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   This	
   thesis	
   explores	
   the	
   understanding	
   of	
   the	
   chemistry	
   and	
   physics	
   of	
   colloidal	
  

quantum	
  dots	
  for	
  practical	
  solar	
  energy	
  photoconversion.	
  Solar	
  cell	
  devices	
  that	
  make	
  use	
  

of	
  PbS	
  quantum	
  dots	
  generally	
  rely	
  on	
  constant	
  and	
  unchanged	
  optical	
  properties	
  such	
  that	
  

band	
  gap	
  energies	
  remain	
  tuned	
  within	
  the	
  device.	
  The	
  design	
  and	
  development	
  of	
  unique	
  

experiments	
  to	
  ascertain	
  mechanisms	
  of	
  optical	
  band	
  gap	
  shifts	
  occurring	
  in	
  PbS	
  quantum	
  

dot	
   thin-­‐films	
   exposed	
   to	
   air	
   are	
   discussed.	
   The	
   systematic	
   study	
   of	
   the	
   absorption	
  

properties	
  of	
  PbS	
  quantum	
  dot	
  films	
  exposed	
  to	
  air,	
  heat,	
  and	
  UV	
  illumination	
  as	
  a	
  function	
  

of	
  quantum	
  dot	
  size	
  has	
  been	
  described.	
  A	
  method	
  to	
  improve	
  the	
  air-­‐stability	
  of	
  films	
  with	
  

atomic	
   layer	
  deposition	
  of	
   alumina	
   is	
   demonstrated.	
   Encapsulation	
  of	
   quantum	
  dot	
   films	
  

using	
   a	
   protective	
   layer	
   of	
   alumina	
   results	
   in	
   quantum	
   dot	
   solids	
   that	
   maintain	
   tuned	
  

absorption	
  for	
  1000	
  hours.	
  

	
   This	
   thesis	
   focuses	
   on	
   the	
   use	
   of	
   atomic	
   force	
  microscopy	
   and	
   electrical	
   variants	
  

thereof	
   to	
   study	
   the	
   physical	
   and	
   electrical	
   characteristics	
   of	
   quantum	
  dot	
   arrays.	
   These	
  

types	
   of	
   studies	
   have	
   broad	
   implications	
   in	
   understanding	
   charge	
   transport	
  mechanisms	
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and	
  solar	
  cell	
  device	
  operation,	
  with	
  a	
  particular	
  emphasis	
  on	
  quantum	
  dot	
  transistors	
  and	
  

solar	
   cells.	
   Imaging	
   the	
  channel	
  potential	
  of	
   a	
  PbSe	
  quantum	
  dot	
   thin-­‐film	
   in	
  a	
   transistor	
  

showed	
   a	
   uniform	
   distribution	
   of	
   charge	
   coinciding	
   with	
   the	
   transistor	
   current	
   voltage	
  

characteristics.	
   In	
   a	
   second	
   study,	
   solar	
   cell	
   device	
   operation	
   of	
   ZnO/PbS	
   heterojunction	
  

solar	
   cells	
   was	
   investigated	
   by	
   scanning	
   active	
   cross-­‐sections	
   with	
   Kelvin	
   probe	
  

microscopy	
   as	
   a	
   function	
   of	
   applied	
   bias,	
   illumination	
   and	
   device	
   architecture.	
   This	
  

technique	
   directly	
   provides	
   operating	
   potential	
   and	
   electric	
   field	
   profiles	
   to	
   characterize	
  

drift	
   and	
  diffusion	
   currents	
   occurring	
   in	
   the	
   device.	
   SKPM	
  established	
   a	
   field-­‐free	
   region	
  

occurring	
  in	
  the	
  quantum	
  dot	
  layer,	
  indicative	
  of	
  diffusion-­‐limited	
  transport.	
  These	
  results	
  

provide	
   the	
   path	
   to	
   optimization	
   of	
   future	
   architectures	
   that	
   may	
   employ	
   drift-­‐based	
  

transport	
  in	
  the	
  quantum	
  dot	
  layer	
  for	
  enhanced	
  charge	
  extraction	
  and	
  power	
  conversion	
  

efficiency.	
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INTRODUCTION	
  

Addressing the energy challenge with clean energy technologies	
  

 As part of President Obama’s Climate Action Plan, the Obama administration has 

developed a strategy to combat climate change and achieve energy independence and 

sustainability.1 Beginning in 2012, energy imports have declined due to increased 

domestic energy production as part of a government initiative to relieve dependence on 

foreign oil. The U.S. will reduce carbon emissions by increasing its renewable energy 

generation capacity with an additional 10 GW installed by 2020. This target will be 

accomplished by the expanded use of wind, solar and other renewable energy 

technologies. Deployment of an additional 25 solar energy facilities, 9 wind farms, and 

11 geothermal plants will generate enough power to support 4.4 million homes and 

~17,000 U.S.-sourced jobs. Furthermore, the Obama administration has set an impressive 

goal for the U.S. to become a global leader in energy sustainability achieved with a 

strong emphasis in solar energy conversion. Research and development budgets for the 

development of clean energy technologies have increased by 30%, with a total budget of 

$7.9 billion in 2009.   

 Renewables such as solar, geothermal and wind do not emit CO2, a powerful and 

harmful greenhouse gas linked to climate change. Since the industrial revolution, human 

activities have led to increased CO2 levels in the atmosphere with emissions primarily 

from combustion of fossil fuels and coal-fired power plants.2 In Figure 1.1 taken from the 

2013 report from the International Panel on Climate Change (IPCC), an increase in CO2 

emissions is clearly observed along with a concomitant increase in the average global 

temperature. Increased CO2 emissions are a primary and well-known indicator of climate 
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change, however, many other metrics have been evaluated including the melting of the 

polar ice caps, increased sea levels, ocean acidification, and increased concentration of 

other greenhouse gases such as methane attained from the 2013 report from the 

International Panel on Climate Change (IPCC).  

 

 

Figure 1.1 (a) Changes in carbon dioxide concentrations in the atmosphere over regions 
near the equator (red) and the South Pole (black) since 1958. (b) Surface temperature 
changes of the Earth observed over a 100-year period. The average global temperature 
has risen by 0.6-0.7 °C. Figures are from the International Panel on Climate Change 
Report, 2013.2  
 

 The report from the International Panel on Climate Change (IPCC) characterizes 

the changes for the above listed metrics over time, showing distinct and clear impacts 

from increased CO2 levels in the atmosphere and oceans. The technical experts from the 

IPCC report cede that global warming and climate change is evident and a result of 

human impact. Continued emissions of green house gases will cause further warming and 

irreversible changes in climate patterns. Here, projections through the aid of climate 

models predict a temperature rise of a 1.5 °C by the end of the 21st century taken from the 

2013 report from the International Panel on Climate Change (IPCC).2 This increased 

temperature change can wreck havoc by disturbing the equilibrium of ecosystems via 
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temperature and pH changes. Furthermore, the temperature change can prompt abnormal 

weather patterns including higher frequencies of hurricanes, drought, and heat waves.3 In 

order to avoid these irreversible effects, the IPCC report encourages world leaders and 

policy makers to dramatically reduce CO2 emissions to curtail and mitigate effects from 

climate change. Conventional energy sources such as combustion engines, coal-fired 

power plants and oil refineries are the major sources of CO2 emissions in the United 

States.4 As a consequence, there is a greater need for energy sources, such as renewables, 

that do not emit greenhouse gases, thus providing the opportunity to develop clean energy 

technologies.  

 In 2001, the total global energy consumption was ~14 terawatts (TW) and is 

expected to double by 2050, with a demand of ~28 TW.5 Among the deployed 

renewables (wind, solar and geothermal) the capture of solar energy presents the largest 

potential for energy generation, with a theoretical capacity of 120,000 TW striking the 

Earth each hour.6 Various ways to capture solar energy include solar thermal, solar fuels 

or solar photovoltaics (PV).6 Solar thermal technologies capture incoming solar energy 

and use it to heat water to varying temperatures for electric power generation. Solar fuels 

utilize the sun’s energy to drive chemical reactions. This technology attempts to mimic 

the process of natural photosynthesis for methanol fuel production. Another main 

research thrust involves generation of H2 fuel through water-splitting reactions that are 

driven photo-electrochemically.7 Solar PV generates electricity directly through the 

conversion of the solar flux to electrical power. The conversion of solar photons to direct 

electricity provides the opportunity to deploy installations from a local to grid scale (e.g. 

house, solar farm). The scope of this thesis will focus on solar PV technologies. 
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 A solar PV cell employs an absorber material that captures a unique portion of the 

sunlight spectrum (Figure 1.2). Upon absorption of solar photons, the material forms 

electrons and holes (absence of an electron), which are efficiently transported and 

extracted at metal contacts for useful work in an external circuit.8 The power conversion 

efficiency (PCE, η) is a metric used to assess the efficiency of converting sunlight energy 

to electricity. 

 

 

Figure 1.2. (a) Schematic of a simplified solar cell device stack. A solar absorber 
material is sandwiched between two conducting electrodes. Illumination is incident on 
the transparent electrode which creates electron-hole pairs in the absorber material. 
Electrons are separated and extracted at the back electrode for useful work in an external 
circuit. (b) AM1.5G spectrum of the solar flux. The radiation at sea level (red area) is 
comprised primarily of visible and near-infrared light, thus most solar cell absorber 
materials are tailored to absorb within this region. Figure is from Wikipedia Commons, 
http://upload.wikimedia.org/wikipedia/commons/4/4c/Solar_Spectrum.png.  
 

A solar cell creates usable electrical power by generating a net voltage and current under 

illumination. Engineering energetic or kinetic asymmetry of the device architecture under 

illumination creates rectifying behavior, such that one type of charge carrier (electron or 

hole) is collected at an electrode (front or back), thus the behavior of the solar cell can be 

described as a photodiode. The PCE of a single junction solar cell under 1-sun 

(a) (b) 
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illumination (AM1.5G, flux = 1000 W m-2) is characterized by VOC, JSC, FF and using 

Equation 1.1.9  

    𝜂 =    !!"  ×  !!"  ×  !!
!!"#$%

     Equation 1.1 

The open-circuit voltage, VOC, describes the voltage of the cell when the terminals of the 

cell are disconnected, preventing an electrical current from flowing. The maximum 

measure of VOC in a solar cell can be attributed to the difference quasi-Fermi level for 

holes and the quasi-Fermi level for electrons of the absorber material under illumination. 

The short circuit current density (JSC) describes the amount of current flow per unit area 

when the terminals are connected with 0 V of applied bias. The fill-factor, FF, is a 

correction factor to the maximum power the cell can generate (𝑃 =   𝑉  ×  𝐼), and accounts 

for non-idealities in current-voltage curves (see Figure 1.3).  

 

Figure 1.3. Current-voltage curves measured on a solar cell under dark and illuminated 
conditions using a solar simulator that generates AM1.5G solar flux (100 mW cm-2). The 
product of the VOC and the JSC is the maximum power of the solar cell. There exists non-
idealities in current-voltage curves due to losses of charge carriers through recombination 
(radiative and non-radiative processes) and resistances in the solar cell stack, including 
series and shunt resistances. These losses ultimately lead to reduction in overall power. In 
quadrant IV, the area between the illuminated curve (yellow) and the dashed lines 
represents this loss in power, thus reducing the efficiency of the solar cell.  
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The numerator in Equation 1.1 characterizes the power of the solar cell. The overall 

efficiency of the cell in converting solar radiation into electrical power can be determined 

by dividing the power of the solar cell by the power of the sun, where Psolar is 1000 W m-

2. The solar cell in Figure 1.3 has a 602 mV open-circuit voltage, a 16 mA cm-2 short 

circuit current density, and a 35% FF. If the solar cell has a perfect FF (100%), the 

efficiency would be ~9.6%; however, accounting for the fill-factor, the actual efficiency 

is 35% of the 9.6%, resulting in a PCE of 3.36%.  

 Crystalline silicon and other forms were the leading absorber materials in first-

generation solar cells.8,10 These cells were expensive to produce because of the high-

temperatures that were required to produce thick films of ultra-pure and defect-free 

crystalline material resulting in solar cell module efficiencies typically >20%.11 More 

recently, development of PV technologies that utilize thin-films of inorganic or organic 

absorber materials have reduced manufacturing costs while maintaining reasonable 

module efficiency, ~10-15%. 11 This second generation of PV, nicknamed thin-film PV, 

uses ultra-thin absorber layer films fabricated at low-temperature using solution 

processing such as roll-to-roll or inkjet printing.8,12 Moreover, many of the elements used 

to form the solar ink are inexpensive, readily available and abundant.13 The cost of PV 

installations have declined substantially, but it still remains more expensive relative to 

other traditional energy technologies.14 Continuing efforts to reduce cost of solar 

installations can drive the technology further into full-scale deployment.  

 Inorganic colloidal quantum dot (CQD) materials offer the opportunity to 

dramatically boost PCEs. CQDs are attractive for the development of third-generation PV 
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since their solution based syntheses can be utilized in the manufacture of thin-films using 

roll-to-roll or inkjet printing processes. More importantly, the lead chalcogenide (PbX, X 

= S, Se, Te) QD family may allow for PCEs to exceed the fundamental limit (33%) for a 

single junction solar cell which will be discussed in next section.  

Lead chalcogenide quantum dots for solar photovoltaics 

 Capitalization of new and emerging fundamental photophysics may allow for a 

dramatic increase in PCEs and a reduction of balance of systems cost. The Shockley-

Queisser (S-Q) limit of 33% details the maximum and theoretical limit of the PCE at 1-

sun illumination for a single junction solar cell containing only one absorber with a band 

gap of ~1 eV.15 In addition, the S-Q limit assumes that absorption of one photon leads to 

generation of a single electron-hole pair. PbX QD nanomaterials offer unique 

photophysics achieved by the quantum confinement size effect.16,17 QDs are nanometer 

sized particles that exhibit quantum confinement. By squeezing a bound electron-hole 

pair (exciton) below its characteristic radius, the Bohr exciton radius, results in quantum 

confinement of the exciton. For example, the Bohr exciton radius for PbSe is 43 nm, and 

typical nanocrystal diameters can be synthesized from 2-10 nm, thus creating quantum 

confined nanoparticles.16,18 As a result, QD nanocrystals show unique behavior in their 

optical and electrical properties differentiated from their bulk counterparts (Figure 1.4). 

For the PbX QDs, the size effect also results in slower carrier cooling due to formation of 

a phonon bottleneck; that is, photogenerated excitons cool much more slowly, allowing 

for the opportunity to collect these carriers before they thermalize.19 This provides the 

opportunity to break the S-Q limit through generation of multiple electron-hole pairs per 

absorbed photon through multiple exciton generation (MEG). Here, MEG violates the 
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assumption in the thermodynamic analysis of the S-Q limit by generating 2 or more 

electrons per absorbed photon. Theoretical PCEs have been calculated which account for 

MEG as a function of MEG quantum yield and the maximum theoretical efficiency for 

PbSe QDs with a band gap ~1 eV is 42%, roughly 10% higher than the S-Q limit.20 MEG 

can dramatically improve photocurrents in devices, and has already been measured in 

actual solar cell that used PbSe QDs as the active layer. Here, the solar cell showed an 

external quantum efficiency greater than 100% indicating excess electrons were 

generated per absorbed photon.21   

 

Figure 1.4. (a) Schematic of a QD nanocrystal ligated with long-chain organic molecules 
that provide solubility and protection against coalescence between other QDs in solution. 
(b) Band structure for bulk vs. quantum confined semiconductors. As a result of quantum 
confinement, discrete energy levels are created. The first optical transition occurs from 
the 1S(h) to the 1S(e) state and is often referred as the first exciton absorption energy. As 
the QD gets smaller in diameter, the gap between the 1S(h) and 1S(e) expands due to 
stronger quantum confinement exhibited by smaller-sized nanocrystals. 
 
 The structure of a QD is a nano-sized crystal that is ligated by a shell of organic 

surfactants that act to satisfy dangling bonds of Pb2+ or chalcogen (S2-, Se2-) species at the 

QD surface and provide solubility in organic solvents such as hexane or octane.18 The 

extent of exciton confinement in the QD is characterized by the first exciton peak of 

absorption, referred to as the first exciton hereafter, and will blue-shift the optical 
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absorption to higher energies with decreasing size of the QD.22 Thus, the size effect 

allows for optical absorption and emission properties of QDs to be tuned. Specifically, 

the optical absorption peaks for PbX QDs can be tuned to the solar spectrum, ranging 

from 0.9–1.4 eV. 

 The PbX QDs have achieved much progress in the improvement of their optical and 

electronic properties,23 which has garnered strong interest in their use as photoactive 

layers in solar PV devices. The promising field of “Quantum dot cells” was added to the 

National Renewable Energy Laboratory Device Efficiency Chart in 2008 under the 

category of “Emerging PV”. Solar cell devices constructed with PbS and PbSe QDs have 

evolved from architectures that use a Schottky junction24,25 with metal contacts to a 

heterojunction between p-type PbX QDs and n-type semi-transparent metal oxides (e.g. 

ZnO, TiO2, etc.)26-29 for reasons discussed in a later chapter. The highest certified PCE 

achieved for the field is 8.6%,30 thus showing tremendous progress since the first point on 

the chart (3%, 2008). Many challenges still need to be addressed which will require a 

fundamental understanding of the chemical and physical nature of QD doping and surface 

chemistry and interfaces in device architectures. Furthermore, PbX QDs are air-sensitive 

materials31 and air-exposure to QD solar cells has shown detrimental to PV device 

performance, thus complicating their practical use. Some of the instabilities known to 

affect QDs include oxidation, size change, and movement or desorption of stabilizing 

ligands that cover the QD surface. Characterization of these instabilities is necessary to 

develop methods to counter degradation and extend QD solar cell lifetime in air.  

 More recently, an intense effort has been devoted towards surface passivation of 

QDs using small molecule organic or inorganic treatment ligands, typically performed 
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during solid-state film formation. A crucial objective is to understand the influence of the 

passivating ligands on defect sites at the QD surface, and to find ways to control it. 

Accordingly, opportunities for fundamental studies to address the many gaps in 

knowledge are numerous. It will be important going forward to gain a better 

understanding of how these surface treatments affect QD oxidation, doping of the QD 

thin-film, and the density of trap states in the optical gap.  

Thesis objective and outline 

This thesis aims to understand the unique chemistry and photo-physics of PbS 

QDs and CQD solar cell devices for efficient capture and conversion of solar energy into 

electricity. In particular, Chapter 2 focuses on the fundamental understanding of QD 

photooxidation for development of air-stable solar cell devices. In Chapter 3, the use of 

atomic force and scanning Kelvin probe microscopy to understand the physical and 

electronic properties of QD solids is covered. In Chapter 3, special attention will be paid 

in demonstrating SKPM as a powerful tool to understand device physics of transistors. 

