm, the IQE is roughly 80% for all photons absorbed in the QD layer (i.e. photon energy above the bandgap of 

the PbS QDs and below the absorption of the glass/ITO substrate). Electron transport is sufficient to extract 80% of 

carriers generated in the device, indicated by the IQE and flat spectrum, despite being significantly thicker than the 

highest efficiency reported PbS QDSC.6 The PbI2 treatment described here is, therefore, very promising for 

improving the overall efficiency of QDSCs by increasing the film thickness to absorb more light seeing as the JSC 

only begins to drop as the film thickness approaches 740 nm. 

To conclude, we present metal halide treated films of PbE yielding high efficiency devices. This inorganic 

ligand treatment allows for relatively thick films (~600 nm) to be incorporated into devices while still maintaining 

good transport (i.e. high current) in the device. The XPS results highlight the control over the PbS QD absorber 

layer by choice of ligand.  We have shown with XPS that different chemical treatments affect the QD surface, and 

subsequently, how these surface treatments directly control the energy levels of the QD absorber layer.  

Additionally, XPS and FTIR analysis confirmed that the metal halide exchange lessens the residual organic elements 

in the film. Furthermore, using PbS QDs as the low bandgap cell in tandem configurations where better collection of 

the near infrared photons is needed is now more feasible as collection efficiency throughout the entire spectrum 

exceeds nearly 50% with an absorber thickness >700 nm.   
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Figure 5.4. A) VOC, JSC, FF, and PCE plotted as a function of device thickness for spincoated PbI2-treated devices. 
Solid symbols represent the average of 6 devices and hollow symbols are the best devices. B) J-V curves of cells 
shown in panel A with the best cell reaching a PCE of 7.25% with 500 nm thickness of the QD layer. C) EQE 
response of cells showing improved response of longer wavelength light as the cell absorbs more light. D) Internal 
quantum efficiency (IQE) determined by dividing the EQE by the absorption. The color coding is consistent in 
panels B-D and annotated in the legend of panel B. 

5.4 Methods 

The QDs were synthesized following a previously published procedure.4 For PbSe, CdSe was first 

synthesized following a modified version of the procedure published by Pu et al.29 to obtain ~5 nm, monodisperse 

CdSe. The CdSe was then chemically converted to PbSe through a cation exchange reaction by mixing 0.834 g 

PbCl2 with 10 mL oleylamine (OLA), degassing, and heating to 140°C for 30 min. The mixture was then heated to 

190°C and 2 mL of CdSe (100 mg/mL, in ODE) is injected. The reaction was left at 180°C for 30 seconds then 

quenched with a water bath. As the reaction cools, 10 mL hexane and 8 mL OA are injected at 70°C and 30°C, 

respectively. The reaction was allowed to cool and the QDs were washed by precipitation-redispersion with ethanol 

and hexane. The final dispersion was centrifuged to remove any excess chloride salts and filtered through a 0.β m 

Nylon filter. 

PbS was synthesized by the cation exchange of CdS. CdS was synthesized following the procedure 

published by Zhang et al.30 The cation exchange follows that of the CdSe, except the precursors are cooled to 90°C 
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before the injection of CdS (150 mg/mL in toluene) and the reaction runs for 60 seconds. The product was washed 

and filtered in the same way as described above. 

The FTIR absorbance measurements were taken on a Thermo-Nicolet 6700 FT-IR spectrometer in 

transmission mode with a resolution of 4 cm-1.  Clean Si plates were used for background measurements, and films 

of OA-capped QDs were drop cast onto the Si plates for the oleate-capped measurements.  The samples were then 

submerged in 10 mM metal halide in DMF solutions for 2 hours and rinsed with acetonitrile.  These metal halide 

treated samples were then measured, and spectra with sloping baselines were baseline-corrected. 

The XPS measurements were performed on a Physical Electronics, Inc. 5600 ESCA instrument, which has 

been discussed in detail previously.31  Briefly, the radiation is produced by a monochromatic Al (Kα) source 

centered at 1486.6 eV. The VB spectra were taken with a step size of 0.05 eV and a pass energy of 5.85 eV.  The 

electron binding energy scale was calibrated using the Fermi edge of cleaned metallic substrates (Au, Mo, Cu, 

and/or Ag), giving the spectra an uncertainty of ±0.05 eV.  We verify that charging during the photoemission 

experiments is insignificant by measuring the X-ray power dependence of various spectral features (core levels, 

VBMs, and/or secondary electron cutoffs).  We find the VB onset by determining the intersection between the 

baseline and a linear fit to the main VB feature.32 

Solar cell fabrication consisted of dip coating or spin-coating on patterned ITO-coated glass slides from 

Thin Film Devices where we first deposited a TiO2 layer with a sol-gel method. TiO2 sol-gel was prepared in air by 

mixing 5 mL anhydrous ethanol, β drops hydrochloric acid, and 1β5 L DI water. This mixture was stirred while 

γ75 L titanium ethoxide is added drop-wise to ensure that no precipitates form. This yielded a clear liquid that was 

stirred for 48 hours with the headspace of the vial filled with nitrogen. It was then stored in a freezer until needed. 

The ITO/glass substrates were cleaned vigorously with ethanol and UV-ozone treated before depositing TiO2. 

Within 10 min of UV-ozone treatment, 70 L Tiτ2 sol-gel was spun at 1400 RPM for 30 sec. The TiO2 is wiped off 

the ITO contact pads using ethanol and the films are dried at 115°C then annealed at 450°C for 30 min. The films 

are stored in air and sit in air for at least 1 day before use. For dip coating, immersing the substrates into a ~15 

mg/mL solution of QDs in hexane and smoothly removing them leaves a thin film of QDs as discussed previously.17 

Dipping this film into the 10 mM metal halide/DMF solution for 30-60 seconds renders the QD layer insoluble in 

hexane and allows for thick films to be built up layer-by-layer (where the term “layer” does not imply a monolayer 

of QDs, but rather one coating of QDs). A post-ligand treatment with neat acetonitrile (ACN) was necessary to 
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remove the DMF because the residual DMF does not dry rapidly. It should be noted that the metal halides discussed 

here are not appreciably soluble in ACN making ACN a poor choice of solvent for the ligand exchange. A mixture 

of 20 vol.%  DMF/ACN solvated the PbI2 and devices made in this fashion performed nearly as well as those with 