Chapter 4 discusses the progress of the emerging QD solar cell field and provides a brief 

overview of how QD solar cells are constructed and characterized. Chapter 5 details 

cross-sectional scanning of QD solar cells to investigate the how applied potentials are 

distributed throughout the layers in the stack to provide a working picture of how the 

device operates. Finally, Chapter 6 provides conclusions of this thesis and an outlook for 

future work.  
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CHAPTER 2 
 

QD synthesis, thin-films and optical properties 

 The synthesis of lead chalcogenide (PbS and PbSe) QDs has been accomplished using 

hydrothermal32 and solvothermal techniques.33 Insofar, the hot injection or solvothermal method 

has demonstrated superior control of nanocrystal size with great monodispersity in average 

diameter. This method has resulted in highly emissive QDs with desirable electronic properties for 

opto-electronic applications. In general, rapid injection of a relatively cool precursor solution 

(typically the chalcogen source) into a hot flask containing a second precursor (usually the lead 

source) and long chain coordinating ligands dissolved in solution creates suspended colloids of 

QDs. The precursors rapidly combine to form a supersaturated solution of crystal monomer (Figure 

2.1) and the reaction temperature subsequently drops due to a thermal difference between the 

injection and flask solution. The crystal monomers combine and precipitate out of solution to form 

nanometer sized crystals that are solvated and stabilized by surface coverage of coordinating 

ligands such as organic long-chain molecules (typically oleate, C18H33O2
−). The hot injection 

method achieves monodispersity of nanocrystal size due to the temporal separation of nucleation 

and growth events.34,35 The dynamics of nucleation and growth are displayed in Figure 2.1c. At 

early times (I), rapid combination of precursors gives rise to a supersaturated solution of monomers 

(S ≥ 1) resulting in the nucleation event. Upon reaching a critical super-saturation in phase II, a 

reduction in temperature and monomer supersaturation initiate nanocrystal growth whereby 

precipitation of nanocrystals is favored. Growth occurs by attachment of monomer to accessible 

nanocrystal surfaces requiring the dynamic removal and attachment of ligand at the crystal surface. 

An equilibrium between the rate of nucleation and growth events is achieved at the boundary 

between phase II and III. During stage III both the monomer concentration and temperature 

decrease further resulting in very few nucleation events causing a shift to the growth phase. The 
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growth then occurs thermodynamically so that high energy surfaces of small sized crystals are 

annealed away with the addition of remaining monomer. At later growth times, size focusing or 

narrowing of the size distribution occurs through an Ostwald ripening process whereby the 

dissolution of unstable and smaller crystals occurs followed by the growth of larger sized 

nanocrystals. The resulting QD size and size distribution are dependent on growth conditions 

including precursor concentrations, reaction temperature, and reaction time. 

 

 
Figure 2.1. Generalized synthesis of semiconductor QDs using a solution-based, hot-injection 
method. (a) Separate solution-based precursors for lead and chalcogen species rapidly combine to 
produce crystal monomer at the onset of reaction. (b) Monomers combine with other monomers to 
form nanometer-sized colloidal QDs. This reaction is reversible and dynamic, whereby monomers 
can also detach and re-dissolve in solution. (c) Time evolution of crystal monomer supersaturation.   
 
 
 Hines and Scholes synthesized PbS QDs based upon the precipitation of lead and sulfur 

species (1) originating from two separate precursor solutions, the formation of lead oleate from the 

condensation reaction between oleic acid (OA) and PbO (2) and bis(trimethylsilyl) sulfide (TMS) 

in 1-octadecene.33 The overall synthesis of PbS using these precursors is displayed in (3) and 

behaves similarly to the scenario described previously with classical nucleation and growth events.  

(a)

(b)

(c)
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(1)    Pb2+ + S2–    PbS(s)         

(2)    PbO(s) + 2C18H34O2(l)    Pb(C18H33O2)2(l) + H20                                                                                                                            

(3)    Pb(C18H33O2)2(l) + ((CH3)3Si)2S(l)   (C18H33O2)2 PbS + (CH3)3Si-Si(CH3)3  
         

Charged oleate ligands coordinate to lead(II) species, which rapidly combine with sulfur to form a 

PbS crystal monomer stabilized in solution by the organic surfactant. The increased reactivity of 

TMS relative to elemental sulfur results in generation of highly reactive monomers that can form 

large sized nanocrystals even in the presence of high concentrations of coordinating ligand (molar 

ratio 43:2:1 OA:Pb:S). Reducing the molar ratios drastically limits the ability of the coordinating 

ligand to stabilize the lead precursor, leading to the formation of smaller sized crystals. 

Furthermore, size control can be achieved by varying the injection temperature; increasing the 

temperature results in more reactive monomers that react fast and give, on average, larger sized 

crystals. Additionally, Nair et al. have asserted that the interaction between ligands and QD facets, 

specifically their surface areas and energies along with ligand binding energies to those surfaces, 

controls the resulting shape of the QD.36 By adjusting precursor concentration, reactivity of 

precursor, growth temperature, reaction time, and strength of ligand binding, the size and shape of 

PbS QDs can be highly tailored using the hot injection method.  

 Post-synthetic purification and isolation of QDs are accomplished by precipitation with 

polar solvents, such as ethanol, followed by centrifuging and decanting of the supernatant for 

removal of unwanted by-products from the synthesis. Re-dispersement of purified QD material in 

common organic solvents including hexane and octane can provide QD inks for opto-electronic 

device fabrication.      

 Casting PbX QDs into thin-films provides a way to incorporate the benefits of the confined 

energetics of excitons into applied devices. The formation of solid-state QD films from colloidal 
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solutions is commonly performed using layer-by-layer deposition, including spin-coating,37 

Langmuir-Blodgett,38 and dip-coating.39 The formation of PbS QD films via dip-coating will be 

discussed here. This technique provides flexibility in terms of control of film thickness (down to 

the thickness of a single monolayer of QDs), substrate type, solvent system, and ligand exchange 

treatment. QD thin films are fabricated by alternating between dip-coating a substrate into a 

solution of dissolved QDs in hexane and a treatment solution containing a short-chain molecule, 

typically 1,2-ethanedithiol or EDT (Figure 2.2). The motivation to exchange the native oleate 

ligand with short-chain molecules has been shown to improve film conductivity because the oleate 

ligands themselves are electrically insulative to the QDs.39  

 

 
Figure 2.2. Illustration of spherical QDs with long-chain oleate ligands covering the surface. The 
inter-QD distance (d) is too large to enable efficient charge transport from QD to QD. Exchange of 
the oleate ligand for a short chain thiol molecule, in this case 1,2-ethanedithiol, improves the film 
conductivity of the QD solid through enhanced coupling of QD wavefunctions and a smaller inter-
particle distance.   

 

Film formation involves first immersing a clean substrate of choice into the QD solution 

which creates a sub-monolayer of PbS QDs that retain their native oleate capping. Dipping this 

layer into the EDT solution fully removes the oleate capping and replaces it with short-chain EDT 
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molecules. Following treatment, the film is then re-immersed into the QD hexane solution to form 

a second sub-monolayer of oleate-capped QDs. A second EDT treatment follows and this process 

is repeated until the desired thickness is achieved. The resulting thickness of the QD film depends 

on solution concentrations for both QD and treatment and the number of dip-coating cycles (one 

cycle consists of dip-coating into QD solution followed by treatment). In general, increasing the 

QD solution concentration allows for the thickness of the film to be built up quickly due to more 

surface coverage or multi-layer formation per dip cycle.   

 

Figure 2.3. Schematic showing dip-coating of a QD film on a glass substrate. A pre-cleaned 
substrate is immersed first into the QD solution (typically a solution ~2 mg mL-1 of QDs in 
hexane). After this first dip, the substrate in then immersed in the treatment solution containing a 
short-chain molecule to remove the native long-chain molecule on the QD surface. This process is 
repeated a number of times to build up a thick QD layer. The schematic at the bottom illustrates 
how the substrate changes in color as the QD film gets thicker and thicker with increasing number 
of dip cycles.  
 
 

The first sub-monolayer of QDs likely attaches to the substrate via electrostatic interactions 

between the core of PbS QDs and oriented dipoles on the glass surface. The second layer of QDs 

may attach via van der Waals interactions between the organic ligands. This statement is supported 

by observing the preferential coating of the second layer onto the first layer rather than the 

substrate as shown in Figure 2.4b. In addition, EDT treatment of the first layer may cross-link with 

the second layer promoting multi-layer formation due to the insolubility of EDT treated PbS QDs 
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in hexane. The ligand exchange process between oleate and EDT is accomplished by mass action 

due to the relative high concentration of EDT with respect to oleate ligand which causes rapid 

exchange.40 The extent of ligand exchange is determined using Fourier transform infrared (FTIR) 

spectroscopy via monitoring chemical shifts and intensities of functional groups associated with the 

native and exchanged ligands.41 Continuous and pin-hole free films with 100 nm thickness or 

greater can be fabricated using dip-coating.39 In summary, the formation of uniform and robust QD 

films can be fulfilled using dip-coating methods with great control of thickness and complete 

ligand exchange thus rendering it an attractive deposition technique for opto-electronic device 

fabrication. 

 

 
Figure 2.4. Atomic force microscopy (AFM) images of films with ~6 nm diameter PbSe QDs dip-
coated onto a silicon substrate using an EDT treatment. It is reasoned that PbS QDs may adopt 
similar morphologies. (a) One cycle of dip-coating results in a sub-monolayer of QDs referenced 
by the AFM height trace. (b) The formation of a QD bi-layer with two full cycles of dip-coating. 
The dip-coating process is repeated until a continuous 100-nm thick film is acquired. AFM images 
are 100 µm2.   
 

 To better understand the optical properties of QDs, the wavefunction of the exciton in a 

quantum dot can be approximated with a particle in a sphere model.42 The wavefunction of the 

exciton is confined within the volume of the sphere analogous to the wavefunction of the hydrogen 
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atom. The confinement energy43 thus becomes discrete and atomic-like according the quantum 

numbers, n and l, and depends on the inverse square of the sphere radius, a according to Equation 

2.1 (m, ℏ, and 𝛽!,! are the mass, reduced Planck constant, and the n,l roots of the Bessel function, 

respectively). 

                                     𝐸!,! =
ℏ!!,!

!

!!!!
   Equation 2.1    

 As the particle gets smaller, the energy of the excitonic wavefunction increases due to 

stronger confinement. Quantum confinement results in discrete energy states for both the electron 

and hole (refer to Figure 1.4). The first optical absorption peak arises from the transition occurs 

between the 1Sh to the 1Se states and the energy separation between the two gives the optical band 

gap.44 For PbX QDs, the optical band gap can be tuned from 0.5−1.5 eV. Generally speaking, the 

optical properties depend the on the average nanocrystal size and shape resulting from the 

synthesis. The optical band gap has been well correlated with the physical size of the QD by 

comparing the first exciton energy absorption peak using UV-vis absorption spectroscopy and a 

statistical analysis of size using transmission electron microscopy (TEM) images of QD sub-

monolayers. As the QD size gets smaller and smaller, the first exciton energy will blue-shift 

accordingly. A Gaussian fit of the first exciton, in units of eV, allows for extraction of the peak 

position energy and full-width-at-half maximum (FWHM=2.3548σ) corresponding to the average 

QD size and size distribution, respectively. The FWHM correlates to the monodispersity of the QD 

size and provides an overall measure of the sample homogeneity with respect to the spread in both 

diameter and nanocrystal shape.  

 The first exciton peak is highly sensitive to the environment of the QDs. Upon creating a 

solid state film using short-chain thiol molecules causes a red-shift in the first exciton energy 

relative to the first exciton energy in solution with an oleate capping. Within the literature this has 
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been attributed to enhanced QD-QD coupling resulting in stronger wavefunction overlap between 

QDs.45 In contrast, exposure of the QD sample to oxygen environments has been shown to blue-

shift the first-exciton energy peak, indicating the average QD size is reduced.46 The impacts of 

exposure to air and oxygen to QDs will be discussed next section.  

Quantum dot oxidation and its impacts on device performance 
Reproduced with permission from ACS Nano, 2011, 5 (10), pp 8175–8186.  

Copyright  2011 American Chemical Society. 
DOI 10.1021/nn2033117 

 QD nanocrystals are inherently metastable materials because they have large surface to 

volume ratios, whereby interaction of the QD surface with environment and matrix materials (e.g. 

organic long chain ligands, inorganic or organic short chain molecules on the surface of the QD) 

can alter the optical and electronic properties of the solid.25,37,47 When QDs are exposed to air, a 

rapid blue-shift of the first exciton energy is typically observed and indicative of formation of an 

oxide shell that reduces the average QD diameter.46,48-50 Primary oxidation shell products for PbS 

QDs include PbO, PbSO3, and PbSO4.51 Exposure of solar cell devices that contain QD solids to air 

results in device failure. Therefore, QD oxidation poses a bottleneck to the practical development 

of solar cells. In order to develop methods to counter oxidation, fundamental studies that aim to 

understand spontaneous oxidation of QDs is necessary. Motivated by this, we sought to understand 

and quantify changes in the optical properties for oxidized and non-oxidized QD solids as a 

function of QD size. 

 Most investigations of QD stability have focused on the spontaneous oxidation of PbX QDs 

in air. These studies show that exposing PbX QD solutions or solids to oxygen results in excitonic 

blueshifts in absorption and emission spectra. Furthermore, the electronic properties have been 

shown to be affected by short oxygen exposures resulting in dominant p-type doping.25,31,39,41,52 

From these studies, it has been suggested that oxidation consists of two mechanisms (i) an initial 
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desorption of EDT and adsorption of oxygen and water that act to increase the hole conductivity 

followed by (ii) the  formation of an insulative oxide shell around each QD that gradually decreases 

film conductivity.31,53 Photoluminescence quantum yields are also negatively impacted by 

oxidation due to formation of non-radiative decay states. Furthermore, oxidation of QD solids can 

modify the engineered electronic25 and optical properties by creating trap states46,54 with energies in 

the optical band-gap and by altering the magnitude of the optical band gap.  

      Less emphasis has been placed on the effects of heat and light which may exacerbate the 

oxidation process. QD solutions and solids are expected to ripen and sinter at temperature far 

below the threshold temperatures for the corresponding bulk materials, driven mainly by reduction 

of surface energy. The temperature at which a QD solid begins to sinter depends on QD size, 

packing, surface ligands, and the mobility of both the QD surface atoms and the QDs themselves. 

Removal of the capping ligands increases the QD surface energy and enables direct QD-QD 

contact, both of which promote coalescence and grain growth. Recently, van Huis et al. 

demonstrated that hexylamine-capped PbSe QDs rotate, translate, and fuse (sinter) at surprisingly 

low temperatures (~100°C) during in situ TEM heating experiments.55,56
 X-ray scattering studies 

show that 3D superlattices of 6-8 nm diameter, oleate-capped PbS and PbSe QDs start to sinter at 

~230°C and ~150°C, respectively.52,57,58 Whereas heating QD films in oxygen accelerates oxidation 

and causes blueshifts in optical spectra (smaller QDs), heating in inert atmosphere results in 

Ostwald ripening, sintering, and redshifts in optical spectra (larger QDs).52,59,60 In general, the 

dense networks of surfaces and grain boundaries within a QD solid promote the diffusion of 

ligands, QD surface atoms, and even the QDs themselves, particularly during long-term continuous 

exposures to light, heat, and electric fields (conditions typical for solar cells, for example). Local 

heating during photothermal (i.e., light and heat) soaking may result in the desorption of ligands 

and adatoms, inter-diffusion of species across heterojunctions, and chemical reactions within a QD 
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solid. Motion by any of these mechanisms, if unintended, can destroy the functionality of a QD 

device.  

Research objective and strategy 

      Basic studies are needed to elucidate the most important mechanisms of QD degradation 

and to develop robust countermeasures if QD solids are to become technologically important 

materials. Here we use optical absorption spectroscopy and ex situ transmission electron 

microscopy (TEM) imaging to study the effects of heat and UV light on EDT-treated PbS QD 

solids, focusing on QD size, temperature, and environment (air, 100% oxygen or 100% nitrogen). 

Long-term stability studies were conducted by exposing QD solids to UV light in air over a period 

of a month. Additionally, variable temperature studies (in air, 100% oxygen or 100% nitrogen) 

from 100-360 K were conducted to elucidate the activated nature of the oxidation process. We also 

employ atomic layer deposition (ALD) of alumina, Al2O3, to produce air-stable QD films for 

environmentally-demanding optoelectronic applications including solar cells. For the purposes of 

this study, the ALD alumina coating is intended to serve two functions: (i) the infilling inhibits 

diffusion that causes QD ripening and sintering, and (ii) the overcoating acts as a gas diffusion 

barrier to prevent QD oxidation. 

Sample preparation, photothermal aging and characterization 

QD Synthesis. PbS QDs were synthesized using an air-free method modified from Hines and 

Scholes.33 Briefly, PbO (2 mmol) was dissolved and degassed in OA (5 mmol) at 150°C for ~1 

hour to form a lead oleate precursor solution. Next, a sulfur precursor solution containing 0.1 M 

TMS in ODE was rapidly injected into the flask at a specific injection temperature ranging from 

120-150°C to yield a dark-brown solution of PbS QDs. Isolation and purification were achieved by 

precipitating the QDs with ethanol and re-dispersing in hexane a total of four times, typically 

resulting in ~250 mg of QDs. Size control (2-7 nm diameter) was achieved by varying precursor 
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concentration, injection temperature, and reaction time, yielding QDs with a relatively narrow size 

distribution of ~10%. Average size and size distribution were determined by analyzing 70-100 QDs 

in TEM images. PbS QDs with average diameters of 2.9 ± 0.3 nm, 5.0 ± 0.6 nm, and 7.0 ± 0.7 nm 

were synthesized and used in this study (Figure 2.5a-c).  

In Figure 2.5d, the optical absorption spectra show these diameters correspond to a first 

exciton absorption energy of 1.3 eV, 0.9 eV, and 0.7 eV, respectively, which agree well with 

published size-bandgap curves for oleate-capped PbS QDs in tetrachloroethylene solution.16 

Absorption FWHMs, which are directly proportional to the size polydispersity of a QD sample, are 

134 meV, 88 meV, and 74 meV for the small, medium, and large QDs in solution. 

Photoluminescence (PL) emission peaks occur at 1.19 eV (FWHM = 210 meV) and 0.87 eV 

(FWHM = 120 meV) for the small- and medium-sized QDs (emission from the large QDs was too 

red for our detector). 

 

 

Figure 2.5. TEM images of (a) 2.9 ± 0.3 nm, (b) 5.0 ± 0.6 nm, and (c) 7.0 ± 0.7 nm PbS QDs. 
Scale bars = 10 nm. (d) Optical absorption and photoluminescence (PL) emission spectra of the 
investigated QD samples in tetrachloroethylene solution. The first exciton absorption energy is 
1.31 eV (FWHM = 134 meV), 0.91 eV (FWHM = 88 meV), and 0.72 eV (FWHM = 74 meV), 
respectively. The PL energy is 1.19 eV (FWHM = 210 meV) and 0.87 eV (FWHM = 120 meV) for 
the 2.9 nm and 5.0 nm QDs, respectively.  
 

QD Film Deposition. QD films were prepared by dip coating39 onto glass substrates using a 

mechanical dip coater (DC Multi-4, Nima Technology) in a glove box with 90 nm thickness. 
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Briefly, 1.2 × 1.2 cm2 glass substrates were cleaned by acetone sonication and an ethanol rinse and 

dipped alternately into a 2 mg mL-1 solution of QDs in hexane and then a 2.5 mM solution of EDT 

in acetonitrile to make ~100 nm-thick films. Film thickness was measured using tapping-mode 

atomic force microscopy (MFP-3D, Asylum Research) and SEM (FEI Quanta 3D FEG). Dip 

coating results in QD films on both sides of the glass. The QD film on the rear surface of each 

substrate was removed with a razor blade prior to stability testing. The first exciton peak of freshly-

made EDT-treated QD films is redshifted relative to QDs in solution because of the increased 

dielectric constant and substantial electronic coupling in EDT-treated films. Upon film formation, 

we observed average redshifts of 85 meV, 50 meV, and 15 meV for the 3 nm, 5 nm, and 7 nm 

QDs, respectively. The peak width varies by 5-10 meV between films, but there is no average 

difference in peak width for QDs in solution and in the solid state. 

Characterization. Transmission electron microscopy was performed on a Philips CM 20 operating 

at 200 kV. Photoluminescence emission spectra of QD samples in TCE were acquired with a 

Shamrock 500 spectrometer equipped with an iDus InGaAs PDA detector (Andor Technologies) 

using 514 nm laser excitation. UV-vis absorption spectroscopy utilized a PerkinElmer Lambda 950 

spectrophotometer and QD films mounted in airtight optical cells consisting of two mated 1.33-

inch UHV ConFlat sapphire viewports. Films mounted in these cells in the glove box show optical 

spectra that change negligibly after months in air at room temperature in the dark. Integrating 

sphere measurements and an optical model were used to determine the absorption lengths and 

absorption profiles of the films at λ = 365 nm. The measured absorption lengths, (α365)-1, are 27 nm, 

29 nm, and 36 nm for layers of the small, medium, and large QDs, respectively (see Appendix A, 

Supporting Info). When compared to the thickness of the QD film, these absorption lengths are 

short. The QDs at the top of the films experience only 2-10% of the UV intensity seen by QDs at 

the surface of the glass substrate.  
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Photothermal Aging. For heat and UV soaking studies, QD films on glass substrates were placed 

directly on a hot plate or a upended handheld UV lamp (1.4 mW cm-2 @ 365 nm with illumination 

through the glass substrate; EL Series lamps from UVP) either in air or a glove box. This UV 

power density is about one third of that of the full sun AM1.5G spectrum (~4.6 mW cm-2 integrated 

over 280-400 nm). The temperature of samples sitting on the lamp was ~50°C, thus we refer to the 

combination of light and heat exposure as photothermal soaking. Periodically, each sample was 

sealed in an airtight ConFlat cell for optical absorption measurements. A curve fitting program 

implemented in Origin 8.0 was used to extract the first exciton peak position and width. 

Variable-temperature UV light soaking (T <300 K) was performed on QD films mounted in 

an optical cryostat (ST-100 cryostat, Janis Research) inside of a glovebox and then transferred to 

the benchtop, evacuated, cooled, and backfilled with flowing helium or oxygen (5N purity). A 

high-flux UV lamp (model B-100AP, UVP) was used to illuminate the films with 3.5 mW cm-2 of 

365 nm light through a quartz window. 

A homemade environmental testing chamber was used to deconvolute the effects of oxygen 

and moisture on QD films. Films were loaded into the airtight chamber (constructed from a 4.5’’ 

CF flange, glass viewport, and valved gas lines) inside of a glove box. Humidified gas was made 

by passing dry oxygen or nitrogen through a water bubbler prior to entering the test chamber. Films 

were illuminated with a handheld UV lamp in the same geometry as described above. The gas flow 

rate was controlled with plug valves by monitoring the bubble rate of the exhaust flow. 

Atomic Layer Deposition Infilling. To stabilize QD films in air we infilled the QD solid using 

atomic layer deposition (ALD). Pre-prepared QD films were coated with 15-20 nm of amorphous 

Al2O3 in a homebuilt cold-wall traveling wave ALD system built in a glove box. Deposition was 

performed at 27°C using alternating pulses of trimethylaluminum and water (40 ms pulse times, 

60-120 s purge times, ~0.1 Torr base pressure). Figure 2.6 shows top-down and cross-sectional 
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scanning electron microscopy (SEM) images of a PbS QD film after deposition of 18 nm of ALD 

alumina at 27°C, compared with a QD film without infilling. These films are similar in thickness 

and morphology to the films on glass (films on glass proved intractable to image). Elemental depth 

profiling with X-ray photoelectron spectroscopy (XPS) confirms that the first few nanometers of 

alumina coat the accessible internal surface of the film to make a three-dimensional PbS/Al2O3 

inorganic nanocomposite (see Appendix A, Figure S1). Additional ALD deposition eventually 

seals off the pore network and yields a capping layer of alumina on the external surface of the film.  

 

 
Figure 2.6. Top-down and cross-sectional SEM images of 7 nm QD films before and after 
ALD. (a) Film without ALD treatment. (b) Film with an ALD treatment of Al2O3.  
 
ex-situ TEM imaging. For ex situ TEM studies, QD sub-monolayers were deposited on SiO2 

membrane window grids (25 nm thick windows, NanoBasic grids, Dune Sciences) using a single 

dip coating step and EDT treatment. Samples were imaged in the TEM immediately after 

fabrication, and fiduciary markers were used to relocate and monitor selected regions of each 

sample over time. 
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Results and Discussion 

Figure 2.7 gives typical absorption spectra for three different films of 5 nm QDs as a 

function of photothermal soaking time in nitrogen and air (365 nm light @ 50°C). Films soaked in 

nitrogen exhibit a slow, steady redshift and broadening of their first exciton peak, with a total 

redshift of 46 meV and broadening of 39 meV after one month. Time traces of the peak energy and 

width (Fig. 2.7d) suggest that the spectral changes have not stopped after one month. In contrast, 

films in air show a rapid and dramatic blueshift (135 meV) and broadening (74 meV) of the 

excitonic peak within the first week of soaking, followed by only minor changes thereafter. The 

exciton is nearly washed out by photothermal soaking in air. Control experiments were performed 

to ascertain the effects of long-term exposure to nitrogen or air (i) without UV light or heat and (ii) 

with heat alone (Appendix A, Fig. S3). Films stored in nitrogen in the absence of light and heat 

showed only a slight redshift (8 meV) and broadening (11 meV), while heat alone caused a slight 

redshift (8 meV) and significant broadening (28 meV). We therefore conclude that ~85% of the 

redshift and 25% of the broadening observed in films in nitrogen is caused by the UV flux itself 

rather than the 50°C thermal bath. Meanwhile, films stored in air in the absence of light and heat 

exhibited a 95 meV blueshift and 37 meV broadening, consistent with the spontaneous oxidation of 

PbS QDs at room temperature, while heating in air caused a slow 128 meV blueshift and 41 meV 

broadening. Based on these results, we believe that none of the blueshift but ~35% of the 

broadening observed for films in air can be attributed to UV light rather than heating alone. UV 

illumination certainly intensifies the morphological and chemical changes that occur in the films. 

      The different aging behavior of films soaked in nitrogen and air implies the action of two 

distinct aging processes. Films in nitrogen redshift because heating activates diffusion which, in the 

absence of oxygen, causes the QDs to ripen and fuse (sinter), thereby increasing the average QD 

size (and size distribution) and relaxing the overall quantum confinement of the system. These 
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films show a steady increase in broadband absorbance as the average bandgap decreases with 

soaking time (Fig. 2.7a). Soaking a film in air activates diffusion too, but it also enhances the rate 

of surface oxidation reactions that produce oxidized QDs with smaller PbS cores and greater 

electronic confinement. The competition between ripening/sintering and oxidation determines 

whether a QD film exhibits a net redshift or blueshift during photothermal soaking. The 5 nm QD 

films show a steady and considerable blueshift in air, indicating that oxidation is the dominant 

process in these films. The considerable decrease in broadband absorbance for films soaked in air 

(Fig. 2.7b) is a result of the increased average bandgap of the QDs and conversion of a fraction of 

the film volume to surface oxides. 
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Figure 2.7 UV photothermal soaking of films of 5 nm PbS QDs in air and nitrogen. Typical 
optical absorption spectra as a function of time exposed to UV light (1.4 mW cm-2 @ 365 nm) and 
heat (50°C) for an untreated QD film in (a) nitrogen and (b) air, as well as (c) an ALD-infilled film 
in air (18 nm alumina deposited at 27°C). The traces in each graph are offset to overlay at λ = 2000 
nm. (d) Time traces of the first exciton peak energy and peak width for the three films. The first 
exciton peak of films in air (nitrogen) blueshifts (redshifts) and broadens considerably. The spectra 
of ALD-infilled films exhibit only a slight redshift (~12 meV) over the first 30 days of 
photothermal soaking and almost zero peak broadening (~4 meV, compared to ~70 meV for 
uncoated films in air). 
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Whereas the excitonic peak shifts one way or the other depending on the ambient gas and 

other conditions, the peak width – which is proportional to the QD size distribution –consistently 

increases because (i) ripening, sintering and oxidation proceed unevenly within the films, and (ii) 

the UV flux is nonuniform across the thickness of the films (as mentioned above). Both of these 

effects increase the QD polydispersity. 

We can use the known size-bandgap relationship for PbS QDs (Appendix A, Fig. S4) to 

picture the morphological changes that result from photothermal soaking.16 This is easy to do in 

nitrogen because ripening/sintering is the only process that causes large changes in peak energy 

and width, so redshifts can be related directly to increased QD size. We estimate that the 46 meV 

redshift observed for 5 nm QD films UV soaked in nitrogen corresponds to a 0.4 nm increase in the 

average QD size. If this size increase occurs by a combination of Ostwald ripening and sintering, 

these films should consist of relatively polydisperse, mostly spheroidal QDs mixed with some 

fraction of sintered (“necked”) QDs. This approach is not as useful for films soaked in air because 

redshifts from ripening/sintering are convolved with blueshifts from oxidation, making it 

impossible to assign peak shifts to size changes of the PbS QD cores alone; a small peak shift could 

indicate that a film is either unchanged or sintered and oxidized to equal degrees. If we assume that 

the 5 nm QD films UV soaked in air experience only oxidation, then the 135 meV blueshift 

corresponds to a 0.9 nm decrease in the average size of the PbS cores. The neglect of both 

ripening/sintering and the finite bandgaps of the surface oxides (PbO, PbSO4, etc.) makes this a 

lower estimate. Despite the limitations, we can successfully use optical spectra to deduce the 

general morphological changes of films soaked in air. We picture these films as consisting of 

polydisperse, irregularly-shaped QDs that are heavily contaminated by surface oxides and lightly 

sintered. This morphology is indeed observed in TEM images of 7 nm QDs soaked in UV in air 

(see below). 
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PbS QD films ripen, sinter, and oxidize when exposed to UV light and heat for extended 

periods of time (vide infra). To improve film stability, we use room-temperature atomic layer 

deposition (ALD) to infill the internal pore network of these films with amorphous alumina and 

then cap the films with a thin alumina overcoating. ALD is a stepwise chemical vapor deposition 

method for making thin conformal films on nonplanar substrates with sub-monolayer thickness 

control, and low-temperature ALD is uniquely suited to growing high-quality films on delicate, 

topologically complicated substrates.61-68 ALD has been used to fill the pores of TiO2 NC films 

consisting of NCs with diameters as small as 10 nm.69 More recently, ZnO deposited by ALD at 

100°C was shown to penetrate CdSe QD films and increase film conductivity and carrier 

mobility.70 

ALD infilling of the 5 nm QD films greatly suppresses photothermal degradation. ALD-

infilled films soaked in air showed only a 14 meV redshift and 4 meV broadening after one month, 

similar to the shifts observed with “no light, no heat” control samples in nitrogen (Appendix A, 

Fig. S3). The slight redshift suggests that the ALD layer stops oxidation – the film behaves like it is 

in nitrogen, not air – but does not completely inhibit diffusion within the bulk of the film, either 

because pockets of the interstitial network are poorly infilled or some diffusion occurs in spite of 

the ALD coating (for example, at QD-QD necking points that are too narrow for ALD precursor 

molecules to access). Regardless of this small redshift, it is clear that our ALD infilling method can 

produce QD solids with greatly enhanced photothermal stability. 

We now summarize the behavior of the larger (7 nm) and smaller (3 nm) QD films. The 

raw data are presented in Appendix A, Figs. S5-S8 and compiled in Table 2.1 along with the results 

from the 5 nm QDs. Table 2.1 also lists the estimated average size and size distribution of each 

sample after treatment, as determined from the TEM sizing curve (Appendix A, Fig. S4). 

Photothermal soaking of 7 nm QD films in nitrogen results in a 16 meV redshift and 32 meV 
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broadening. Control films in nitrogen show a 7 meV redshift and 10 meV broadening in the 

absence of light and heat, and a 6 meV redshift and 15 meV broadening with heat alone. In air, 

photothermal soaking causes a very large blueshift (> 156 meV) and broadening (> 105 meV) that 

completely washes out the excitonic peak after just four days of testing. Control films in air show a 

54 meV blueshift and 24 meV broadening without light and heat, while heat alone results in a 77 

meV blueshift and 27 meV broadening. ALD-infilled 7 nm QD films are extremely stable in air, 

showing only a 6 meV redshift and almost zero broadening (~3 meV) after one month of UV 

exposure. 

Photothermal soaking of 3 nm QD films in nitrogen results in a 100 meV redshift and 185 

meV broadening. Control films in nitrogen show a 22 meV redshift and 12 meV broadening in the 

absence of light and heat, and a 42 meV redshift and 50 meV broadening with heat alone. 

Photothermal soaking in air causes a rapid and pronounced blueshift (124 meV), followed by a 

slow redshift of 86 meV. The change in peak width is similarly non-monotonic: an initial 

broadening of 41 meV is followed by noticeable narrowing (8 meV) over the course of the month. 

Control films in air show a monotonic 146 meV blueshift and 24 meV broadening without light 

and heat, while heat alone results in a 207 meV blueshift and 47 meV broadening. ALD-infilled 3 

nm QD films show a substantial redshift (90 meV) and some broadening (30 meV). 
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Table 2.1. Effect of Thermal and Photothermal Treatments on Excitonic Peak Energy, Peak 
Width, Average Diameter, and Diameter Distribution of PbS QD Films. 

QD size 
(nm) 

gas treatment ΔE1Sh-1Se 
(meV) 

ΔFWHM 
(meV) 

d ± Δd (nm)c  

2.9 ± 0.3 N2 no UV, -80°C -2 1 2.9 ± 0.3 
 N2  no UV, no heat -22 12 2.9 ± 0.4 
 N2 heat only -42 50 3.0 ± 0.5 
 N2 UV -100 185 3.3 ± 1.2 
 Air no UV, no heat 146 24 2.5 ± 0.3 
 Air heat only 207 47 2.4 ± 0.3 
 Air UV 124, -86a 41, -8a 2.7 ± 0.3 
 Air ALD, UV -90 30 3.3 ± 0.5 

5.0 ± 0.6 N2  no UV, no heat -8 11 5.0 ± 0.7 
 N2 heat only -8 28 5.0 ± 0.9 
 N2 UV -46 39 5.4 ± 1.2 
 Air no UV, no heat 95 37 4.3 ± 0.7 
 Air heat only 128 41 4.2 ± 0.7 
 Air UV 135 74 4.1 ± 1.0 
 Air ALD, UV -14 4 5.1 ± 0.6 

7.0 ± 0.7 N2  no UV, no heat -7 10 7.1 ± 0.8 
 N2 heat only -6 15 7.1 ± 0.9 
 N2 UV -16 32 7.3 ± 1.2 
 Air no UV, no heat 54 24 6.3 ± 0.8 
 Air heat only 77 27 5.9 ± 0.8 
 Air UV > 156b > 105b < 5.2 ± > 1.6 

 Air ALD, UV -6 3 7.1 ± 0.7 
All data after one month of soaking. “UV” = 1.4 mW cm-2 of 365 nm light (this warms the films to 
~50°C). “Heat” = 50°C. “ALD” = 18 nm of alumina deposited at 27°C. 
a Spectral changes not monotonic.  b Peak indistinct after four days.  
c Effective size changes from PbS QD TEM sizing curve (Appendix A, Fig. S4).55 These estimates 
attribute all optical shifts to size changes, ignoring changes in dielectric constant, coupling energy, 
and other factors, as well as the bandgap of any oxide surface layer. See text for details. 
 

It is clear that ALD infilling is least effective at preventing redshifting and broadening of 

the smallest QDs. Figure 2.8 shows this explicitly by comparing the photothermal aging behavior 

of bare and ALD-infilled films of the three QD sizes. Whereas infilled 7 nm and 5 nm QD films 

show minimal changes in peak energy and peak width, the 3 nm QD films redshift and broaden 

considerably. This is caused by incomplete infilling of the exceedingly narrow interstitial spaces in 

the 3 nm QD films. We can estimate the size of these interstitial voids by modeling the films as a 

close-packed array of spheres with a center-to-center distance of 3.5 nm (2.9 nm + 0.6 nm to 
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accommodate the EDT ligands). The largest interstitial sites in such a film are approximately 1.5 

nm in diameter, not much larger than the trimethylaluminum molecules used in the ALD process 

(approximate TMA dimensions: 7.4 Å × 7.4 Å × 4.2 Å). The molecular geometry of the molecule 

was optimized with Turbomole at TPSS/def2-TZVP quality. The size is determined by adding vdW 

radii to the internuclear distances. Although our QD films are not close-packed and the largest 

interstitial spaces are certainly bigger than estimated here, it is reasonable to expect the diffusion of 

ALD precursors to be inhibited by the particularly tortuous pathways within films of the smallest 

QDs. 