PbI2 in DMF for the ligand treatment solvent (Table 2). Typical dip coated devices used 10-15 layers of PbI2-treated 

QDs followed by 3-4 layers treated with 10% MPA in methanol (MeOH) or alternatively a 10 mM solution in 

MeOH was used for the NH4SCN treatment. Spin coated devices used a variable number of layers for the PbI2-

treatment as discussed in the manuscript with 2 layers of MPA-capped QDs in each case. The QDs were dispersed in 

octane at a concentration of 40 mg/mL and spun at 1000 rpm for 45 s before being immersed in 10 mM metal halide 

solution for 3 minutes and rinsed with ACN. The last 2 cycles of QDs were treated with 10% MPA in MeOH by 

dipping the device into a MPA/MeOH solution, rinsing twice with MeOH and drying with nitrogen. All devices 

presented here were fabricated at room temperature (~23.9-26.7°C) and relative humidity that fluctuates between 

16-20%. A MoOx/Al back contact was then thermally evaporated as discussed by Gao et al.33 

Device testing was carried out using Newport solar simulators adjusted by measuring a calibrated Si 

photodiode reference to match the AM1.5 spectrum. Some devices were tested in glovebox atmosphere while others 

were tested in air; details annotated in Table 2. Device area is 0.11 cm2 but an aperture of 0.059 cm2 was used to 

define the active illuminated area. Spectral response measurements were performed on an Oriel IQE-200 system. 
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CHAPTER 6 

OPTICAL MODELING OF SOLUTION-PROCESSED CDTE AND PBS NANOCRYSTAL TANDEM SOLAR 
CELLS 

 The current-matching requirements (i.e. layer thicknesses and bandgaps) for solution-processed tandem 

solar cells using CdTe and PbS absorber layers has been calculated by applying a full optical model in three device 

configurations. Selective contact recombination layers of ZnO/NiO and ZnTe/ZnO were used to demonstrate the 

feasibility of fabricating tandem cells with PbS quantum dots and solution-processed CdTe as the absorber 

materials. The highest performing configurations have been experimentally demonstrated and show voltage addition 

of the half-cells and Jsc equal to the filtered PbS half-cells indicating full functionality of the tandem device. 

6.1 Introduction 

 Despite the recent advances with PbS QDSCs1-3  and ink-based CdTe solar cells4-6, power conversion 

efficiencies (PCE) are still too low to compete with silicon and vacuum-deposited CdTe for commercialization (as 

indicated by the lack of companies selling QD solar cells). Work on increasing the PCE of these materials is on-

going but another approach to increasing the efficiency of solar cells is by increasing the number of junctions, i.e. 

tandem solar cells. Because of the ease of depositing the CdTe and/or PbS layers, they could be applied to existing 

technologies in order to add an efficiency boost. Alternatively, the CdTe and PbS cells developed in our previous 

work could be combined serially to yield high-efficiency low-cost tandem cells. This work tests the feasibility of 

using the two technologies, which make a near-ideal pair with the PbS QD band gap tunable from 0.37 eV to ~1.9 

eV and a CdTe bandgap of 1.45 eV. According to the detailed balance calculations first done by Shockley and 

Queisser, the maximum theoretical single junction power conversion efficiency is ~33% when the band gap of the 

absorber is 1.34 eV.7 If we constrain the band gap to 1.45 eV (i.e. the band gap of CdTe) the PCE is ~32%. The 

detailed balance calculations have three main assumptionsμ light with energy below the band gap isn’t absorbed and 

therefore doesn't contribute to power output, electron-hole pairs with energy greater than band gap thermalize (i.e. 

lose energy) until they are at the bandgap energy, and each photon absorbed only yields one electron-hole pair. By 

adding another junction the first two assumptions can be slightly relaxed because there is an addition absorber 

material with a band gap energy different than the first. Figure 1 demonstrates the overlap of the CdTe band gap 

(green bar) with the AM1.5 solar spectrum and the changes involved in adding other absorber layers. By lowering 

the band gap of the back (or bottom) cell, the energy range of absorbed light is increased thereby increasing the 
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achievable current. By increasing the band gap of the front (or top) cell the photovoltage lost due to thermalization is 

lessened. For these 2-junction tandem solar cells, the theoretical efficiency increases to ~42.3% but the band gaps of 

the absorbers which give this maximum are 1.1 eV and 1.9 eV.8  

Figure 6.1. Solar Irradiance and band gap overlap of absorber layers. CdTe has a band gap of 1.44 eV which would 
yield a photocurrent of around 31.5 mA/cm2 and an ideal open circuit voltage of 1.18 V calculated by detailed 
balance. Using two junctions the ideal band gaps are 1.1 eV and 1.9 eV. For the low band gap absorber, there is an 
increase in the amount of current available (~12 mA/cm2) but a decrease in the voltage at which the carriers are 
extracted. The larger band gap absorber has an increase in the voltage at which carriers are extracted (~0.46 V) but 
less current available. Taking both of the gains and losses into consideration, the overall theoretical efficiency is 
boosted from ~33% to ~42%. 

 

However, there are certain difficulties in fabricating "traditional" tandem cells. Some traditional high 

efficiency tandems are grown using relatively expensive metal-organic chemical vapor deposition (MOCVD) or 

molecular beam epitaxy (MBE) methods and the materials often require lattice matching to perform well.9 Solution 

processed solar cells generally have small grain sizes and do not rely on lattice continuity between layers. Adjusting 

the band gap of the absorber layers also presents certain technological and material challenges which add to the 

difficulty in current matching each of the sub-cells.  One of the main benefits of QDs being their tunable band gap 

addresses the latter issue listed above. Coupling the solution-processed CdTe and PbS devices together alleviates the 

first and second points but current matching each of the half-cells still remains experimentally challenging. I will 

refer to the individual cells (e.g. the CdTe cell or the PbS cell) that when combined make the tandem as “half-cells” 

or “sub-cells.” We first modeled the combination of these PV technologies as a tandem to guide optimization efforts. 