 

 

Figure 2.8. Comparative photothermal aging in air for the three QD sizes. (a) First exciton 
energy versus time in air. Open symbols are bare films and closed symbols are ALD-infilled films 
(18 nm alumina @ 27°C). All samples were exposed to 365 nm UV light at 50°C in air. The 
exciton peak of unprotected films of the largest QDs (open circles) was completely washed out 
after four days of photothermal soaking. (b) Peak width versus time in air. The legends in (b) apply 
to (a). 
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     Figure 2.8 also shows that the aging behavior of the bare films in air depends strongly on 

QD size. The large QDs show the largest blueshift and broadening, resulting in complete washout 

of the excitonic peak, while the medium-sized QDs exhibit a moderate blueshift and broadening 

and the small QDs first blueshift and then redshift. To separate the effects of UV exposure and heat 

exposure, Figure 2.9 compares the photothermal and thermal aging behavior at nominally the same 

average temperature (50°C) for all three QD sizes. We observed that, relative to heat alone, UV 

illumination caused an increased blueshift for the large QDs, little change for the medium QDs, and 

a reversal of the initial blueshift for the small QDs.  

 

Figure 2.9. Comparison of thermal and photothermal aging behavior for the three QD sizes 
(no ALD). (a) First exciton energy versus time in air. Open symbols are films exposed to UV light 
and heat; closed symbols are films exposed to heat alone. (b) Peak width versus time in air. The 
legends in (a) apply to (b). 
 

To explain these results, it is useful to reemphasize that shifts in peak energy reflect the net, 

ensemble-averaged outcome of processes that cause blueshifts and redshifts in the QD films. In air, 

blueshifts result mainly from oxidation (leading to decreased QD core diameters, lower dielectric 
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constants, and less electronic coupling), while redshifts arise from ripening and sintering (resulting 

in increased QD diameters, higher local dielectric constants, and greater coupling). QD films in air 

undergo ripening/sintering and oxidation simultaneously, so the overall peak shift depends on the 

competition between these two relatively complicated processes. 

UV illumination can promote thermally-activated processes such as oxidation and 

ripening/sintering by at least three distinct mechanisms: (i) generating electrons and holes capable 

of participating in chemical reactions at the surface of the QDs, (ii) creating localized, transient 

temperature spikes (“hotspots”) from the cooling and recombination of hot carriers, and (iii) raising 

the average steady-state film temperature above 50°C via photon absorption. The first effect should 

promote surface redox reactions such as oxidation, while the latter two should increase the rate of 

both oxidation and ripening/sintering within the films. 

To test the third mechanism (higher steady-state film temperature), we soaked films at 

elevated temperatures (65°C and 80°C) in the absence of UV light (Figure 2.10). These higher-

temperature thermal soaks resulted only in larger blueshifts (greater oxidation) for bare QD films. 

Because increasing the soak temperature does not reproduce the qualitative or quantitative effects 

of UV illumination seen in Figure 2.9, we conclude that UV exposure must be doing more than just 

uniformly heating the films. The likelihood that the UV flux increases film temperature 

substantially above 80°C seems low. Therefore, we rule out steady-state film heating as an 

important effect of UV illumination. 
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Figure 2.10. Thermal aging behavior in air at different temperatures. Time traces for (a) 3 nm, 
(b) 5 nm, and (c) 7 nm QD films. Both uncoated and ALD-infilled films are shown. 
 

 The data in Figure 2.9 are best explained if UV illumination triggers photo-oxidation 

(mechanism 1) and hotspot-induced ripening/sintering (mechanism 2) in a ratio that varies 

systematically with QD size. Our results show that long-term UV exposure causes net oxidation of 

large QDs but net sintering of small QDs. This size dependence probably results from the larger 

thermodynamic driving force for the ripening/sintering of smaller, higher surface area spheres. If 

ripening/sintering is favored for smaller QDs but oxidation is independent of size (such that smaller 

QDs undergo more ripening/sintering as they oxidize), then net peak shifts should be redder for 

smaller QDs, as observed (Fig. 4). In other words, we believe that photo-oxidation occurs about 

equally for all QD sizes but UV-generated temperature spikes preferentially cause surface diffusion 

and ripening/sintering of small QDs because of the larger driving force for surface area reduction in 

small QD films. Thus, UV exposure of 3 nm QDs yields an initial blueshift (oxidation) followed by 

a marked redshift (ripening/sintering). UV exposure of 5 nm QDs enhances oxidation and 
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ripening/sintering about equally, so these effects cancel and there is little net change compared to 

thermal soaking alone. Finally, UV exposure of 7 nm QDs enhances oxidation more than 

ripening/sintering, causing the excitonic peak to blueshift strongly with soaking time. 

In contrast to recent reports of remarkable air stability of small PbS QDs in solar cells,24,29 

we observed considerable shifts in peak energy and width of small (3 nm) QD films for all aging 

conditions explored in this study (no light or heat, heat only, and UV soaking). Moreover, ALD 

infilling stops the oxidation but not the ripening/sintering of these films during UV soaking in air. 

Since the ALD overcoat acts as a gas diffusion barrier in a manner similar to the top metal 

electrode of a solar cell, it is remarkable that Luther et al. observed none of the peak shifts seen 

here even after 1000 hours of light soaking in air.29 However, their stability tests were performed at 

20°C using a low-flux sulfur plasma lamp that emits very little UV light, while our ALD-infilled 

films were tested at 50°C in strong UV light. Moving forward, it will be interesting to test the 

stability of PbS QD solar cells at higher temperatures and under standard AM1.5G illumination. 

Ex Situ TEM Imaging. We used TEM to directly image QD monolayers before and after 

photothermal soaking. Although monolayers cannot be expected to age in precisely the same 

fashion as multilayer QD films, they should provide a qualitatively accurate picture of the 

morphological changes induced by the various treatments. Samples were prepared on SiO2 window 

TEM grids by drying a drop of QD solution followed by ligand exchange with EDT. We studied 

only the largest of the three QD sizes (7 nm) because of the difficulty in obtaining useful time 

series images of the smaller QDs. Figure 2.11 compares representative images of QD monolayers 

before and after a month of UV soaking in nitrogen or air without ALD versus in air with ALD. 

The QDs aged in nitrogen lose their faceting (becoming more “diffuse” in shape and size), but do 

not show obvious ripening or sintering, which is consistent with the small redshift and minor 

broadening observed in absorption spectra of the corresponding multilayer films (Appendix A, Fig. 
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S5). In contrast, the QDs aged in air show marked changes in size and shape and some changes in 

connectivity (Figs. 2.11 and Appendix A, Fig. S9). The average QD diameter appears to shrink by 

~0.7 nm, the shapes become more irregular, and the size distribution considerably broadens after 

photothermal treatment, but the positions of the QDs are nearly unchanged (to within 1-2 nm). It is 

clear from these images that the QDs both oxidize and ripen in air and, furthermore, that ripening 

occurs mostly by atomic diffusion between immobile QDs rather than by QD diffusion and 

aggregation. These morphological changes are qualitatively consistent with the large blueshift and 

broadening observed in film spectra (Appendix A, Fig. S5). 

We also imaged QD monolayers immediately before and after the deposition of 11 nm of 

ALD alumina and again after one month of photothermal soaking in air. The presence of the ALD 

coating leads to a considerable loss of image sharpness (Fig. 2.11). Despite the blurriness of the 

post-ALD images, we can confidently state that the QDs retain their positions and sizes after 

photothermal soaking, as anticipated from the nearly unchanged absorption spectra of the 

multilayer films. The ALD coating effectively stops both oxidation and ripening of the QDs (at 

least at this temperature). 
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Figure 2.11. Ex situ TEM imaging of UV-soaked QD monolayers. Sample conditions are as 
follows: (left) nitrogen without ALD; (middle) air without ALD; (right) air with ALD. The red 
arrows are reference markers for each pair of images. Electron beam damage was negligible in 
these experiments. However, we observed substantial beam damage of ALD-infilled monolayers at 
higher magnification. Controls for samples aged in the dark in nitrogen at 193 K and 298 K and in 
air at 298 K can be found in the supporting information (Appendix A, Fig. S10). 
 

High-Temperature Aging. Commercial photovoltaic modules must pass demanding environmental 

stability tests, including 1000-hour soaks at 85°C and 85% relative humidity (so-called 85/85 damp 

heat tests). As a prelude to true device testing, we soaked 5 nm QD films at 65°C, 80°C, and 90°C 

in air in the dark to determine how they react to elevated temperatures. Figure 2.12a presents 

stacked spectra of bare and ALD-infilled films soaked at 80°C for 11 days, while Fig. 2.12b 

compiles the time trends in peak energy and width for all samples studied. It is evident from these 

data that higher temperatures generally cause larger peak shifts and greater broadening, as 

expected. The small, temperature-dependent redshift and broadening observed with ALD-infilled 

films indicates that the ALD coating remains an effective oxidation barrier but allows progressively 
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greater ripening and sintering of the QDs at higher temperatures. It is not yet clear how this internal 

diffusion will affect the electrical properties of the films (conductivity, carrier type and mobility, 

etc.). ALD-infilled films tested at 100°C showed rapid redshifting and complete loss of the exciton 

peak within one day, which we interpret as complete structural failure of the ALD matrix caused by 

chemical reactions between it and the QDs. Better thermal stability may be achievable by using 

denser ALD alumina coatings deposited at higher temperatures (50-75°C) or by switching to 

another ALD material (MgO or SiO2, for example). The thermal stability of QD field-effect 

transistors and solar cells built from ALD-infilled films is under evaluation in our laboratory. 

 

Figure 2.12. Thermal soaking of films of 5 nm PbS QDs in air. (a) Raw data for EDT-treated 
QD films soaked at 80°C in the dark, without and with ALD treatment. (b) Peak energy and width 
versus time for films soaked at 50°C, 65°C, 80°C, or 90°C for 11 days. 
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Low-Temperature Aging. We also studied the effect of low temperatures on the aging behavior of 

our QD films in order to better understand the nature of the aging process in different gases. Films 

soaked in inert gas (nitrogen or helium) at low temperature show no changes in absorption spectra, 

presumably because the diffusive motion required for ripening and sintering is frozen out. For 

example, films of 3 nm QDs stored in the dark in nitrogen at 193 K (-80°C freezer) showed no 

changes in absorption spectra after one month (Table 2.1). Likewise, UV-induced redshifting and 

broadening was completely absent after UV soaking in flowing helium at 80 K (56 hour soak @ 

3.5 mW cm-2), whereas identical films soaked at 323 K showed typical redshifts (23 meV; 

Appendix A, Figure S11). The complete freeze out of optical changes at these relatively mild 

temperatures suggests that QD ripening and sintering are strongly activated processes (i.e., large 

activation energies). 

We also soaked films in dry oxygen to test whether QD oxidation could be suppressed at 

low temperature. Figure 2.13 shows a plot of peak energy and peak width for films of 7 nm QDs 

soaked for 50 hours in UV light (3.5 mW cm-2) and flowing oxygen at various temperatures (110-

321 K). There are three salient features of the data. First, we cannot completely stop oxidation even 

at the lowest temperature (films soaked at 110 K still blueshift by ~25 meV). Second, the 

temperature dependence does not follow simple Arrhenius behavior. Instead, we observe a 

temperature-independent ~25 meV blueshift of the peak position at “low” temperatures (110-250 

K) and a rapidly-increasing blueshift at temperatures above 250 K. Time series show that the low-

temperature blueshift occurs gradually during the UV soak. This behavior suggests the existence of 

two distinct stages of oxidation, with one stage dominant at low temperature and the second 

activated only at high temperature. We speculate that, at low temperature, oxidation is limited to 

the outermost monolayer of QD surface atoms. Once these atoms are oxidized (probably by 

chemisorption of oxygen), oxidation self-terminates and the blueshifting stops. At higher 



	
  
	
  

41 

temperatures, however, there is sufficient thermal energy to activate solid-state diffusion and 

enable the oxidation of atoms deeper inside the QDs, resulting in a strong enhancement of the 

blueshift with temperature. 

 

Figure 2.13. First exciton peak energy and width for films soaked in UV and oxygen for 50 
hours at various temperatures. (a) Peak energy. (b) Peak width. The values for a film before UV 
soaking are indicated by the dotted lines. 
 

The third remarkable feature of the data in Figure 2.13 is the anomalously small and 

temperature-independent peak broadening, which averages only 7 meV across the temperature 

range (Fig. 2.13b). In comparison, films that were UV soaked at 323 K in air exhibited ~70 meV of 

broadening over the same period. We attribute the difference in peak broadening to the presence of 

moisture in air. This conclusion is based on the comparison of films UV soaked at room 

temperature in dry oxygen versus humidified oxygen in a purpose-built environmental chamber. 

We observed five times more peak broadening in wet oxygen than in dry oxygen (22 meV versus 4 

meV after 10 hours of soaking), yet the blueshifts were very similar in the two environments 

(Appendix A, Figure S12). Enhanced peak broadening in the presence of moisture implies that 

water increases the QD size distribution without affecting the average QD size relative to UV 

soaking in dry oxygen. The explanation for this behavior is not clear, but it is possible that 
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adsorbed water speeds oxidation of select QD surface facets, resulting in greater size polydispersity 

for wet oxidized QD films. 

To summarize, our low-temperature studies show that (i) UV-induced ripening and 

sintering of PbS QD films can be frozen out at low temperature but oxidation is only partially 

suppressed even at 110 K, (ii) oxidation follows a non-Arrhenius temperature dependence, with 

weakly-activated, self-terminating surface oxidation at low temperature and strongly-activated 

subsurface (“bulk”) oxidation at high temperature, and (iii) moisture somehow increases the QD 

size distribution in photo-oxidized films without affecting the average QD diameter. 

In conclusion, we have described the aging behavior of PbS QD films as a function of 

ambient atmosphere, temperature, UV illumination, and QD size. Aging in air causes oxidation and 

blueshifts of the first exciton peak in optical spectra, while aging in nitrogen results in 

ripening/sintering and redshifts in optical spectra. Both oxidation and ripening/sintering coarsen the 

QD size distribution and broaden the first exciton peak. Infilling and overcoating QD films with 

ALD alumina at room-temperature produces inorganic nanocomposites in which internal and 

external diffusion are inhibited. The ALD coating serves both as a gas diffusion barrier that 

prevents oxidation and a 3D inorganic matrix that inhibits internal atomic and molecular motion. A 

18 nm alumina overcoat completely prevents oxidation regardless of QD size, whereas the alumina 

matrix is most effective at stopping ripening/sintering of the larger QDs, which are easier to infill. 

TEM imaging of 7 nm QD monolayers revealed morphological changes consistent with the shifts 

observed in optical spectra. The ALD layers remain effective up to temperatures of ~100°C, at 

which point they fail, apparently by reacting with the QDs. 

We find that UV illumination causes preferential oxidation of large QDs but preferential 

ripening/sintering of small QDs. This difference is due to the greater driving force for 

ripening/sintering of smaller QDs. The main mechanism of UV action is not simple film heating; 
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instead, UV-generated electron-hole pairs (i) cause photo-oxidation and (ii) create hotspots that 

trigger diffusion and ripening/sintering (particularly in small QDs). We can completely freeze out 

UV-induced ripening/sintering in inert gas by cooling films to 80 K, which suggests that 

ripening/sintering are strongly-activated processes. However, UV-induced oxidation could not be 

eliminated even at temperatures as low as 110 K. From the temperature dependence we identify 

two stages of oxidation, with self-terminating oxidation of the outermost monolayer of surface 

atoms occurring at low temperature and strongly-activated subsurface oxidation important at higher 

temperature. We also find that moisture is somehow responsible for most of the increase in size 

distribution of PbS QD films aged in air. Our results will be useful in ongoing efforts to fabricate 

truly stable QD films for next-generation solar cells. 
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CHAPTER	
  3	
  

Atomic force microscopy  

 Atomic force microscopy (AFM) is a surface analytical technique that can characterize 

physical and chemical properties of a substrate surface or thin-film.71-73 In its basic form, examples 

of measurable properties include relative surface heights, surface roughness, sample hardness and 

stiffness.74,75 However, recently developed advanced AFM techniques can also measure surface 

electrical characteristics such as charge,76 polarization77 and potential.78 

 In AFM, a probe tip is brought into close proximity of a surface and the tip is rastered 

across the surface using specific tip-sample interactions as a mechanism for feedback. The probe 

tip is attached to a force-sensing, flexible cantilever and typically has a radius of curvature ranging 

from 20-30 nm such that very small nanoscale features can be resolved. A feedback laser is focused 

on the back of the cantilever directly above the probe, which is then reflected onto a position 

sensitive photodiode (see Figure 3.1). As the probe tip interacts with the sample surface, the 

deflection of the cantilever causes the position of the reflected laser spot on the photodiode to 

move, thus providing a means to monitor the nanoscale interaction between the probe tip and 

sample surface. 

 AFM provides a three dimensional map of surface structure and topology. Relative to other 

microscopy techniques such as scanning electron microscopy (SEM), AFM can be utilized under 

ambient conditions without the use of a vacuum and will not result in destruction of the sample. 

Different types of imaging modes in AFM have been developed, including contact and tapping 

modes which are used quite frequently. In contact mode AFM, the probe tip is in direct contact 

with the sample surface, and the deflection is used to generate the 3D surface map as the probe 

traces the contours of the surface. In tapping mode (AC mode) the cantilever is driven near its 
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resonance frequency by a piezoelectric component in contact with the cantilever chip. The 

cantilever is driven at a specified AC oscillation amplitude given in units of volts, which equates to 

a physical range of motion (in nanometers). As the probe tip interacts with the sample surface, the 

amplitude of oscillation is changed by damping forces. The 3D map is generated by maintaining a 

constant amplitude of oscillation by adjusting the height of the probe tip in the z-direction. For 

most samples, this method of imaging is preferred because it creates less damage to the probe tip 

and the sample surface relative to contact mode.79 

 

 

Figure 3.1 Schematic of an atomic force microscope interacting with a sample surface. The probe 
is attached to the cantilever, which is mechanically driven at a specified target amplitude of 
oscillation. As the probe interacts with nanoscale features of the sample surface, the amplitude of 
oscillation changes. Using a laser focused onto the back of the cantilever above the probe tip and a 
position sensitive photodiode, the motion of the tip can be recorded. Maintaining a constant 
amplitude of oscillation can be achieved using lock-in detection and modulation, whereby the Z-
piezo adjusts the height of the probe according to the topology of the surface.  
 

 
Imaging QD thin-films with AFM 
 AFM has the capability to resolve nanoscale objects and features. Here, achieving 

nanometer resolution of individual quantum dots (QDs) as a test-bed is discussed.  A sub-

monolayer film of ~6.3 nm PbSe QDs with an oleate-capping was deposited onto a silicon 

substrate (RMS roughness <1 nm) and imaged with tapping-mode AFM using an Asylum MFP-3D 
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housed in a Herzan isolation chamber and Olympus AC160TS probes. Achieving the appropriate 

conditions for nanoscale resolution depends on the radius of the probe, sample surface roughness 

(RMS roughness), sample topology, mechanical and thermal drift, piezo drift (cantilever Z-piezo, 

or X-Y scanner piezos), and scanning parameters including target amplitude, setpoint and 

controller gain.80 With the objective of imaging individual QDs, it is important that the substrate 

roughness not exceed the diameter of the QDs to avoid the substrate morphology dominating the 

topology. Indeed, the RMS roughness (<1 nm) of the silicon wafer81 substrates is less than the 

diameter of the 6.3 nm QDs used in this study. Figure 3.2 illustrates the effects of drift and 

optimization of scanning parameters on the resulting AFM topography image of the QD film.  

 

 

Figure 3.2 AFM imaging of individual 6.3 nm PbSe QDs. Achieving QD resolution can be 
impeded by (a) mechanical and thermal drift (b) non-optimized scanning parameters. (c) Ideal 
scanning conditions allowed for individual QD resolution to be achieved. (d) Zoom-in of (c).  
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In Figure 3.2a, the image was obtained by immediately scanning the topology after the substrate 

and cantilever were loaded into the AFM system. The image appears slanted in one direction due to 

mechanical drift of the AFM components including the sample mount and scanner stage. Allowing 

the sample to sit in the isolation chamber undisturbed overnight removed effects from mechanical 

and thermal drift; Figure 3.2b shows that the image is no longer slanted. Nevertheless, the scanning 

parameters chosen in Figure 3.2b are not ideal for individual QD resolution. The target amplitude 

in Figure 3.2b was adjusted to 1.00 V, corresponding to a 100-nm range of motion of the probe tip. 

This range of motion is too high for the probe to accurately image soft samples with low surface 

roughness. The physical convolution between the probe and nanoscale features of the sample needs 

to be small for enhanced resolution, especially for small objects such as QDs. This was achieved by 

adjusting the target amplitude to 0.5 V; accordingly, individual QD resolution was achieved and is 

shown in Figure 3.2c,d.    

 Understanding the film morphology of QD thin films on technologically-relevant surfaces 

was accomplished with AC mode imaging as a function of dip-coating cycles. This study has broad 

implications in understanding the conductivity of charges transported in electrical devices such as 

solar cells and transistors. Briefly, PbSe QDs having average diameters ~6.3 ± 0.3 nm were used 

motivated by the enhanced carrier mobility displayed for this particular QD size82 along with an 1,2 

ethanedithiol (EDT) treatment.25,39 Pre-cleaned substrates were dipped into a solution of 2 mg mL-1 

of QDs in hexane and a 1 mM solution of EDT in acetonitrile in a nitrogen filled glove-box. Three 

different substrates were chosen including silicon, silicon oxide and a 140 nm-thick indium-tin 

oxide (ITO) thin film on glass. Electrical properties of QD thin films are often ascertained using a 

thin-film transistor23 whereby the QD film is in direct contact with Si and SiO2 surfaces, thereby 

motivating our choice. Furthermore, ITO is nearly a ubiquitous transparent conducting oxide layer 

in solar cells constructed with QDs.29,83,84 The film morphology was evaluated with AFM at 
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varying degrees of dip cycles including 1, 2, 3, 4, 5 and 10 cycles (1 dip cycle = 1 dip in QDs + 1 

dip in EDT treatment + 1 dip in an acetonitrile rinse); films were mechanically dip-coated using a 

Nima Multi-vessel System. AFM images were acquired using an Asylum Research MFP-3D SA 

system operating in tapping mode and Olympus AC160TS tapping-mode probes. Scanning electron 

microscopy images were acquired using a Zeiss Ultra 55 system.  

 As-synthesized PbSe QDs have long-chain oleate ligands on their surfaces which impede 

charge transport and conductivity in a QD thin-film.39 Exchanging the oleate ligands for short-

chain organic or inorganic molecules has shown to improve the film conductivity. This process 

affects the resulting film morphology due to contraction of the inter-QD distance.85 Figure 3.3 

displays AFM images of a QD film on a silicon substrate with and without an EDT treatment. 

Comparing the film morphology before and after the EDT treatment reveals that the QD layer 

contracts in volume as would be expected with the exchange of the native long chain ligand for a 

shorter chains. This is observation is consistent with a prior report on PbSe QDs treated with 

hydrazine.45 

 

Figure 3.3 Film morphology of one PbSe QD sub-monolayer, pre- and post-treatment with EDT 
on a silicon substrate. Based on the false color-scale of the image, the orange colored region 
represents regions of the QD film, while the dark purple and red areas (pre- and post-treatment, 
respectively) are the underlying silicon substrate. The film contracts upon treating the QDs with 
EDT.  
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 The film morphologies with increasing number of dip cycles for EDT treated PbSe QDs are 

displayed in Figure 3.4. Observing the AFM images at 3 dip cycles shows less exposed substrate 

area relative to the morphology at 1 dip cycle. The morphology can be loosely equated as web-like 

and subsequent monolayers deposited tend to prefer the underlying QD layer rather than the 

substrate. Some of the physical interactions that can dictate resulting film morphology include QD-

QD and substrate-QD interactions (Coulomb, van der Waal and capillary forces, etc.), and substrate 

surface roughness.86 Since QDs attach primarily to the underlying QD layer, this could indicate the 

QDs interact with each other through fixed dipoles. It is known that surface dipoles87 from the 

faceting on each QDs can result in charged QDs. The dipoles on the QDs may aid in bi-layer 

formation and Volmer-Weber-like growth,88 whereby deposition of the second monolayer 

preferentially interacts with other QDs rather than the substrate. The web-like, discontinuous film 

morphology may augment the complexity of the charge transport process via a perturbation in 

hopping conduction mechanism.82  

 

 

Figure 3.4 AFM/SEM images of EDT treated QD films on silicon with (a) 1 (b) 2 and (c) 3 dip 
cycle(s). Line-scans across each image were taken for each area scanned with AFM to display 
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height profiles (shown below AFM image). Formation of 1-2 sub-monolayers is achieved in this 
low dip cycle regime.  
 

 Analyzing each AFM image in Figure 3.4 with Gwyddion, a free-source AFM analytical 

software program, at each stage of dip-coating was performed and is shown in Table 3.1. The % 

coverage metric analyzes the percentage of bare spots with exposed substrate in the 10 x 10 µm2 

image. Between 1 and 4 dip cycles, very little multi-layers are created thus the film thickness does 

not reach theoretical thickness of ~24-28 nm, corresponding to 4 multi-layers of 6 nm QDs. At 5 

dip-cycles, the QD film retains almost 100% coverage and results in a film thickness of around 15 

nm. From 5 to 10 dip cycles, the film thickness roughly doubles. In this regime, the buildup of the 

film becomes linear with increasing number of dip-cycles.  

Table 3.1 An analysis of film morphology for 6.3 nm PbSe QD films on silicon substrates with 
increasing dip cycles.  

dip cycles % coveragea film thickness (nm)b number of layersc 

1 30 7 1 
2 60 13 2 
3 75 14 2 
4 93 13 2 
5 97 15 2-3 
10 99 27-30 5 

aThe % coverage metric was determined by analyzing AFM images with Gwyiddion. 
bFilm thickness was determined by taking height profiles from each AFM image. 
cThe number of monolayers corresponds to the film thickness divided by the average size of the QD, ~6.3 plus the size 
of the oleate ligand ~1 nm.  
 
 Figure 3.5 shows the film morphology of same-sized PbSe QDs on SiO2 and ITO with an 

EDT treatment. Observing the film morphology on SiO2 substrates (Fig. 3.5a) reveals a similar 

web-like film morphology indicating both Si and SiO2 substrates act to promote Volmer-Weber-

like film growth. Obtaining images of the film morphology on ITO proved difficult because the 

natural surface roughness of the ITO89 is much greater than the silicon substrates making it hard to 

distinguish between the morphology of the QDs and ITO. For this reason, SEM was used to image 



	
  
	
  

51 

the film morphology (Fig. 2.5b). The QDs on ITO tend to position themselves according to the 

natural topology of the ITO. Here, the surface roughness dominates the film morphology, 

superseding the tendency for QDs to deposit onto other QDs. The web-like morphology is no 

longer observed, illustrating that film morphology can depend entirely on the substrate choice. 

With increasing dip cycles however, thick films of QDs on ITO (100nm or greater) that are free of 

pin-holes can be achieved in this fashion.39 

 

 

Figure 3.5. (a) Film morphology of an EDT treated QD film at 1 dip cycle on a SiO2 substrate. The 
resulting film morphology is markedly similar to the morphology observed on silicon substrates. 
(b) Film morphology of EDT treated QD films on ITO substrates as a function of dip cycle. The 
film morphology no longer displays web-like growth. The white area in the 3 dip cycle image 
reflects the natural morphology of the ITO substrate. A continuous film of disordered QDs at 5 dip 
cycles is observed allowing for the fabrication of pin-hole free QD films for solar cells.   
 

Electrical modes of AFM 
 The AFM probe can also be used to study electrical properties of a sample or opto-

electronic device. When a conductive coating is added to the probe tip, typically Pt/Ir (because it 

demonstrates good adhesion), the probe can become a nano-sized multimeter to measure current,90 

potential91 and capacitance (scanning capacitance microscopy)92. In conductive-AFM (c-AFM), the 
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probe tip is in direct contact with sample forming a nanojunction which can be employed to map 

the conductivity of a sample and collect point-by-point current-voltage curves for resistance 

measurements.93 Scanning Kelvin probe microscopy (SKPM) measures the electrical potential of a 

surface (surface potential). In SKPM, in addition to the conducting AFM tip being driven at its 

resonance frequency, an additional AC bias modulation (~18−350 kHz, depending on the 

technique) is added to modulate the electrostatic forces between the tip and the surface.78 This 

enables lock-in detection of the electrostatic forces and the amplitude of the vibrating probe is 

monitored to generate a surface potential map of the surface. Subsequently, by taking the 

mathematical derivative of the surface potential profile, electric field distributions can be mapped 

(Figure 3.6).  

 

 

Figure 3.6. Schematic of an AFM equipped with SKPM modulation. Here, the probe is collecting 
two signals, topography and surface potential. These signals can be modulated using the same 
frequency or separate frequencies. The output of the measurement creates a map of surface 
potential. By taking a line-scan in the surface potential map a potential profile (potential vs. 
position) can be created. Taking the first mathematical derivative of the potential derivative can 
generate an electric field profile (V/µm).  
 
 
 As the probe comes close into contact with a sample surface, the amplitude and frequency 

of the probe will change due to electrostatic interactions between the probe and sample. The 
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electrostatic interaction is based on the contact potential difference (CPD) between the probe and 

sample generating a flow of charges as the Fermi energy levels equilibrate between the probe and 

sample surface. The SKPM feedback mechanism works to nullify the CPD between the tip and the 

surface by applying a voltage to the tip directly equal to the CPD to cancel out the forces acting on 

the probe (see Figure 3.7).94 Thus a 3D map of surface potential is generated. The probe can be 

used to measure relative work function differences of the sample under study. Absolute 

measurements of work function can be achieved if the work function of the tip is measured and 

calibrated.94 Electrostatic forces arising from dynamic or fixed charge at the surface or an applied 

bias to the sample can also cause the motion of the probe to be altered.   

 

 

Figure 3.7. Relative work function measurement between tip and sample. (a) The tip and 
sample are separated by a distance, d, and have dissimilar work functions. (b) When the probe tip 
and sample come into contact, charges will flow to equilibrate the tip and sample Fermi energy 
levels creating a contact potential difference (CPD) in the vacuum level. (c) SKPM nullifies the 
contact potential difference by applying a DC voltage equal in magnitude to the contact potential 
difference between tip and sample.  
 

 The sample and probe tip can be modeled as a parallel plate capacitor according to Equation 

3.1. Here, !"
!"

  is the capacitive gradient, and 𝑉𝑎𝑝𝑝 = 𝑉𝐷𝐶 +𝑉𝐴𝐶 sin𝜔𝑡, and VSP is the surface 

potential.95  

𝐹𝜔 =   12
!"
!"
𝑉𝑎𝑝𝑝 −𝑉𝑆𝑃

2                                                                                                  Equation 3.1  
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Minimization of the force at ω is achieved by applying a voltage equal in magnitude to VSP (VDC = 

VSP).  

 The accuracy of the surface potential measurement can be complicated by many factors 

including the magnitude of the probe radius, sample roughness, detection method, the geometry 

and dimension of the probe/cantilever and sample.95-99 In general, long-range electrostatic forces 

between the probe/cantilever and sample surface can average the surface potential between the 

probe tip and the immediate, underlying sample surface. To circumvent stray electric fields 

averaging surface potential, it is best to use probe tips with long probe lengths and narrow 

cantilever widths to minimize averaging effects.96 Furthermore, it is best to detect the surface 

potential at a separate frequency from that of topography, to avoid convolution between the two 

signals. The single-pass method has shown great accuracy because it minimizes long-range 

electrostatic forces.76,100  

 At best, SKPM can measure surface potentials with an accuracy of <50 nm of lateral 

resolution and a ~10 mV energy resolution in ambient conditions.76 For this reason, SKPM has 

been extensively used in studying bulk-semiconductor surfaces94,101 to understand work-function 

variation,101 semiconductor–semiconductor and –metal junctions,76,102-106 and solar cell cross-

sections.103,107-114 SKPM provides nanoscale potentials to aid in understanding band-alignments, 

charge separation and transport, and hetero-interfaces. In the next section, the use of SKPM in 

understanding the nanoscale electrical potential in a transistor will be discussed.  

Understanding the nanoscale electronic properties of devices with SKPM 

PbX QD Thin-film Transistors. Opto-electronics comprise a vast array of devices that rely on 

phonon-electron interactions (through light or electricity) to form the basis of their function and 

purpose. Some of these basic principles include photoconductivity, the photoelectric effect and 

radiative recombination as shown in Figure 3.8.115 
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Figure 3.8 Some operational principles highlighted for the basis of opto-electronics. Device 
applications are listed in each colored box for each respective operational principle.  

 

A brief background on thin-film transistors will be given here. Many different types of 

transistors have been developed and used for electronics and integrated circuits.116 The thin-film 

transistor (TFT) will be discussed here since it provides the opportunity to study the electronic 

properties of thin-films of electronically coupled QDs. TFTs operate by controlling the microscopic 

flow of current between two electrode terminals and form the basis of electrical communication in 

logic circuits. A conductive channel that is formed can be controlled by the electrodes in the 

transistor such that the current flow is either in the on or off state thus forming the basis for logic 

circuits. From a fundamental perspective, TFTs offer the opportunity to study the charge transport 

properties occurring in PbX QD thin-films particularly charge carrier mobility of electrons or 

holes.58 A TFT consists of three terminals, the source, drain and gate electrodes along with a 

dielectric oxide. By depositing a semiconducting thin film (e.g. QD solid) on top of the dielectric 

oxide, the gate dielectric can be utilized to accumulate electronic charges at the oxide-thin-film 

interface via an applied bias to the gate electrode. Generating a potential difference between and 

source and drain contacts will sweep the accumulated carriers in the channel thus generating a 

current. Depending on the channel potential, a TFT can behave as an n-type, p-type or ambipolar 

(conducting of both electrons and holes) transistor. Current-voltage (IV) curves are used to assess 
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the rectifying behavior of the current in TFT.116 Output and transfer IV curves are used to 

determine the type of TFT (e.g. p- or n-type or ambipolar), carrier mobility of the semiconducting 

thin-film (in units of cm2 V-1 s-1) and on/off ratio (Ion/Ioff). The output curve is a plot of the drain 

current vs. source-drain voltage (ISD vs. VSD) as a function of gate bias (VG). The transfer curve is a 

plot of drain current vs. the gate voltage (ISD vs. VG) as a function of gate bias (VSD). The output 

curves at varying gate biases determines whether the TFT conducts current as an n- or p-type 

transistor, and if the TFT conducts both channels, then the TFT is designated as an ambipolar TFT. 

By analyzing the linear portion of the current in the transfer plots, the carrier mobility, 𝜇𝑙𝑖𝑛, can be 

calculated according to Equation 3.2 where !!!"
!!!

 is the slope of the line in the transfer plot at a 

specified VSD. The capacitance of the gate oxide, Ci, and the dimensions of the channel including 

the length, L, and width, W, are pre-determined constants depending on the actual configuration of 

the transistor.  

𝜇𝑙𝑖𝑛 =
!!!"
!!!

𝐿
𝑊𝐶𝑖𝑉𝑆𝐷

     Equation 3.2 

The output and transfer characteristics can provide much information on the electronic quality of 

the semiconductor thin-film. Crystalline silicon has typical electron mobilities at room temperature 

>1000 cm2 V-1 s-1.117 An analysis of PbX QD thin-films typically yield mobilities ~ 10-3 to 101 cm2 

V-1 s-1depending on QD size82 and surface treatment41,52,58,59,118,119 and matrix material.23,53 TFTs 

provide the opportunity to understand the electronic properties of PbX QD solids. However, 

analyzing the IV output and transfer curves is an indirect method to understand the channel 

potential. Employing SKPM to image the channel potential allows for a deeper understanding of 

the electronic properties of the QD solid in the TFT which will be discussed next.  