The simplifying assumption often made in analysis of PV efficiency is that all light above the band gap of the 
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absorber is absorbed, however because the optimal cells developed in this thesis are on the order of 500 nm thick, an 

appreciable amount of above band gap light is transmitted through the material (see Chapters 4 and 5). There is 9.2 

mA/cm2 of photocurrent available from the transmitted light, roughly 29%, in the spectral range of 330 nm to 860 

nm. To take this effect into account, we use a full optical model that determines the position-dependent optical 

generation, and thus calculates the transmission through each layer and reflection from each interface. There are 

several solar cell device architectures for each of the CdTe and PbS technologies developed in my previous work.1, 5 

There are two main categories of 2-junction devices that are amenable to the systems explored herein. One category 

is a monolithically fabricated cell where all layers are deposited sequentially and each cell is connected in series 

through a recombination layer. The second type is where each cell is fabricated independently and mechanically 

stacked as the last processing step. In this second category there are two sub-categories: 4-terminal or 2-terminal 

devices. For a 4-terminal device, current matching is not required but more work is required on the module level to 

combine the outputs of each cell. Two-terminal devices, in this category, still require current matching as the cells 

are connected in series but don’t require a recombination layer as the cells can simply be wired together. One 

drawback of this approach is the requirement for two transparent conductive (TC) contacts to the front-cell, in this 

case CdTe. All of these categories are shown schematically in Figure 2. PbS QDs have been used previously for 

tandem solar cells with modest efficiencies of 1.27%10 and 4.1%11, each using QDs with band gaps of 1.6 eV and 1 

eV for the half cells. Our approach, however, will be to use a more robust and higher efficiency (but still solution 

processed) CdTe cell for the higher band gap front-cell (which according to detailed balance would only give ~28% 

PCE, with thinning the layers a higher efficiency is possible).  

6.2 Optical Modeling 

 By using a scattering matrix formulism to calculate the reflection and transmission in each layer from the 

index of refraction, n, and extinction coefficient, k, the optical electric field distribution is calculated throughout the 

device for the wavelengths of interest as described by Law et al.12 Spectroscopic ellipsometry data for each of the 

layers were fit with Lorentzian and Gaussian oscillators to extract the index of refraction and extinction coefficient. 

Using the AM 1.5 global spectrum, the number of absorbed photons in each layer is calculated then assuming 100% 

internal quantum efficiency, the current generated in each layer is calculated as a function of thickness of the CdTe 

and PbS layers. The generation rate as a function of wavelength, , and depth, x, into the device is given by12 
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� �, � = �0� �,� �,� |� �,� |2ℎ�  (6.1) 

where �, � = 4� �, � /� is the absorption coefficient, � �, �  is the optical electric field, ℎ� is the photon 

energy, c is the speed of light, and �  is the dielectric permittivity. 

 

Figure 6.2. A) Schematic representation of a 2-terminal monolithic tandem that requires a recombination layer to 
recombine electrons from the CdTe cell and holes from the PbS cell. B) Schematic representation of a laminated 
tandem that can be a 4-terminal device or a 2-terminal device is the leads are connected as indicated. Note: Light is 
incident from below in both diagrams as indicated by the rainbow-colored arrow. 

 

Using Eq. 1 the total current generated in each half-cell is tabulated for a given thickness that is iterated 

over a user-specified range of thicknesses. Comparing the current produced by each half-cell, we extract the 

minimum of the two currents produced which is thus the limiting current for the tandem cell. In Figure 3, we plot the 

minimum current as a function of each cell thickness. Figure 3A iterates over the CdTe and PbS layer thicknesses 

that are experimentally viable (see Chapters 4 and 5) for the structure shown in Figure 2A using the experimentally 

determined optimal thicknesses of the non-current producing layers (e.g. glass, ITO, ZnO, Al). As a rough 

optimization check, the other layer thicknesses were dithered from their experimentally optimal values to see the 

effect of adjusting the optical spacing of the absorber layers. Reasonable changes in the ZnO and recombination 

layer (in this case NiO, which has been used in organic photovoltaic devices as a hole transport layer13) thicknesses 

have minimal impact (<10%) on the current output of the device (Figure 3B). Because the change is minimal, the 

focus of the modeling will be on the CdTe and PbS layers. 
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Figure 6.3. Contour plots showing the output of the optical modeling simulations. Panel A) shows the matched 
current as the CdTe and PbS layer thickness varies using PbS QDs with a first exciton peak of 1.3 eV. Panel B) 
shows the matched current as the thickness of the ZnO layers for the front CdTe cell and back PbS cell varies. Panel 
C) lists the thicknesses of the layers used for the simulations. 

 

 Several sizes (i.e. band gaps) of PbS QDs were varied in the model with the structure shown in Figure 2A 

to determine the most optimal band gap to use in conjunction with the CdTe cell. The results of the modeling are 

shown in Figure 4. The region of optimal thickness shifts as a function of PbS band gap towards thicker CdTe and 

thinner PbS as the band gap of the PbS QDs is decreased. However, the increase in short circuit current with 

decreasing PbS band gap follows the anticipated trend but potential gains in current output are negligible compared 

the reduction in performance for experimental cells as discussed in more detail below.  

Furthermore, the structure shown in Figure 2B is more experimentally achievable as each of the half cells 

can be fabricated independently and combined as the last step. Using the optimal size from the previous section, I 

model the current-matched thicknesses as a function of the CdTe and PbS layer thicknesses as shown in Figure 

5A,B. Figure 5A shows the configuration identical to that in Figure 2B, while Figure 5B shows the output for a 



88 

 

configuration where the cell are stacked film-to-film instead of glass-to-glass. There is minimal change is the 

optimal thicknesses for the CdTe and PbS layers but there is a ~3 mA/cm2 drop in the current output using this 

configuration as compared to the configuration shown in Figure 2A, which correlates to a loss of 20% in the current 

output. This loss is reasonable considering the added benefits of independently processing the cells so I focus most 

of my efforts on demonstrating tandems using the glass-to-glass configuration. 

 

Figure 6.4. Contour plots showing the modeled Jsc output of monolithic tandems with the structure shown 
in Figure 2A with various band gaps of PbS QDs of A) 1.3 eV, B) 1.05 eV, and C) 0.88 eV. The region of maximum 
current shifts with the trend of thicker CdTe and thinner PbS as the band gap of the PbS decreases. The overall 
improve in max current going from 1.3 eV band gap PbS QDs to 0.88 eV band gap PbS is ~17%.  The scale for all 
contours is given on the side of panel C).  