SKPM of an empty-channel FET. Before evaluating the channel potential of a QD thin film, SKPM 

measurements were performed on a field-effect transistor (FET) without a conductive channel 

present. Briefly, a FET substrate was cleaned and mounted into a specially designed holder 
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equipped with electrical contacts to apply a bias to the gate electrode and generate a potential 

difference between the source and drain electrodes. SKPM images were obtained with an Asylum 

MFP-3D in SKPM mode with varying tip-sample distances using Pt/Ir coated AFM probes 

(Asylum Research, Electrilevers). To better understand the influence of the cantilever on the 

measured surface potentials, the FET was scanned with the cantilever oriented orthogonal and 

parallel to the source and drain electrodes. The accuracy of the SKPM was evaluated by assessing 

the magnitude of the surface potential relative to the known potential to the source and drain 

electrodes applied from an external power source and compared for orthogonal and parallel 

orientations. It is expected that the orientation of the cantilever with respect to the sample will alter 

the capacitive coupling. Figure 3.9a shows the schematic of SKPM imaging the channel potential 

of an empty-channel FET with the cantilever in both the orthogonal and parallel orientations. The 

schematic illustrates scanning in the orthogonal direction; rotating the substrate 90° was performed 

to scan in the parallel direction. A voltage series was collected with the potential difference 

between source and drain electrodes equal to ±6.0, ±3.0, and 0 V with the gate electrode grounded 

and as a function of distance between the tip and sample (lift height, nm). Figure 3.9b displays the 

schematic of the conductive probe interrogating the topography and potential of the FET in the 

parallel orientation. Figure 3.9c show resulting AFM topography and surface images for orthogonal 

scanning. 
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Figure 3.9. SKPM imaging of an empty-channel FET with the cantilever oriented parallel 
and orthogonal to the source-drain electrodes.  (a) Cross-section of a FET showing source and 
drain electrodes. The heavily doped Si acts as the gate electrode to induce and accumulate charges 
in the channel. The schematic depicts the cantilever in the orthogonal orientation; the FET was 
rotated 90° to scan in the parallel direction. (b) AFM topography and surface potential images 
acquired in the parallel orientation. The surface potential image was acquired with a −3.0 V bias 
voltage applied to the source; the gate was grounded. (c) AFM topography and surface potential 
images acquired in the orthogonal orientation. Varying potential differences between source and 
drain were collected during the surface potential scan including ±6.0, ±3.0, and 0 V; changes in the 
applied potentials are marked by dashed lines in the image. 
 
Comparing the known applied potential difference between the source and drain electrodes and the 

actual surface potential measured allowed for the accuracy to be determined. Line-profiles were 

extracted for each applied voltage and displayed in Table 3.2.  
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Table 3.2. Accuracy of measured surface potentials with applied bias to source-drain 
electrodes in a field-effect transistor: orthogonal vs. parallel scanning  

lift height (nm)a applied bias (V)b surface potential (V)c 
orthogonal 

surface potential (V)c 
parallel       

90 6.00 
 

5.07 5.16 
 3.00 2.11 2.33 
 0.00 -0.12 -0.37 
 -3.00 -2.23 -2.95 
 -6.00 -4.61 -5.34 

50 6.00 
 

5.27 5.72 
 3.00 2.13 2.43 
 0.00 -0.15 -0.27 
 -3.00 -2.34 -2.86 
 -6.00 -4.50 -5.13 

10 6.00 
 

5.25 5.35 
 
 
 
 
 
 
 
 

3.00 2.16 2.47 
 0.00 -0.3 -0.21 
 -3.00 -2.64 -2.80 
 -6.00 -4.51 -5.07 

aDenotes the distance between tip and sample. 
bThe applied bias was generated via an external source measure unit. 
cMeasured surface potential was determined by the potential difference between the respective source and drain 
potentials. 
 

From the results in Table 3.2, two major observations can be elucidated. First, the accuracy of the 

measurement is much better in the parallel orientation. This is supported by comparing the 

accuracy of the applied potentials with parallel vs. orthogonal scanning at lift heights of 90 nm. The 

accuracy of the potential in the parallel is 12% higher than the orthogonal direction. This is likely 

because the cantilever is positioned continually over the gold source drain electrodes in the parallel 

orientation as it rasters the surface. In the orthogonal configuration, the cantilever is influenced by 

the both the gold electrodes and the SiO2 substrate surface, thus the cantilever “feels” the 

inhomogeneous nature of the surface below it.97 These observations are consistent with a previous 

report by Charrier and co-workers. Here, the authors observe changes in the capacitive coupling 
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between both the cantilever and tip and the entire sample depending on their respective 

orientations.96 Minimizing this unwanted averaging effect can be achieved by increasing the 

interaction between the probe tip and the surface immediately below by adjusting the height 

between tip and sample. For this reason, long probe tips and thinner cantilevers aid in diminishing 

the averaging effects. Second, the accuracy of the measurement improves with decreasing lift 

height.96 This is supported by comparing parallel scanning at lift heights of 90 vs. 10 nm. In this 

case, the accuracy of the applied potential for parallel scanning at a shorter lift height is 8% higher. 

SKPM of an ambipolar channel in a TFT. A conductive thin-film of 6.3 nm PbSe QDs was 

deposited on a FET substrate with an EDT treatment resulting in ambipolar behavior; electron and 

hole mobilities in the linear regime of the fresh film were 5.4x10-3 and 2.6x10-3 cm2 V-1 s-1, 

respectively and are consistent with values reported by Liu et al.82 To retain the ambipolar nature 

of the QD TFT during SKPM measurements, an enclosure was built to achieve air-free 

measurements using Asylum’s Closed Fluid Cell (CFC) modified with inlet and outlet gas purge 

lines and electrical ports (Figure 3.10a). A fabricated PbSe QD TFT with 10 dips of PbSe QDs (2 

mg mL-1) and a 1 mM EDT treatment was loaded into the CFC inside a nitrogen filled glove box 

and carefully sealed. The CFC containing the TFT was quickly removed from the glovebox and 

connected to a nitrogen gas purge system using an up-stream 3-way valve for the inlet source and 

2-way valve for the downstream outlet. IV curves of the PbSe QD TFT were taken to ensure 

ambipolar behavior was retained inside the enclosure. Figure 3.10b-e show IV output and transfer 

plots of the TFT after 45 minutes enclosed in the CFC (typical AFM images take ~45 minutes to 

acquire). The ambipolar nature of the TFT is retained allowing for investigation of the channel 

potential with PbSe QDs present. It is noted that the electron mobility decreased by roughly a 

factor of two while the hole mobility increased by 33%, likely due to slight oxygen exposure after 

45 minutes in the CFC. 
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Figure 3.10. (a) Photograph of the modified Asylum Closed Fluid Cell containing gas and 
electrical ports. IV curves of the 6.3 nm PbSe TFT with an EDT treatment were collected after 45 
minutes in the Closed Fluid Cell with continuous purging of nitrogen gas. The plots consist of the 
following: (b) p-channel output, (c) n-channel output, (d) p-channel transfer, and (e) n-channel 
transfer plots.  
 

A series of voltages were applied between the source-drain and gate electrodes with the QD film in 

the channel; topography and potential images were collected accordingly. Figure 3.10a shows the 

topography image of the PbSe QD TFT with a 10 µm channel length. The TFT was scanned in the 

orthogonal orientation because the x-y positioning is constrained by the presence of the CFC, not 
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allowing for enough lateral movement to properly position the TFT in the parallel orientation. The 

web-like morphology of the PbSe QD film can be observed across the entire channel and areas 

outside the channel region in the topography image displayed in Figure 3.11a. The source-drain 

electrodes were inadvertently positioned at a slight angle with respect to the cantilever, unlike the 

topography image in Figure 3.9. Because of this, line-scans were taken at slight angles to ensure 

the geometry was perfectly orthogonal. Each line-scan profile was aligned in the x-direction using 

distinct topographic features to account for drift in the x-direction.  Line-scans are displayed for a 

variety of VSD and VG in Figure 3.11b. The source and drain electrodes have been drawn for 

illustration and surface potentials >0 V represent the n-channel potential profiles, while surface 

potentials <0 V are the p-channel potential profiles.  

  

 

Figure 3.11. SKPM of an ambipolar PbSe QD TFT. (a) AFM topography image showing the 
source and drain electrodes and the channel containing a thin-film (~40 nm) of EDT treated PbSe 
QDs with an average diameter of ~6 nm. (b) Surface potential line-scans of the TFT in the n- and 
p-channel regimes; surface potentials greater than 0 V are the n-channel profiles, and vice-versa for 
the p-channel.  
 

The electronics of the Asylum controller have a limitation of the modulation potential, up to ± 10 

V, thus |VSD| applied were <10 V. The applied potentials for both the source-drain and gate result in 
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linear behavior of the TFT (|VSD| << |VG|) such that the charge density in the channel is uniform. In 

both n- and p-channel operation, the potentials at the source drain electrodes are uniform and 

relatively flat while the potentials in the channel are sloped. The p-channel displays a negative 

slope from source to drain while the slope becomes positive in the n-channel, thus showing a 

polarity switch corresponding to injection of either holes or electrons at the source drain electrodes. 

Secondly, the potential profiles are linear from source to drain, indicative of a uniform distribution 

of charge in both operating regimes. When |VSD|>>|VG|, the charge distribution becomes non-

uniform; however, the limitations of the SKPM controller do not allow for us to investigate the 

channel in this regime due to the restricted modulation of potential (± 10 V) in the electronics of 

the controller. Nonetheless, SKPM was able to demonstrate direct potential mapping of the 

conductive channel in a TFT. Furthermore, the operating regime of the TFT coincides well with the 

resulting potential profiles, showing uniform charge densities for both electrons and holes.  

 SKPM and other electrical variants of AFM are valuable techniques that can provide a 

deeper understanding to the working mechanism of devices. Within the literature, many 

fundamental properties of devices have been investigated with SKPM that can enhance 

understanding of transport models,120 locations of potential drops,121 and contact resistances.122  
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CHAPTER	
  4	
  
 

Advancements in CQDSC device architecture and PCEs 
 Colloidal quantum dot solar cells (CQDSCs) are an emerging PV technology for third 

generation solar cells that employ quantum confined nanoparticles, specifically PbS and PbSe 

QDs.123 Major advancements in power conversion efficiency (PCE) have been achieved over this 

past decade with record efficiencies currently at 8.6% (independently verified).30 Historically, PbS 

and PbSe QDs were of interest as absorber layers in PV devices since these materials demonstrated 

the capability to produce two or more electron hole pairs per absorbed photon through multiple 

exciton generation (MEG).19,22,124 Most signatures of MEG are measured through time-resolved 

spectroscopy 124 using exclusively solutions and films of QDs and the resulting quantum yields of 

MEG been heavily debated in the literature.22 For this reason, unequivocal measurement of MEG 

can be elucidated through construction of a solar cell that shows an external-quantum efficiency 

(EQE) greater than 100%. The EQE measures the amount of current generated per photon as a 

function of wavelength; if MEG were producing two or more electrons per photon, EQEs >100% 

would be observed. 

 Before discussing the evolution of device architectures, special attention will be paid in 

understanding the basic operational principles of solar cells.9,125 As mentioned in Chapter 1, 

asymmetry of the device through energetics or kinetics achieves charge separation and diode-like 

behavior. Upon illumination, an excess of excitons (electron-hole pairs) are created relative to 

equilibrium conditions in the dark. For efficient photo-harvesting, these excitons need to be (i) 

separated into free electrons and holes (ii) transported and collected at the electrodes with minimal 

radiative and non-radiative recombination events. Depending on the solar cell design, the 

mechanism by which charge transport and collection occurs through drift or diffusion currents, 

with or without an electric field present in the absorber layer. The fundamental driving force for 
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generation of an electric field requires an electrical potential gradient at the homo- or 

heterojunction. In field-free regions, the chemical potential gradient describes the basis for 

diffusion of carriers.  

First, a simple p-n homojunction, a common design for crystalline silicon solar cells will be 

discussed.9,126 An asymmetry in carrier concentration is created through a junction between a p-

type and n-type material, both in this case are heavily doped crystalline silicon. An excess of holes 

are present in the p-type Si while the n-type Si possesses an excess of electrons. A union between 

p-type and n-type layers causes the electrons to diffuse to the p-type side to equilibrate Fermi 

energy levels, generating a space-charge region and an electric field. This flow of carriers 

eventually reaches an equilibrium such that the space charge region is of a finite distance. Within 

the space-charge region, all the carriers are ionized and travel via drift. If the semiconductor is 

made sufficiently thick, beyond the space charge region carriers travel via field-free diffusion, 

known as the quasi-neutral region. Because crystalline silicon is ultra-pure and virtually defect-

free, carrier diffusion lengths are quite long allowing for carriers far away from the junction to 

diffuse to the space charge region for efficient charge separation and collection. Thus, crystalline 

solar cells have micron-thick active layers to maximize the amount of light absorption.  

In general, to maximize solar harvesting of PbX QD solids it is important the absorber layer 

accomplish the following: 

(1) Absorb as much of the incoming sunlight as possible.127 Absorption within a solid is governed 

by the Beer-Lambert law,   𝐼 =    𝐼!𝑒!!!!", where I, I0, and α, are the transmitted light intensity, 

incident light intensity, absorption coefficient, and film thickness, respectively. QD films need 

to be sufficiently thick to absorb all the light in the UV and near-infrared region; absorption 

lengths in the near-infrared region for PbSe QDs are ~500 nm.  
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(2) Demonstrate excellent carrier transport for enhanced charge extraction at the electrodes. Photo-

generated charge carriers need to be effectively transported to the electrode via drift and 

diffusion currents. In the depletion region, carrier drift lengths need to be maximized. In the 

quasi-neutral region, carrier diffusion length is the important metric to characterize the 

efficiency of charge transport.123 Both carrier diffusion and drift lengths are of current interest 

in maximizing for efficient charge extraction. In one dimension, electronic charge transport can 

be described by the drift-diffusion equation written for electrons in Equation 4.1.127,128 

𝐽𝑛 = 𝑞𝑛 𝑥 𝜇𝑛𝐸 𝑥 + 𝑞𝐷𝑛 !"!"                      Equation 4.1 

Here, the first term represents drift-based transport governed by the charge of the electron, q, 

the electron density, n(x), the electron mobility, µn, and the electric field, E(x). The second term 

describes diffusion-based transport of the electron without the presence of an internal electric 

field. The average length a carrier travels before recombining can be characterized by the drift 

length, LD. Carriers that travel via drift and diffusion are described by Equations 4.2 and 4.3,127 

respectively, and τ describes the carrier lifetime.   

 

𝐿𝐷 = 𝜇𝑛𝐸 𝑥 𝜏     Equation 4.2   

       

𝐿𝐷 =
𝜇𝑛𝑘𝐵𝑇
𝑞 𝜏     Equation 4.3 

 

In general, drift lengths are much longer relative to diffusion lengths (1-10 vs. 0.1 µm) reported 

for PbS QDs, thus it is advantageous to create thick depletion regions in devices for enhanced 

charge extraction.127 Major efforts are underway in using inorganic or organic small molecules 

to passivate QD surfaces to remove surface dangling bonds and carrier trap sites.18,23,30,83,119,129-
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131 These treatments have been shown to improve carrier mobility and lifetimes which likely 

increases the drift and diffusion lengths in the QD solid, akin to Equations 4.2 and 4.3.  

 QDs are a versatile material for construction of solar PV devices because they can be 

synthesized as a function of diameter allowing for engineered light absorption within the device 

stack. Furthermore, different QD sizes with varying optical band gaps can be used to match other 

layers in the solar cell for graded junctions or multi-junction solar cells.132 QDs can be cast from 

solution using simple manufacturing techniques such as spray- or spin-coating, which are amenable 

to fabrication of solar cells on flexible substrates.133 The first architecture that used PbS and PbSe 

QDs was implemented with a Schottky configuration.25,37,134 Here, the PbS or PbSe QD layer was 

inserted between a transparent conducting oxide (indium tin oxide, ITO) and an evaporated metal 

contact (Figure 4.1a). A Schottky barrier is formed by the junction between a metal and 

semiconductor, specifically a low work function metal and a p-type semiconductor (or a high work 

function metal and an n-type semiconductor). The metal can be considered as heavily doped (N 

>1021 cm-3), thus most of the band-bending occurs in the semiconducting QD layer. A depletion 

region is formed in the QD solid as the Fermi energy level of the QD layer aligns with the Fermi 

energy level of the metal. Photo-generated charge carriers in the QD layer are separated and 

transported through an electric field formed by the Schottky junction. Initial devices constructed 

with PbS and PbSe QDs favored the use of low work function metals (Ca, Al or Mg) because QD 

films tended to be p-type.39  
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Figure 4.1. Schottky solar cell with PbS or PbSe QDs. (a) Schematic of a Schottky architecture. 
The QD layer is deposited onto a transparent conducting oxide (TCO) which is an Ohmic contact 
to the QD layer. Low work function metal contacts such as Al or Ca can be evaporated on top of 
the QD layer forming a Schottky junction. (b) Band diagram illustrating the formation of a 
Schottky junction between a low work function metal and a p-type PbSe QD film. Fermi-level 
equilibration through band bending of the QD layer creates an internal electric field by which 
carriers are separated and extracted. The depletion and quasi-neutral regions are illustrated in 
orange and blue, respectively.  
 

Respectable device efficiencies of Schottky solar cells were reported as high as 5.2% (not 

independently verified) using 1,4-benzendithiol treated PbS QDs.135 To observe MEG, the external 

quantum efficiency (EQE) of the solar cell was characterized. In 2008 report by Luther et al. on 

EDT-treated PbSe QD Schottky devices measured an EQE of 55-65% for wavelengths <700 nm, 

the region where MEG would be active (2−3EG for 0.95 eV PbSe QDs).25 Consequently, the 

authors conclude that MEG was quenched in the solar cell device. In a separate report by Beard et 

al., it was determined the EDT treatment to the QD surface substantially reduces the efficiency of 

MEG.136  As observed in Figure 4.1b, the electric field is positioned at the back of the device. 