 

I synthesized five different PbS QD sizes to test their performance as standard single junction half-cells; 

Figure 6 details the trends. As the first exciton peak (a proxy for the band gap) is increased the Voc increases 

(Figure 6A) linearly with a slope of +0.5 V/eV whereas the current drops as the band gap increases with a slope of -

11.8 mA/cm2/eV (Figure 6B) excluding the outlier at 0.85 eV. The fill factor is roughly constant across the range 

explored but the addition of bus bars to the device (solid symbols) improves the FF and thus the PCE improves as 

well (Figure 6C, D). Using the slopes of the Voc and Jsc values we can determine which factor plays a larger role in 



89 

 

determining the overall efficiency. As the PbS bandgap decreases from 1.35 eV to 0.85 eV the percent change in 

Voc is -50%; the percent change for the Jsc is only +33% meaning the Voc has a lager impact on the overall device 

performance than the loss in Jsc. Because the Voc deficit and FF losses are so extreme (as shown in Chapter 1 for 

PBS and Chapter 4 for CdTe), it is not practical at this time to model the effects of changing the thickness and Eg of 

the QDs on these parameters but rather experimentally determine how they affect device performance. 

Figure 6.5. Modeled current output of a 2-terminal tandem as a function of CdTe and PbS thickness. A) shows the 
output for a tandem structure identical to the structure shown in Figure 2B. B) shows the output for a tandem with 
the same layers as in A) but with the cells flipped and stacked film-to-film as opposed to glass-to-glass. 

 

6.3 Testing the Model 

Next, we tested the optical model. We measured the performance of the PbS QD solar cells with light that 

was filtered using non-functional but optically accurate CdTe solar cells of varying thickness. Potentially, the 

reduction in current when filtered by the CdTe could outweigh the Voc gains; therefore, we sought to see how the 

PbS solar cell performance changes as a function of CdTe thickness. Lacking a full electrical model of the device 

physics needed to predict the Voc and FF limits me to semi-empirically testing the response of the PbS devices to 

filtering. The modeled absorption, with the generalization that each absorbed photon leads to the generation of an 

electron, only allows for calculating the Jsc by integrating over the solar spectrum. To understand the other 

implications on reduced solar spectrum available to the PbS cell required testing it with this method. The lower 

portion Figure 7A shows the transmittance through the CdTe on ITO-coated glass substrates as a function of CdTe 

thickness. Multiplying the AM1.5 spectrum by the fraction of light transmitted through the filters as a function of 

wavelength yields the shaded regions in the bottom of Figure 7A which indicates the amount of light available to the 
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PbS QD cell. To measure the PbS cells through the filters, simply stacking the samples glass-to-glass as shown in 

the inset of Figure 7B would lead to an underestimation of the performance for a monolithic tandem because light 

would reflect off two glass interfaces. The reduction in transmission is shown in Figure 7B, where measuring the 

transmission through one glass substrate yields the expected 92% transmission; measuring through two stacked 

substrates yields the expected ~85% (i.e. 0.92*0.92 = 0.8464) with some etaloning in the IR, but with the 

incorporation of an index matching fluid (e.g. silicone grease), the transmission returns to 92%.  

 

Figure 6.6. PbS device performance parameters as a function of PbS QD band gap. The hollow symbols use the 
device architecture from Chapter 5 and shown again in Figure 2B as the back cell of a tandem as a heterojunction 
device with TiO2. The solid symbols as devices that include a system of bus bars to lower the series resistance and 
thus improve the FF but leave the Voc and Jsc relatively unchanged, therefore we still can use those devices as a 
proxy to determine the effects of incorporating the devices into a mechanically stacked tandem as shown in Figure 
2B. The grey lines are least-squares fits to the data. The Jsc fit excludes the outlier point at 0.85 eV. 
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Filtering the PbS cells leads to a reduction in the Jsc. The measured Jsc as a function of CdTe thickness is 

plotted in Figure 7C for each of the different band gaps of PbS. There is a drastic reduction in current density 

between cells illuminated with the unfiltered solar spectrum to one in which 400 nm CdTe film filters the incident 

light for all band gaps of PbS QDs. Interestingly, all of the devices have similar reductions in current indicating little 

sensitivity to QD band gap on current output. To verify this, the EQE spectra and AM1.5 spectral content for each of 

the filters in Figure 7A was used to calculate an expected Jsc for each of the band gaps and filter thicknesses. The 

calculated Jsc is shown in Figure 7C with color-coded “X” symbols for all but 1.08 eV QDs. We conclude that the 

onset of the PbS QD film does not play as much of a role in the Jsc of the PbS QD film as the intensity of the first 

exciton peak coupled with the interference pattern of the transmitted light through the CdTe. 

Using ~5nm of Al and a silver nanowire (Ag NW) network leads to a transparent conductive contact to the 

CdTe cell (Figure 8). Measuring the PV performance of the CdTe cell yields a working device with low Jsc but 

moderate Voc and FF (Figure 8B). Filtering a PbS cell with the transparent CdTe cell shown yields the device 

characteristics shown in Figure 8C. Wiring the two cells together in the configuration shown in Figure 2B gives the 

performance characteristics shown in Figure 8D. While the overall performance of the cell is low (due to the poor 

Jsc and FF), the Voc is a near perfect addition of the half-cell Voc’s indicating the method of fabricating tandems is 

sound if the Jsc could be fixed by improving the transparent top contact to the CdTe. 