Absorption of high energy photons at the front of the device produce carriers that need to travel to 

the back electrode to be efficiently extracted. Furthermore, the barrier heights for Schottky contacts 

are limited to ~0.5EG which puts a constraint on the maximum voltage of the cell.137  

For these reasons, architectures evolved to reposition the junction towards the front side of 

the cell to enhance harvesting of blue-photons. This was accomplished through an n-p 
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heterojunction (HJ) architecture, where a n-type metal oxide film (TiO2, ZnO, and CdS) and a p-

type PbS or PbSe QD film are used to construct the solar cell.26,28,29 The first certified efficiency 

for the HJ architecture was placed on the NREL device efficiency chart in 2010 (see Figure 4.2).29 

This structure used an ITO transparent conducting oxide, ZnO nanocrystal (NC) layer, followed by 

a layer of 1.3 eV PbS QDs that were EDT treated. A gold back contact was thermally evaporated 

onto the QD layer, and the resulting PCE of the device was 3% (independently verified). The solar 

cell showed an inverted polarity where electrons were collected at the front electrode and holes at 

the back contact. In a report by Gao et al., an unwanted Schottky barrier between the QD film and 

the gold electrode was eliminated through insertion of a thin layer of MoOx, an n-type transition 

metal oxide. The MoOx layer serves two functions: (i) eliminates Schottky junction formation by 

Fermi-energy level pinning of the back metal contact and (ii) increase the efficiency of hole 

extraction by injecting electrons into the valence band of the QD layer.84,138 Device performance 

was substantially enhanced with the advent of the MoOx layer, which improved VOC, JSC and FF 

resulting in a certified efficiency of 4.4%.84  

The next major advance focused on modification of the treatment used during QD film 

formation. In the previous reports, organic treatments to the QDs including short-chain thiols 

(ethanedithiol, EDT, and 1,3−benzenedithiol, BDT)25,53 and small organic acids 

(mercaptopropionic acid, MPA)139 were used to improve the film conductivity of the solid by 

increasing QD-QD coupling in the solar cell. The report in 2011, focused on the use of inorganic 

treatments to the QD surface motivated by the high mobilities achieved with metal chalcogenide 

complexes. Tang et al. used bulky salts of Cl−, I−, and SCN−species to treat the QDs during solid-

state film formation.130 The authors were able to produce devices with PCEs >5% and reason that 

inorganic treatments effectively passivate cation rich surface traps enabling high carrier mobility to 

be achieved. Expanding on the inorganic passivation, in 2012 a hybrid approach131 was developed 
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to passivate the QD surface with both inorganic and organic ligands, with the exception that the 

inorganic treatment was accomplished during the synthesis using a CdCl2 treatment. Inorganic 

metal halide species bind to the surface of the QD in solution and subsequent solid state film 

formation was accomplished with organic MPA ligands. It is reasoned the hybrid approach allows 

for the heterogeneous nature of the QD surface to be effectively passivated, resulting in a certified 

efficiency of 7%.131 Lastly in 2014, elucidation of the treatments on the energetics of the CQD 

solid was determined using ultraviolet photoelectron spectroscopy for tertbutylammonium iodide 

(TBAI) and EDT-capped PbS QDs with an optical gap of 1.3 eV.30 It was observed that TBAI 

treated QDs exhibited a deeper work function relative to EDT capped QDs. Thus, the authors 

capitalized on the difference in energetics for the two treatments to block electron flow from the 

TBAI treated film to the EDT layer. Thus, a layer of EDT treated PbS QDs were used to replace 

the MoOx layer to serve as a hole extraction layer along with a Au back contact. Through this band 

alignment engineering, the authors were able to produce stable solar cells with record breaking 

efficiencies >8%.30  
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Figure 4.2. Certified efficiency vs. year for QD solar cells from the NREL device efficiency chart. 
Annotations to each of the records have been added to briefly describe the architecture. HJ and 
HEL stand for heterojunction and hole-extraction layer, respectively. EDT, TBAI, atomic and 
hybrid ligands detail the surface treatment to the QDs (EDT = ethanedithiol, TBAI = 
tertbutylammonium iodide, ligands = monovalent Cl−, I− and SCN−, hybrid = synthetic CdCl2 
treatment, film formation with mercaptopropionic acid, MPA).  
 

While a rigorous comparison cannot be made for each of the architectures in Figure 4.2, it 

is interesting to note the correlation of increased fill-factor and short-circuit current density with 

improved efficiencies. This has often been attributed to improved passivation of the QD surface, 

paying particular attention to passivation of surface cation or anion species the hybrid approach 

satisfies.129-131 The passivation strategies127,140,141 are still heavily debated within the literature, 

which could be acting to reduce the amount of recombination within the film or at interfaces. 

Secondly, improved PCE could be attributed to architecture modifications that allow for enhanced 

and selective charge extraction at the electrodes.142 In consideration for future device architectures, 

integrating the solar flux (AM1.5G solar spectrum) shows that half of the power lies within the 
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infrared region, thus a major challenge exists to efficiently convert this portion of the spectrum into 

photocurrents. Current record breaking devices typically use small-size PbS QDs (1.3−1.4 eV), 

thus a major challenge exists to switch to the use of large-size QDs with gaps closer to the near-

infrared region. Equating the overall power of the solar cell with the product between voltage and 

current of the cell under illumination, there exists a trade-off in using a small- or large-sized QDs. 

Large-sized QDs have small optical gaps (0.7−0.8 eV), and the open-circuit voltage of the solar 

cells are roughly equal to half of the band-gap, thus typical voltages remain low. Accordingly, use 

of small-sized QDs dominate the record breaking devices (typically 1.3 eV PbS QDs) due to the 

higher voltage achieved with larger optical gaps.30 However, there is an additional advantage in 

using large-sized QDs because they display better MEG quantum yields19,22,124 and higher carrier 

mobility82 relative to small-sized QDs. Thus, their use in future architectures is further necessitated 

for enhanced near-infrared capture and potential improvement in photocurrents through generation 

of two or more electrons per photon. In 2011, a HJ was fabricated using 0.72 eV PbSe QDs with a 

double treatment of EDT and hydrazine. EQE measurements on the solar cell were 108% in the UV 

region, demonstrating for the first time unequivocal measurements of MEG.21 Ongoing efforts are 

being carried out to realize the full potential of MEG for break through records in device 

efficiency.  

To date, the model used to describe the operation of HJ devices uses a one-side n-p junction 

formalism where the cell operates best when the QD layer is fully depleted (due to small minority 

carrier diffusion length).26 By employing solution phase and solid-state passivation treatments to 

the QDs and modifications to the device architecture for enhanced coupling, PCEs have increased 

dramatically due to reduction of trap state density and recombination in films. The QD layer is 

composed of strongly quantum-confined nanoparticles each with discrete energy levels that are 

electronically-coupled to promote conduction through the array.143 The collective properties of the 
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array are somewhat akin to a traditional thin film-semiconductor but with tunable band gap 

determined by the average QD size. It is not known how coupled energy levels translate into band-

like energy levels in comparison to traditional bulk semiconductors. In the next section, the 

discussion will focus on understanding the suggested models for CQDSC operation.  

Models for CQDSC operation 

 The depleted HJ model is the most common explanation for how CQDSCs operate to 

date.26,139  Here, physical quantities of the QD solid including free carrier density, quasi-Fermi 

energy levels, and dielectric constant are averaged over the entire length scale of the solid. 

Establishment of the depletion region in a QD solid requires that the energy levels of the QDs 

(discrete, yet coupled states) form band-structure. From here, the energetics and carrier density of 

the QD solid can be used in the formation of a p-n junction with the QD solid as the p-type layer, 

and the ZnO or TiO2 as the n-type layer; band-bending at the heterojunction generates a space-

charge region and electric field in the presumably p-type film with a low carrier concentration. For 

full depletion of the QD layer to occur, the carrier concentration in the n-type metal oxide layer 

needs to appreciably exceed the carrier concentration of the PbS QD solid (ND>>NA).  

In contrast, another suggested mechanism of device operation is the excitonic 

model.28,144,145 Rather, a Type II HJ is formed between the window layer and QD film with no band 

bending at the HJ interface. A discontinuity at the conduction and valence band between the 

window and QD layers allows for photogenerated electrons to efficiently transfer to the ZnO or 

TiO2 layer. Within the excitonic model, carriers diffuse via photoinduced chemical potential 

gradient and electron and hole selective layers are used to extract out charge carriers without the 

aid of an electric field. The major difference between the depleted HJ and excitonic-like model lies 

in the capability for band-bending to occur at the junction and whether photogenerated carriers in 

the QD layer travel through either drift or diffusion currents.  
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Fabrication of CQDSCs 

The fabrication of HJ solar cells can be broken down into 4 distinct processes including the 

(i) transparent conducting oxide (TCO), (ii) n-type metal oxide layer, (iii) CQD layer, and finally 

evaporation of the (iv) back contacts. For a more detailed overview of the synthetic conditions for 

QDs and n-type metal oxide layer see Chapter 5.  

TCO layer. TCO substrates include tin-doped indium oxide (ITO) and fluorine doped tin oxide 

(FTO) are available commercially. The substrates are cleaned and sonicated in the following 

solutions, (i) detergent mixed with deionized water, (ii) deionized water, and (iii) isopropanol for 5 

minutes per solution. The substrates are blown dry with nitrogen and placed into an oven at 120 °C 

overnight to dry. 

n-type metal oxide layer. Pre-synthesized ZnO nanocrystals were prepared and dissolved in a 

solution of chloroform. The layer was deposited using spin-coating methods at typical speeds 

~3000 RPM for 30 seconds. The layer was annealed in air at 260 °C for 30 minutes. Film thickness 

was roughly ~60 nm. 

CQD layer. PbS QDs were deposited directly onto the n-type metal oxide layer using either dip-

coating or spin-coating. Briefly, the substrate is sequentially immersed into a solution of QDs in 

hexane (2−4 mg mL-1) and a treatment solution of EDT (1 mM) in acetonitrile. This process is 

repeated until the film reaches the desired thickness (150-350 nm, see Chapter 2 on dip-coating 

methods). In some cases, mild annealing the QD film in air is performed for short durations (e.g. 90 

°C for 20 minutes).  

Thermal evaporation of back contacts. Pre-prepared TCO/n-type metal oxide/CQD film stacks 

were loaded into a thermal evaporator and back metal contacts including MoOx and Al, Au, or Ag 

were deposited using shadow masks with final film thicknesses of 10-15 nm and 100-150 nm, 

respectively; the shadow masks produce solar cells with a 0.11 cm2 active area. 
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Characterization of CQDSCs 

Figure 4.3a shows a scanning electron microscopy (SEM) image of a CQDSC cross-section 

highlighting the layers in the stack. Here, the ITO is functioning as a transparent conducting oxide, 

the ZnO NCs as the n-type window layer, PbS QDs as the active layer (EG = 1.3 eV) and a 

MoOx/Ag top contact. The morphology of the QD and NC layers are disordered and do not exhibit 

any long-range order. Figure 4.4b shows current-voltage scans of the device with and without 

illuminated measurements. A brief introduction to the analysis of illuminated JV curves is 

discussed in Chapter 1. The dark curve in Figure 4.4b shows rectification near the open-circuit 

voltage of the cell. Upon illumination, this curve shifts downward with respect to the current-

density axis due to formation of photogenerated charge carriers in the PbS QD layer. The short 

circuit current density, JSC, describes the current density under short-circuit conditions (V = 0 V). 

The open-circuit voltage (VOC) under illumination can be attributed to the quasi-Fermi energy level 

difference between the n-type and p-type materials for a textbook p-n junction.9,125 Conversely, the 

VOC in a p-i-n structure (an intrinsic absorber layer is sandwich between two heavily doped p-type 

and n-type layers) can be attributed to the quasi-Fermi energy level difference between electrons 

and holes in the intrinsic absorber layer.146 An understanding of the mechanism of device operation 

is thus required in fully understanding the origins of the VOC in CQDSCs. The fill-factor, FF, 

provides a measure of the power loss occurring in the solar cell through recombination events and 

resistances in the device.   
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Figure 4.3. (a) A SEM image of a cross-section consisting of a ZnO/PbS heterojunction. The 
thickness of the individual layers comprise of the following:  ITO = 150 nm, ZnO NCs layer = 65 
nm, PbS QD layer = 330 nm, and MoOx/Ag = 15 and ~100 nm. (b) Current voltage scans of the 
solar cell with and without simulated illumination at 100 mW/cm2, which mimics 1-sun 
illumination. The performance characteristics are as follows: VOC = 600 mV, JSC = 16 mA cm-2, FF 
= 35%, and η = 3.4%.  
 

 CQDSC solar cell operation is often studied with the aid of capacitance voltage (CV) 

measurements26 whereby the cell is modeled as a parallel plate capacitor. CV measurements were 

acquired using an Agilent B2912 source-measurement and an Agilent 4294A impedance analyzer. 

To perform a proper CV analysis, an equivalent circuit model is used to represent the solar cell 

which consists of a parallel capacitance (CP), parallel resistance (RP), and series resistance (RS). 

Verification of the ideality of the circuit can be elucidated through impedance spectroscopy.147 

Figure 4.5a shows an impedance spectrum (imaginary impedance vs. real impedance) resembling a 

semi-circle. The real and imaginary impedance, Z, of the solar cell can be written by Equation 4.4.  

𝑍 = 𝑅! +
!!

!!!"!!!!
     Equation 4.4 

By fitting the semicircle at each point along the curve to Equation 4.4, the capacitance of the solar 

cell can be extracted as a function of frequency and applied bias. The extracted capacitance as a 

function of frequency shows a fairly flat region occurring at frequencies <104 Hz, and remains flat 

for two decades of frequency range (Figure 4.5b). Thus, a 1 kHz frequency was chosen to perform 
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the CV analysis with a voltage range from −1.0 to +0.5 V. The extracted capacitance at 1 kHz is 

measured between the ITO and back metal contact as a function of applied bias shown in Figure 

4.5c.  

 

 

Figure 4.4. Impedance and capacitance voltage measurements on CQDSCs. (a) An impedance 
plot of the real and imaginary impedance of the solar cell as a function of frequency at 0 V. The 
impedance spectrum represents a semi-circle which can be used to generate the capacitance. (b) 
The extracted capacitance as a function of frequency. (c) The capacitance at 1 kHz as a function of 
applied voltage. The capacitance can be used to calculate the depletion width of the solar cell. 
 

Using the known area of the cross-section (A), the electric permittivity (ε0) the dielectric 

constant for the PbS QD layer (ε) which has been rationalized and previously used within the 

literature,54,127 and the layer thickness, the junction capacitance of an n-p junction can be described 

by Equation 4.5, where W represents the depletion region width.148  

𝐶 =    !!!!
!

      Equation 4.5   
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If one further assumes a strongly asymmetrical n-p junction (i.e. N-p or n-P junction), where the 

carrier concentration (ND or NA, the n-type or p-type layer, respectively) in one layer appreciably 

exceeds the carrier concentration in the other such that all depletion occurs in the lower doped 

layer, the capacitance can be re-written as Equation 4.6 with ND >> NA. Here, VBI and Va represent 

the built-in potential of the junction and the applied bias, respectively.  

𝐶 = !
!

!!"!!
!!"!!!

𝑁!     Equation 4.6 

The depletion width in the p-type layer is then determined by Equation 4.7.  

𝑊 = !!!!
!!!

𝑉!" − 𝑉!      Equation 4.7 

Using Equation 4.7, bias-dependent information such as built-in potential, depletion widths and 

carrier concentrations of the active layer can be extracted.  

 From Figure 4.5c, at forward bias >0.5 V, the conductance of the cell increases causing a 

breakdown in the capacitance of the parallel plate model, therefore, the analysis is restricted to 

voltages <0.5 V. The behavior in Figure 4.5c shows a fall-off in capacitance with increasing 

reverse bias (Va < 0 V) can be credited to the increase in the denominator in Equation 4.6, thus 

reducing the overall capacitance. Additionally, Equation 4.7 states that the depletion width 

increases with increasing reverse bias to the cell. Accordingly, the depletion width shows an 

increase in width at bias voltages <0 V. Consistent with previous report of CV measurements on 

CQDSCs, we observe a depletion width similar in magnitude to the physical thickness of the QD 

layer.26 For example, a solar cell constructed with a 330 nm thick PbS QD film shows a measured 

depletion width of ~350 nm at 0 V, providing convincing evidence for a fully depleted active layer.  

The CV analysis is quite complex considering all the layers and interfaces in the solar cell. 

Furthermore, deep trap states within the semiconductor absorber layer have shown to complicate 

the CV analysis by creating hysteresis effects in the scanned capacitance.149 The time scales for 
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trap state filling and de-trapping must be less than the RC time constant utilized in the CV scan. 

Additionally, use of a static dielectric constant for QDs may not apply such that the dielectric 

relaxation time must be less than your AC time constant.150 Furthermore, the MoOx layer possesses 

many defect states arising from oxygen vacancies which can create trap states that interact with AC 

field.30 A rigorous analysis to de-convolute the other layers within the device structure is thus 

required. Better tools to directly investigate the layers within the stack are needed to provide a 

deeper understanding of how the devices operate. One such tool discussed in the next chapter is 

scanning Kelvin probe microscopy, which is used to study device operation of CQDSCs to directly 

probe the nanoscale electrical potential of the layers in the stack.  
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CHAPTER	
  5	
  

Literature highlights of SKPM 

 Scanning Kelvin probe microscopy (SKPM) offers the capability to directly map work 

function differences (contact potential difference, CPD) with tens of nanometers resolution as a 

function of bias, illumination, and environment.91,151 The relative work function (CPD) difference 

aids in understanding band offsets between material interfaces in addition to providing a spatial 

map of potential and electrical field. SKPM has been widely used to study electrical properties of 

solar cells,109-113,152-155 field-effect transistors,122,156,157 light-emitting diodes,158,159 and 

heterostructures.76 A conductive AFM probe is used to directly map surface potentials; for a in-

depth discussion of SKPM, refer to Chapter 3. Briefly, as the tip scans over the surface, a feedback 

system nullifies the contact potential difference between tip and sample by applying a DC voltage 

directly to the tip, thus providing a direct work function measurement with <50 nm spatial 

resolution of potential and a 10 mV energy resolution. A background on the use of SKPM in 

studying solar cells will be covered here.  

 Exposing and scanning a cross-sectional solar cell with SKPM provides the opportunity to 

electrically map each individual layer in the device to gain a better understanding of how potentials 

are distributed throughout the stack. SKPM has been extensively used to characterize fundamental 

properties of solar cell cross-sections, specifically built-in potentials,76,110,152,160 locations of p-n 

junctions,108,112,161 depletion regions, 109,112 photovoltage with white-light illumination,114,155 and 

band-structure alignments between hetero-material interfaces.91,162 Glatzel, et al.,109 used SKPM to 

study solar cell cross-sections based on CIGSSe absorber and located the p-n junction with 

different buffer layer materials including i-ZnO and an alloy, (Zn,Mg)O inserted between the 

absorber and n-type window layer. Each cross-section containing the intrinsic or alloyed buffer 

layer was scanned with SKPM, and it was determined the p-n junction depletion region was shifted 
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in position towards the absorber layer in the case of the alloyed buffer, thus partly explaining its 

two-fold increase in photoconversion efficiency (6.3% for i-ZnO buffer vs. 12.5% for alloyed 

buffer). In a related study, CIGSe cross-sections were illuminated with white-light and measured 

with SKPM.114 A 50 mV potential at CIGSe grain boundaries was observed with white-light 

illumination, relative to 150 mV in the dark indicating the grain boundaries may not be as 

detrimental to solar cell device performance under illuminated conditions. Additionally, Moutinho, 

et al. used SKPM to investigate CdTe/CdS heterojunction solar cells and located depletion and 

quasi-neutral regions occurring in the device as a function of applied bias.112 SKPM has gained 

strong use in the study of electrical properties of surfaces and cross-sectional devices because of it 

provides direct potential information at the nanoscale and demonstrates flexibility in experimental 

design. 