A parallel step(s) in fabricating tandems with the half-cells explored here is to develop a recombination 

layer (for the configuration shown in Figure 2A) or a transparent conductive contact for the CdTe cell (for the 

configuration shown in Figure 2B). A recombination layer facilitates electrons from one cell and holes from the 

other cell annihilating each other. The ideal recombination layer should not reduce light transmission and have low 

series resistance. Tandems based on group III-V semiconductors and silicon use heavily doped thin n+/p+ tunnel 

junctions to recombine electrons and holes from the half-cells.9 Tandems based on organic photovoltaics (OPV) 

typically use carrier-selective contacts (e.g metal oxide/PEDOT:PSS).10, 14, 15 We hypothesized that the following 

materials could function as recombination layers: ZnO/PEDOT:PSS, ZnO/NiO (deposited from a sol-gel route and 

pulsed laser deposition), and sputtered ZnTe:Cu. PEDOT:PSS did not lead to functioning devices as the acidity of 

the solution degraded the ZnO. It is possible to make neutral PEDOT but the processing of the PbS layer on the 

PEDOT caused the polymer to swell and crack leading to shunting of the devices. While this issue is not impossible 

to solve, other materials show greater promise so more focus was given to them. Using the carrier-selective contacts, 
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ZnO/NiO as the recombination layer, yields devices that show voltage addition between the two half-cells.  Devices 

also showed high series resistance resulting in poor FF. The devices had low overall performance for all thicknesses 

of CdTe and PbS explored around the optimal thicknesses determined by modeling despite the addition of a gold 

interlayer between the ZnO/NiO to reduce the series resistance (Figure 9A, B). Using the more conductive ZnTe:Cu 

leads to a successful recombination layer. The voltages of the half-cells are added, Jsc is equal to the current from 

the filtered PbS as predicted, and the FF is similar to the PbS half-cell as shown in Figure 9C. The inset shows the 

spectral response of the tandem under white-light bias. Response from both cells is clearly present but because of the 

additional bias I only report relative EQE and not absolute values for the EQE. Two issues for the device 

configuration used are that the CdTe has low Voc and the PbS cell shows poor overall performance due to the non-

optimized contacts. Inverting the polarity of the half cells to yield the structure: 

FTO/CdS/CdTe/ZnTe:Cu/ZnO/PbS/MoOx/Al leads to higher performance of the PbS cell and improved Voc for the 

CdTe cell and better performance of tandem cells. Figure 9D shows the performance of the half-cells and tandem 

with the inset schematically showing the structure. Device performance is improved due to the more ohmic contact 

to the CdTe with ZnTe and also the more optimized processing of the PbS cell using ZnO and MoOx for the 

electron- and hole-transport layers, respectively. Further work on understanding the electronic properties of the 

devices will improve the overall efficiency but this work serves to provide proof-of-principle for these material 

systems. 

6.4 Conclusion 

To conclude, we modeled the current generation with a full optical model to predict optimal thicknesses for 

CdTe and PbS absorber layers in a tandem configuration. We also determined the optimal band gap for PbS QDs for 

tandem solar cell applications via a combination of optical modeling and experimental cells because a full 

optoelectrical model is lacking at this time. We showed the validity of the optical modeling on of the devices by 

filtering the solar spectrum incident on PbS solar cells with variable thickness CdTe films and found good 

agreement. We then fabricated tandem solar cells using two of the most promising candidates for recombination 

layers in two different architectures and find that multiple architectures lead to voltage addition (i.e. functioning 

tandems) but that fabricating each half-cell separately and mechanically stacking them could potentially lead to the 

highest efficiency and is perhaps most applicable to commercialization with further work on an improved 

transparent contact to the CdTe cell.  
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Figure 6.7. A) The top portion shows the EQE of various PbS solar cells with band gaps ranging from ~1.3 eV to 
0.85 eV while the middle portion shows the transmission through CdTe filters with varying thickness from 400 nm 
to 1000 nm. The transmission percentage is used to calculate the available solar flux through the filters and is plotted 
in the lower portion. The shaded area represents the irradiance transmitted through the CdTe layer. B) In order to use 
the CdTe filters to measure the PbS cells through, we needed to cancel out the “extra” reflection off the second glass 
interface that would not exist in a full tandem device. Measuring the transmission through one glass substrate yields 
the expected 92% transmission; measuring through two yields the expected 85%, but with the incorporation of an 
index matching fluid (silicone grease), the transmission increases back to 92%. The inset shows a diagram of how 
the CdTe is used to filter the PbS device; light is incident from below. C) The Jsc plotted as a function of CdTe filter 
thickness for the PbS band gaps shown in A). The X markers are the calculated Jsc expected from the filtered 
AM1.5 spectra shown in the lower portion of panel A) and agree with the measured Jsc values. 
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Figure 6.8. A) Transmission through a CdTe cell with no top contact (green trace), through an Ag NW network 
(blue trace), and through an AG NW network on top of ~5 nm of Al (red trace) showing the transparency of the top 
contact. Inset: a photograph of the transparent CdTe cell. The tan rectangle in the upper left is the illuminated device 
area.  B) JV characteristics of the transparent CdTe cell picture in A). C) JV characteristics of 1.3 eV band gap PbS 
cell filtered by the CdTe cell picture in A). D) JV curves showing the CdTe cell, the filtered PbS cell, and the 
performance of a tandem cell made by wiring the two cells in series.  
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Figure 6.9. A) Current-voltage (JV) characteristics of monolithic tandems where the PbS thickness was fixed at 650 
nm and the CdTe thickness varies between 220 nm and 340 nm. B) JV characteristics of monolithic tandems where 
the CdTe thickness was fixed at 270 nm and the PbS thickness varies between 550 nm and 750 nm. C) JV 
characteristics of the half-cells including the response of the PbS cell filtered by the CdTe and monolithic tandem 
using ZnO/ZnTe recombination layer. The inset shows the spectral response of the tandem with a white-light bias. 
D) JV characteristics of half-cells with reversed polarity including the response of the PbS cell filtered by the CdTe 
and monolithic tandem using ZnTe/ZnO recombination layer. The inset shows the structure for the tandem cell. 
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CHAPTER 7 
GENERAL CONCLUSION 

To first summarize, I have presented my work on furthering the field of nanocrystal-based photovoltaics. 

Understanding the exciton dynamics of films of QDs coupled with thermal treatments and/or inorganic ligand 

exchanges guided subsequent research. Discerning key aspects of grain growth and exploring device architecture of 

CdTe solar cells led to high efficiency cells. I also showed the first fully inorganically-capped high efficiency PbS 

solar cells enabled by lower recombination and thus optically thicker solar cells. After optimizing each device type 

(e.g. CdTe and PbS devices), I used their optical properties to model the photocurrent generation for each half-cell in 

a tandem configuration. Leaning on this modeling, I experimentally verified the results and studied possible 

recombination layers for monolithic tandems. Current-matching for this system is accomplished in three different 

ways: changing the bandgap, adjusting the relative active areas, and/or varying the thickness of each half-cell. Using 

a combination of these strategies, solution processed tandem cells were demonstrated. Further work on improving 

the recombination layers and transparent contact to the CdTe cell would lead to higher efficiency cells but the work 

described herein proves the concept of using ink-based CdTe and PbS QDs for low-cost, high-efficiency solar cells. 

I conclude with a few remarks on where I see this field stands and where future work could make 

improvements. The work presented here is but a small piece of a rapidly growing field that seeks to use advanced 

materials to improve the efficiency of energy generation from sunlight while lowering the cost to produce such 

materials. While this thesis makes no claims to have solved the issues of renewable energy production, it does 

present critical steps in addressing some of the limitations with current levels of technology. In order to fully absorb 

all light above the band gap, the cells presented here need to be thicker (e.g. 1 µm) but the diffusion length is not 

long enough to efficiently extract all carriers when approaching this thickness. However, previous studies focused 

on increasing the mobility of charges whereas increases in both the lifetime and mobility are needed to reach this 

goal. More mobile charges are more easily able to find recombination sites so passivation of these traps is needed 

(and what I focused on in developing the PbI2 ligand in Chapter 5). Related to the low diffusion of carriers is the 

high non-radiative recombination present in coupled QD films. Lowering non-radiate recombination rates would 

allow for improvement in the Voc, which is arguably the solar cell performance parameter that stands to be 

improved the most compared to other technologies. For the field to progress, better control over doping density (and 

thus tunable control of the electric field in the device) would enable more carriers to be collected via drift thus 

mediating the issue of low diffusivity. One emerging technology (organic metal halide perovskites) have defect 
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states that are outside the band gap allowing for lower recombination in the device thus obtaining Voc around 1 V 

(for comparison, similar band gap PbS QD cells have a Voc around 0.6 V).1, 2 Similar results work with QD 

materials could lead to improvements and should continue to be explored because of the interesting physics that 

QDs present, mainly the ability to undergo multiple exciton generation (MEG) which could allow for QD materials 

to surpass the Shockley-Queisser limit.  

Because of the high surface to volume ratio QDs inherently have, QDs represent an intriguing test bed for 

exploring surface effects that are applicable to their bulk-counterparts. For instance, one limiting parameter to solar 

cell efficiency is a high surface recombination velocity in systems like CdTe.3 By incorporating many of the 

passivation strategies that work well with QD systems; bulk semiconductors could show improved performance. The 

high sensitivity of the QD surface allows for explorations of minute changes that could have profound effects in 

other systems. Only time will tell if QDs will permanently find their niche outside of the research lab and there are 

always many more interesting physical phenomena to be explored with QDs making this a very interesting time to 

be in this field.  
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Appendix A  

LITERATURE SOLAR CELL EFFICIENCIES 
 

Table A.1 Literature PbS device structures and performance parameters 
Device Stack (Light incident left) Voc (mV) Jsc (mA/cm2) FF (%) PCE (%) Bandgap (eV) Ref 

ITO/p-PbS/n-PbS/Al 260 8.5     0.6 1 
ITO/PbS/LiF/Al 330 12.3 44 1.8 0.75 2 

ITO/PEDOT/P3HT:PbS/CNT/LiF/Al 540 10.8 54 3.03 0.87 3 
ITO/MoO3/PbS/C60/BCP/Al 329 26.7 59 5.18 0.9 4 

TO/PbS/PC61BMe/Ma:Ag 470 4.2 62 1.3 1 5 
ITO/ AZO/TiO2/PbS/Au/Ag 390 18.6 42 3.04 1 6 

 pH7PEDOT:PSS/PbS/ZnO/Al 320 9.4 42 1.26 1 7 
ITO/ZnO-NC/PbS/Au       3 1.02 8 
ITO/PbS/C60/LiF/Al 400 10.5 52 2.2 1.02 9 

ITO/PbS/LiF/Al 483 8.4 59.7 2.5 1.04 10 
ITO/PbS/LiF/Al 542 8.3 48.6 2.2 1.06 10 

ITO/ZnO/PbS/MoOx/Al 283       1.08 11 
ITO/PbS/LiF/Al 460 14.46 60 4 1.1 12 

ITO/TiO2/PbS/Au 456 20.7 33 3.2 1.1 13 
ITO/PDTPQxg:PbS/Al 380 4.2 34 0.55 1.1 14 

ITO/TiO2/PbS/Au 517 18.6 42 4.02 1.1 15 
ITO/ZnO/PbS/MoOx/Ag 530 18.7 47.6 4.53 1.1 16 

ITO/Zr-doped TiO2/PbS/Au/Ag 560 17 61 5.69 1.1 17 
ITO/TiO2/PbS:TiO2/Au 480 20.6 56 5.5 1.1 18 
ITO/ZnO/PbS/MoOx/Al 365       1.12 11 

ITO/PbSe/a-Si/Al 220 9 39 0.7 1.13 19 
ITO/PbS/LiF/Al 540 12.1 59 3.8 1.13 20 
ITO/PbS/LiF/Al 545 8.6 61.5 2.8 1.13 10 

ITO/ZnO/PbS/MoOx/Al 347       1.17 11 
ITO/PbS:PC61BM/LiF/Al 590 10.1 63 3.7 1.18 9 

ITO/PbS/LiF/Al 602 7.2 45.8 2 1.19 10 
FTO/TiO2/PbS/Au 510 11.2 47 2.7 1.2 21 

ITO/ZnO/PbS:ZnO/MoOx/Ag/Au 640 16.3 50 5.2 1.24 22 
ITO/ZnO-NC/PbS/MoOx/Ag/Au 510 12.1 43 2.64 1.24 22 

ITO/PbS/LiF/Al 629 8.6 48.4 2.6 1.25 10 
ITO/ZnO/PbS/MoOx/Al 414 20 39.8 3.3 1.27 11 
ITO/ZnO-NC/PbS/Au 588 8.9 56 2.94 1.3 23 

ITO/PEDOT:PSS/PbS/ZnO(DEZ)/Al 580 13.5 55 4.3 1.3 24 
FTO/TiO2/PbS/Au/Ag 480 20.2 62 6 1.3 25 

ITO/ZnO(NH3)/PbS/MoOx/Au 450 10 33 1.5 1.3 26 
FTO/TiO2/PbS/Au 510 16.2 58 5.1 1.3 27 

ITO/ZnO/PbS/MoO3/Au 590     3.5 1.3 28 
FTO/TiO2/PbS/MoOx/Au/Ag 580 21.5 56.7 7.07 1.3 29 
FTO/TiO2/PbS/MoOx/Au/Ag 622 21.7 51.4 6.81 1.3 29 
FTO/TiO2/PbS/MoOx/Au/Ag 510 26.6 59 8 1.3 30 

ITO/ZnO/PbS/MoOx/Al 447       1.3 11 
ITO/p-PbS/n-PbS/Al 520 22.2 47 5.4 1.31 1 

ITO/PbS/LiF/Al 657 6.7 45.4 2.1 1.31 10 
ITO/PbS/LiF/Al/Ag 460 8.57 54.5 2.15 1.33 31 

ITO/PbS/LiF/Al 510 14 51 3.6 1.34 32 
ITO/ZnO-NC/PbS/MoOx/Al 511 25.7 49.3 6.5 1.35 33 
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Table A.1 Continued 
Device Stack (Light incident left) Voc (mV) Jsc (mA/cm2) FF (%) PCE (%) Bandgap (eV) Ref 

ITO/EDT-SnS/PbS/Al 350 4.15 27 0.5 1.35 34 
FTO/ZnO/TiO2/PbS/MoO3/Au/Ag 620 22 62 8.5 1.36 35 

FTO/TiO2/PbS/MoO3/Au/Ag 510 9.2 35 2.1 1.36 36 
ITO/ZNO/PbS/Au 555 24.2 63.8 8.55 1.38 37 

ITO/PbS/PSBTBTj:PC61BM/Ca/Al 450 14.8 63.3 4.1 1.39 38 
ITO/PbS/LiF/Al 692 5.7 34.9 1.4 1.39 10 

ITO/PbS/Bi2S3/Ag 440 8.81 41 1.6 1.44 39 
ITO/ZnO-NC/PbS/MoOx/Al 524 18.1 46.2 4.4 1.46 16 

ITO/ZnO/PbS/MoOx/Al 515       1.46 11 
ITO/PDTPBTi:PbS/TiO2/LiF/Al 570 13.06 51 3.78 1.56 40 

ITO/CdS/PbS/Au 638 12 43.5 3.3 1.57 41 
ITO/TiO2/PbS/MoO3/Ag 700 9.5 49 3.2 1.6 42 

ITO/TiO2/PbS/MoO3/ 700 8.7 49 2.98 1.6 6 
ITO/PEDOT:PSS/PbS/ZnO/Au 580 7 44 1.8 1.6 7 

ITO/ZnO/PbS/MoOx/Al 595 18 40.1 4.3 1.65 11 
ITO/ZnO/PbS/MoOx/Al 698       1.9 11 

 

Table A.2 Literature PbSe device structures and performance parameters 

Device Stack (Light incident left) Voc 
(mV) 

Jsc 
(mA/cm2) 

FF 
(%) 

PCE 
(%) 

Bandgap 
(eV) 

Ref 

ITO/ZnO/PbSe/Au 180 30 43 2.3 0.72 43  
ITO/MOPPV-

MWNT:PCBM/PbSe/Al 
406 1.71 35 0.4 0.73 44  

ITO/PbSe/Al 180 26 34 1.7 0.735 45  
ITO/PbSe/Al 230 12.1 50 1.4 0.8 46 

ITO/PEDOT:PSS/PbSe/Ca/Al 220 26.4 42.2 2.45 0.85 47 
ITO/PbSe/Ca/Al 190 18 44 1.5 0.86 48 

ITO/PEDOT:PSS/PbSe/Ca/Al 240 21.9 45.5 2.4 0.86 48 
ITO/ZnO-NC/PbSe/MoOx/Al 391.3 19.6 34.8 2.65 0.89 33 

ITO/PbSe/Au 239 24.5 40.3 2.1 0.9 49 
ITO/ZnO/PbSe/Au 320 35 40 4.5 0.98 43 
ITO/PbSe/Mg/Ag 270 12 34 1.1 0.99 50 

ITO/PbS(0.7)Se(0.3)/Al 450 14.8 50 3.3 1 46 
ITO/PbSe/LiF/Al 430 11.37 58 2.82 1.1 51 

ITO/ZnO/PbSe/a-NPD/Au 390 15.7 27 1.6 1.14 52 
FTO/TiO2/PbSe/Au 475 17.4 43 3.93 1.29 53 

ITO/ZnO-NW/PbSe/a-NPD/Au 420 18.6 25 1.97 1.32 52 
ITO/PEDOT:PSS/PbSe/ZnO-NC/Al 440 24 32 3.4 1.35 54 

ITO/CuI/PbSe/ZnO/Al 490 21.6 34 3.58 1.4 55 
ITO/ZnO/PbSe/MoOx/Au 408 18 31 2.3 1.43 56 

ITO/Zn(Mg)O/PbSe/MoOx/Au 482 22 35 3.7 1.43 56 
ITO/PEDOT/PbSe/Al 470 17.2 57 4.57 1.6 57 
FTO/TiO2/PbSe/Au 411 5.22 31 0.74 1.63 53 
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APPENDIX B 

SUPPLEMENTAL DATA ON CROSS-POLARIZED TRANSIENT GRATING 

B.1 Calculation of <N>eh 

 
The <N>eh (average number of excitons per QD) is the product of the absorption cross section at the pump 

wavelength (equation B1.1) and the pump fluence.  The absorption cross section is given by equation B1.βν αB is the 

bulk absorption coefficient at 3 eV, reported as 1.5×105 cm-1 by Klimov.1  The absorption cross section at 510 nm, 

the pump wavelength used in this study, was calculated by taking the product of αB at 3 eV with the ratio of the 

absorbance at this energy and the absorbance at the excitation energy. | | =0.25 is also reported in Ref.1 and is used 

as such in these calculations.  The error in these calculations is primarily from � , which can change by up to a 

factor a of two at these excitation wavelengths due to effects of close packing.2  Further error is introduced through 

estimation of the value of | | . 

 � = �   (B1.1) 

 � = | | �     (B2.1) 

 

B.2 Pyridine Capped Films  

The pyridine-capped QD films all have significant contributions from a fast decaying component at all 

fluences. The Auger decay analysis described in the main text (dashed lines in Figure B1) was applied to such films 

and found to be unsatisfactory.  

 
B.3 Femtosecond spectroscopy methods 
  

Pulses for cross-polarized transient grating spectroscopy were characterized spectrally and temporally, and 

with characteristic results shown in Figure B2. The time-bandwidth product Δ Δ  was typically between 0.γβ-0.45. 

Equal polarization (VVVV) CPTG scans were also collected on CdSe QD films. In some cases, scattering of k3 was 

so large that the background was significantly larger than the VVVV signal and it was not possible to collect 

analyzable data because of background fluctuations. In no cases were there any decays (after 0.1 ps) with time 

constants < 10 ps. Representative data are shown in Figure B3.  
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Figure B.1 Transient absorption decay curves for an annealed pyridine-capped CdSe QD film at various values of 
excitons per QD (N calc). Dashed lines are attempts to fit to biexciton decay. 
 
 
 
 

 
Figure B.2 (a) Typical pulse autocorrelation with sech2 fit and (b) pulse spectrum. 
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Figure B.3 CPTG data collected under VVVV polarization conditions for [In2Se4]

2- and OA-capped CdSe QD films. 
 
 

Transient absorption spectroscopy was performed using a Clark-MXR CPA-2001 amplified Ti-sapphire 

laser, operating at 1 kHz. 90% of the 775 nm output (about 400 µJ) was directed to an OPA (TOPAS, light 

conversion), which was tuned to 510 nm, just higher in energy than the lowest exciton band of the sample. The 

pump beam was chopped at 500 Hz. The pump spot size at the sample had a diameter of ~βλ0 m based on pump 

energy measurements through a 150 M diameter pinhole and assuming a Gaussian spatial profile. The remainder of 

the laser output was passed three times off retroreflectors mounted on a motorized delay stage and then used to 

generate a supercontinuum probe in a 5 mm CaF2 window. The probe was split into two identical copies that were 

focused onto the sample (250 µm spot size) and traversed parallel paths to a monochromator. The monochromator 

output was focused onto a triggered 1024 pixel photodiode array camera (Spectronic Devices) to collect spectra 

from 400-800 nm at 1 kHz, with alternating spectra containing “pump on” and “pump off” information. Typical 

integration times at each delay position were 5-10 s. Scans were carried out using an exponential spacing of time 

delays starting a few hundred fs before t=0 and ending at around 4.7 ns. All measurements were performed at room 

temperature. 

B.4 CPTG decay in solution  

In addition to drop-cast or spin-cast films of QDs (shown in Figures 3a and 3b), several QD samples with 

different capping ligands were tested for CPTG decay in solution in order to determine what effect, if any, the ligand 
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itself has upon the CPTG decay time in the absence of inter-QD interactions. In Figure B4 are shown CPTG decays 

for OA, TOPO, and [In2Se4]
2- with decay times of 132 fs, 137 fs, and 148 fs, respectively. For other ligand 

treatments QDs do not remain sufficiently soluble in suitable organic solvents for evaluation of CPTG decays. 

 
Figure B.4 CPTG decay curves for 2.8 nm CdSe QDs with the capping ligand and the solvent indicated. 
 
 
B.5 Ligand and QD film preparation methods  

Oleate-capped 2.8 nm and 3.0 nm diameter wurtzite CdSe QDs were synthesized following Bullen et al.3 

For ligand exchanges, 1 mL of 20 mg/mL NC solution in hexane is placed on top of 1 mL of hydrazine. Then 500 

µL of 0.1 M stock ligand solution in hydrazine is added to the bottom hydrazine phase and the resulting bi-layer is 

stirred for several minutes until complete phase transfer of the QDs occurs. The top hexane phase is removed by 

pipette and the QDs in hydrazine are then washed three times by adding clean hexane and finally precipitated with 

minimal amounts of acetonitrile. The product was then redispersed at 50 mg/mL in hydrazine. Exchange with Na2S 

was carried out by placing 1 mL of 20 mg/mL QD solution in hexane on top of 1 mL of N-methylformamide 

(NMF). Then 100 µL of 40 mg/mL stock ligand solution in NMF is added to the bottom NMF phase and the 

resulting bi-layer is stirred for several minutes until complete phase transfer occurs. The top hexane phase is 

removed as described above and the QDs in NMF are then washed three times with hexane and precipitated with 

minimal amounts of acetonitrile. The resulting QD pellet was redispersed at 50 mg/mL in hydrazine. The pyridine 
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exchange was performed by dissolving 15 mg of CdSe OA-capped QDs in 5 mL of pyridine and heated in a glove 

box to 85°C while stirring for 24 h before being precipitated with hexane and re-dispersed in an 4:1 ratio of 

chloroform:pyridine. Films were dropcast from solution onto sapphire substrates cleaned by ultrasonication in 

isopropanol and acetone and hydrophilized by O2 plasma. 

 

B.6 TEM characterization of QD films 

 

B.7 References Cited 
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Figure B.5  High (left) and low (right) magnification of drop-cast pyridine-treated CdSe QD films. 
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Figure C.1 Copyright permission to use Ref. 1 as Chapter 2. 
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Figure C.2 Co-author permissions to use Ref. 1 as Chapter 2. 
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Figure C.3 Copyright permission to use Ref. 2 as Chapter 4. 
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Figure C.5 Part 2 of 2, Co-author permissions to use Ref. 2 as Chapter 4. 
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Figure C.6 Copyright permissions to use a portion of Ref. 3 in Chapter 4. 
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Figure C.7 Copyright notice that Ref. 4 is in the public domain for Chapter 5. 



118 

 

 
Figure C.8 Part 1 of 2, Co-author approvals to use Ref. 4 as Chapter 5. 
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Figure C.9 Part 2 of 2, co-author permissions to use Ref. 4 as Chapter 5. 
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