Research objective and strategy 

The best colloidal quantum dot solar cells (CQDSCs) use a n-p heterojunction between a n-

type transparent window layer (TiO2, ZnO nanocrystals, and others) and a p-type film of an array 

of electronically coupled ~1.3 eV PbS quantum dots (QDs).30 The power conversion efficiency 

CQDSCs is increasing from improved passivation strategies to the QD surface and device 

architecture modifications that allow for efficient charge extraction at interfaces within the device 

stack. To date, the depleted heterojunction model is often used to describe the operation of 

CQDSCs. It has been reasoned that band bending in the PbS QD layer at the heterojunction 

interface creates a space charge region in the presumably p-type film, such that all photogenerated 

charge carries are transported and collected through drift currents.26,139 It is not known how band 

bending that occurs in traditional bulk semiconductors will develop within the QD layer that 

possess quantized yet coupled energy levels. Advancements in device efficiency can likely follow 

with better understanding how photogenerated carriers are collected at the electrodes, either 
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through drift or diffusion currents.144 Employing SKPM, the potential difference between a 

conductive AFM tip and the layers within an operating CQDSC cross-section were mapped to 

visualize space-charge and quasi-neutral regions. This allows a better understanding of how the 

device operates as a function of applied bias, illumination and device and how photogenerated 

charge carriers are collected either through drift or diffusion. In this study, SKPM profiling of 

CQDSC cross-sections was accomplished as a function of applied bias, illumination, and changes 

to the device architecture. 

Fabrication of heterojunction solar cells with different n-type window layers 

ZnO NCs. ZnO NCs were synthesized in a procedure similar to Gao, et al.84 by dissolving 4.4 g of 

zinc acetate in 200 mL of methanol and heated to 60 °C. A 0.4 M solution of potassium hydroxide 

in methanol was added drop-wise to the solution of zinc acetate and stirred for 2 hours. The NCs 

were purified three times, by cycles consisting of centrifugation and re-suspension in methanol. 

The final product was dissolved in 40 mL of chloroform. A portion of the resulting ZnO NC 

solution was spin-coated onto patterned ITO glass slides (Thin Film Devices, Anaheim, CA) at 

3000 RPM for 30 seconds and then heated on a hotplate in air at 260 °C for 30 minutes.  

Sputtered ZnO layer. Preparation of sputtered ZnO layer was accomplished with an AJA 

International ATC Series 7 target RF-magnetron sputtering system housed in a glove box. Ceramic 

targets with a copper back plate were used to deposit ZnO onto pre-cleaned ITO substrates. A 7.5% 

mixture of oxygen in argon was used as the sputtering gas by adjusting the flow of O2 to 1-20 sccm 

relative to Ar  at 1-50 sccm using separate mass flow controllers. Deposition of a 60 nm ZnO 

sputtered layer was accomplished at 100 °C, 80 W, and 9 mTorr for the deposition temperature, 

power, and working pressure, respectively. 

TiO2 layer. The TiO2 film is prepared according to a report in the literature.163 Briefly, 125 µL of 

deionized water is mixed with 5 mL of anhydrous ethanol. The pH of the solution is adjusted to 1 
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by adding hydrochloric acid, then 375 µL of titanium ethoxide is added. The titanium ethoxide 

precursor solution is spun directly onto ITO substrates at 1350 RPM and heated to 115 °C for 30 

minutes. Final annealing is accomplished by heating in a oven at 350 °C for 30 minutes.  

PbS QD layer. PbS QDs were synthesized according to procedure detailed elsewhere164 with a 

~930 nm first exciton and solution phase Cd2+ surface treatment. The PbS QD layer (3.5 nm 

diameter QDs) was deposited using dip-coating in air. Briefly, QD layers were deposited onto the 

annealed n-type window layer of choice in air via sequentially immersing the substrate into a 

suspension of PbS QDs in hexane (10 mg/mL solution) followed by treatment in a 1 mM 1,2-

ethanedithiol solution in acetonitrile. This process was repeated until the thickness of the QD film 

reached the desired thickness, ~200-400 nm. PbS QD films were annealed on a hotplate set at 100 

°C for 30 minutes inside a nitrogen-filled glove box.83 Top contacts including a 10-15 nm MoOX 

followed by a 100 nm thick Al, were thermally evaporated using 0.5-3.0 Å/s rates and 10-7-10-6 

Torr pressures making an active area of 0.11 cm2.  

Preparation of solar cell cross-sections and SKPM characterization 

 Solar cell cross-sections were created by scoring a portion of the top metal contact with a 

diamond scribe followed by mechanical cleaving using glass pliers. The cross-section was lightly 

blown dry with a nitrogen stream and mounted into a specially designed holder equipped with 

electrical contacts to apply a bias during measurement (see Figure 5.1a). Magnet wire and colloidal 

silver paste were used to electrically contact the ITO and metal. To study device operational 

physics using SKPM, the device must retain its power conversion efficiency in the cross-sectional 

state. Current-voltage (J-V) characteristics at 1-sun illumination before and after breaking the 

device were acquired to verify the functionality of the cross-section (Figure 5.1b). Indeed, the 

device performance was retained upon exposing the cross-section. This particular solar cell had an 
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open-circuit voltage of 602 mV, a short-circuit current of 15.9 mA cm-2, a fill-factor of 35%, and 

an overall efficiency of 3.4% before mechanical cleaving. 

 

 

Figure 5.1. Preparation of active solar cell cross-sections. (a) Photographs of an unbroken solar 
cell chip (top) and a cross-section (bottom). The chip contains six individual solar cells with active 
areas of 0.11 cm2; the chip dimension is one square inch. A diamond scribe is used to make a small 
score mark, ~1/8” in length on the top metal contact away from the active area and in the direction 
of the dotted line. Glass pliers are used to mechanically cleave along the score mark. The cross-
section is mounted into a specially designed holder for SKPM. Small magnet wire (black lines 
drawn for display) and colloidal silver paste are used to electrically contact the electrodes. (b) 
Current voltage curves at 1-sun illumination (100 mW cm-2) before and after breaking the device. 
Unbroken and broken annotations denote the state of the device before and after exposing the 
cross-section, respectively. 
 

 Scanning Kelvin probe measurements were performed using an external low-frequency 

lock-in amplifier (Stanford Research Systems, SR830) and a Park Instrument XE-70 controller 

system using conductive Pt/Ir coated AFM tips (Budget Sensors, Multi-75EG). Topography was 

measured at the first resonance frequency (70 kHz) and potential was modulated with a 1.00 V AC 

bias at 18 kHz. Surface topography and potential were mapped simultaneously in a single pass 

method with scan rates of 0.2 Hz and image size of 512 x 512 lines and points in ambient 

conditions. For each device, the ITO was grounded and full images were obtained with the metal 

biased at ±1.0, ±0.5, and +0 V; open circuit conditions were scanned with the metal wire 
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disconnected. Figure 5.2a shows a schematic illustrating the setup for cross-sectional profiling with 

SKPM. Here, the cantilever is positioned away from the glass substrate to reduce surface potential 

averaging effects caused by capacitive coupling between cantilever and sample surface. From the 

scanning electron microscopy (SEM) and atomic force microscopy (AFM) topography image (Fig. 

5.2b,c), the active layers are well-defined upon exposing the cross-section. Additionally, AFM 

topography images show great correspondence of morphology imaged with SEM. A surface 

potential image acquired at VB = +1.0 V has been overlaid onto the topography image in Figure 

5.2d to display changes in potential correlated with the morphology of the stack.  

 

 
Figure 5.2. (a) Schematic illustrating scanning of a ZnO/PbS heterojunction solar cell cross-
section with Kelvin probe microscopy. (b) Scanning electron microscopy image of the cross-
sectioned solar cell; the individual layers in device stack have been colored for display purposes. 
Here, the PbS QD layer thickness is ~350 nm.  (c) Atomic force microscopy topography image of 
the cross-section scanned in a new location relative to (b). (d) Surface potential image acquired at 
VB = +1.0 V has been overlaid onto the topography image in (d). Colored scale bar applies to 
images in (c) and (d); 250-nm scale bar applies to (b), (c), and (d).  
 

Surface potential profiles were extracted by averaging line-scans within a 0.25 µm region in images 

at each applied bias to generate plots of potential vs. position where position represents a vertical 

cut through all layers in the stack. Electric field profiles were generated by simply taking the first 

derivative of each potential profile. Figure 5.3a displays the raw surface potential profiles at each 

applied bias. Each profile represents the convolution of (i) contact potential difference between the 

tip and each layer in the stack, (ii) surface charge, and (iii) applied bias. The +0-V line profile can 
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be used to account for the effects of contact potential differences between tip and sample and 

surface charge. Figure 5.3b shows potential profiles with subtraction of the 0-V line profile to 

determine the effects of applied bias only. In Figure 5.3c, the ITO region was normalized to 0 V 

since this electrode is grounded during scans. The results and discussion section display potential 

profiles that have been corrected and normalized in this manner. Finally, Figure 5.3d displays the 

electric field profiles generated by taking the numerical derivate of each potential profile in Figure 

5.3c.  
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Figure 5.3. Normalization Procedures for SKPM Profiles. (a) Raw surface potential line-scans 
with applied bias for a solar cell cross-section with a ~350 nm thick PbS layer. (b) Surface 
potential line-profiles with subtraction of the 0-V line-profile. (c) Normalization of ITO potentials 
to 0 V at a position of x = 0.5 µm. (d) Electric field profiles generated by taking the first derivative 
of individual line-scans in (c). 
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Results and discussion 

 Figure 5.4 shows potential and electric field profiles for a solar cell cross-section containing 

140-nm thick ITO, 65-nm thick ZnO NC layer, 350-nm thick PbS QD layer, and a 15-nm 

MoOx/100-nm Al top contact. A false-colored SEM image has been rotated and overlaid on the 

potential profile to identify locations of potential drops within the device stack. With an applied 

bias V > 0 V, the potential profiles show a steep rise in potential and a change in slope in the PbS 

QD region. For applied biases V < 0 V, the potential profiles show a steep drop in the ZnO region 

and another change in slope in the PbS region. At a specified bias, VB = 1 V for example, the 

potential difference between the ITO and metal contacts is roughly ~830 mV indicating minimal 

surface potential averaging effects, a well-known phenomenon within the SKPM technique.  
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Figure 5.4. Potential and electric field profiles at each applied bias (VB = ±1.0 and ±0.5 V). A 
false-colored SEM image of the cross-section has been rotated and inlayed within the potential 
profile to identify regions of potential drops. Taking the derivative of each respective potential 
profile created the electric field profiles; a dashed line has been drawn to locate the junction 
between PbS and ZnO. 
 
 The +1.0 V line-profile shows that most of the potential drop (~80%) occurs in the ZnO 

layer rather than the PbS layer. For all applied voltages, the majority of the potential drop is located 

in the ZnO NC region, indicating it is the most resistive layer in the stack. Furthermore, 

comparison of electric field profiles at all biases shows the electric field resides in the ZnO layer, 

not in the PbS layer. The potential and electric field profiles coupled together suggest the PbS QD 

layer is not fully depleted, as is typically observed with capacitance voltage (CV) measurements on 

similar QD solar cells. Many reports have effectively used SKPM to map cross-sectional p-n 

heterojunctions. Moutinho et al. observed space-charge and quasi-neutral regions as a function of 
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bias occurring in a CdTe/CdS heterojunction solar cell cross-section thus providing validity for the 

measuring technique.112  

To verify the accuracy of the SKPM system, various other solar cell types including a 

CdTe/ZnO heterojunction and an amorphous silicon p-i-n solar cell were scanned with SKPM to 

show that our AFM system is capable of observing depletion regions, consistent with p-n and p-i-n 

operation (see Appendix B, Fig. S1, S2).153 For an amorphous silicon solar cell cross-section 

scanned with SKPM, we observe substantial sloping of the potential as a function of applied bias 

throughout the entire absorber layer, indicating the field region is evenly distributed across the 

intrinsic amorphous silicon layer. In addition, we prepared and scanned a CdTe/ZnO heterojunction 

solar cell cross-section with SKPM. We observe a sloped potential in the CdTe layer which 

indicates band bending, thus providing validity for the measuring technique. More specifically, we 

are able to locate the p-n heterojunction between CdTe and ZnO, and we observe depletion 

occurring in the CdTe layer. From this, we conclude that our AFM system is capable of showing 

the existence of depletion regions in active layers in solar cell cross-sections.  

To ensure the solar cells studied here displayed typical behavior reported in the literature, 

we performed CV measurements on solar cell cross-sections at varying QD layer thickness, 

200−350 nm. CV measurements were acquired using an Agilent B2912 source-measurement and 

an Agilent 4294A impedance analyzer using a 1 kHz frequency and a voltage range from -1.0 to 

+0.5 V; this AC frequency was chosen through a frequency sweep of the capacitance. Figure 5.5a 

shows a plot of capacitance vs. voltage for cross-sections of variable PbS thickness under dark 

conditions at 1 kHz (the choice of this frequency is discussed in Chapter 4). The thickness of the 

active layers were verified with cross-sectional SEM. At forward bias >0.5 V, the conductance of 

the cell increases causing a breakdown in the capacitance of the parallel plate model, therefore, we 

restrict our analysis to voltages <0.5 V. The capacitance in Figure 5.5a shows a fall-off in 
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capacitance as the cell is scanned with increasing reverse bias. This is consistent with previous 

reports that show a decreased capacitance with increasing reverse bias.139 Using known area of the 

cross-section and the dielectric constant of 12 for PbS, the voltage-dependent depletion width 

(Figure 5.5b) and carrier concentration estimation, NPbS = ~4.0 x1016 cm-3 were extracted from the 

CV data. Consistent with previous report of CV measurements on CQDSCs, we observe a 

depletion width similar in magnitude to the physical thickness of the QD layer. For example, a 

solar cell constructed with a 200 nm thick PbS QD film shows a measured depletion width of ~200 

nm at 0 V, providing convincing evidence for a fully depleted active layer. Thus, the solar cell 

cross-sections studied here show behavior consistent with the literature.  

 
Figure 5.5. Capacitance-voltage measurements on CQDSCs with variable PbS layer thickness (a) 
Capacitance vs. voltage for 200 and 350 nm thick PbS layers. (b) Calculated depletion width for CQDSCs in 
(a).  
 
 

To observe the possible existence of space charge and quasi-neutral regions in the PbS QD 

layer, we prepared and scanned cross-sections with PbS QD layer thicknesses 200, 330, and 850 

nm. Figure 5.6 shows cross-sectional potential and electric field profiles on solar cells with variable 

PbS QD layer thickness, while maintaining the same thickness for ITO, ZnO NCs and top metal 

contacts. The shape of the potential in the QD region does not change shape appreciably with 

decreasing or increasing thickness. These profiles show the lack of formation of both a space-

charge region and subsequent quasi-neutral region upon extending or shortening the PbS QD layer. 
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The potential drop for all three cells is localized primarily in the ZnO NC region and the potential 

remains fairly flat, yet slightly sloped in the PbS QD region. Importantly, most of the potential drop 

resides in the ZnO NC layer for each profile in Figure 5.6. The potential drop at the PbS/metal 

interface in Figure 5.6 for the 800-nm thick PbS QD layer cannot be fully explained, but could be 

due to an increased dipole effects of the MoOx layer. 

 
Figure 5.6. PbS QD layer thickness dependence: SKPM potential and electric field profiles as the PbS 
QD layer is increased in thickness from 200 nm (left), 500 nm (middle) and 850 nm (right). All devices 
studied utilize the same thickness for ITO, ZnO, and MoOx/Al contacts.  
 

Utilizing Poisson’s equations and the electric field profile in Figure 5.4, we can estimate the carrier 

concentration of ZnO NC layer using Equation 5.1.  

!"
!"
=    !

!  !!
       Equation 5.1 

Here, E is the electric field, ρ is the charge density, ε is the dielectric constant of ZnO (4.4), and ε0 

is the electric permittivity. By integrating Equation 5.2, we can calculate the carrier concentration 
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of ZnO using Equation 5.3, where ND is the carrier concentration of ZnO, Emax represents the 

maximum electric field in the ZnO from the SKPM profile in Figure 1c, xn is the depletion region 

inside the ZnO. 

𝑁! =   
!  !!!!"#
!!!

      Equation 5.2 

From this, we calculate the carrier concentration for ZnO to be 2.0x1016 cm-3, which is similar in 

magnitude to the reported carrier concentration for PbS and PbSe QD thin films obtained from CV 

measurements on heterojunction solar cells. This estimation technique has been utilized previously 

to estimate the carrier concentration of CdTe using SKPM and has demonstrated good accuracy.112 

These results indicate that the junction cannot be approximated using a one-sided junction 

formalism whereby the carrier concentration in the n-type layer appreciably exceeds the carrier 

concentration in the PbS layer, resulting in most of the depletion occurring in the lower doped 

layer. Therefore, the approach to the CV analysis using the one-sided junction approximation 

cannot be appropriately used.  

CQDSC cross-sections were constructed and characterized with SKPM using n-type TiO2 

sol-gel and sputtered ZnO layers to verify the nature of the potential drop is not unique to the ZnO 

NC layer (Figure 5.7). Here, most of the potential drop still occurs in the n-type window layer 

consistent with our previous observations using ZnO NCs.  
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Figure 5.7. SKPM profiles for solar cell cross-section fabricated separately with TiO2 and sputtered 
ZnO. The ZnO NC film has been substituted for a ~140 nm thick TiO2 sol gel film and ~60 nm sputtered 
ZnO film (“sp ZnO” in the image). The majority of the potential drop resides in the sputtered window oxide 
layer.   
 

We now distinguish between SKPM measurements with applied bias and illumination. 

Figure 5.8 shows SKPM profiling of a TiO2/PbS heterojunction cross-section with illumination 

from a focused laser (λ = 632 nm) which produces 500 mV (VOC = 510 mV). Four different scans 

were acquired with the cathode floating or grounded and with the laser turned on or off. From these 

data, SKPM is capable of discerning the photo-potential of the cell (potential difference between 

the metal contact under short circuit, dark and open-circuit, illuminated conditions). Accordingly, 

the photo-potential of the cell under illumination is ~400 mV, which is similar in magnitude to the 

open-circuit voltage of the cell at 1-sun illumination. Furthermore, applying a bias equal to the 

voltage the laser produces (500 mV) results in a similar potential profiles (SKPM potential profiles: 

applied voltage = 0.5 V and open circuit, laser in Figure 5.8). Thus, we can conclude that applying 

a bias to the solar cell during SKPM measurement allows us to understand device operation with 

illumination. 
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Figure 5.8. SKPM profiling with illumination using a 632-nm focused laser on the cross-section. 
Four different scans were obtained with the metal cathode floating or grounded and with the laser 
turned on or off. The photo-potential of the cell as measured with SKPM can be described by the 
potential difference of the metal in short circuit, dark and open circuit, illuminated conditions. 
 

Here, our SKPM profiling of QD solar cells indicate that the n-type window layers used 

within this work are incapable of generating a strong field in our light-absorbing layer. The carrier 

concentrations of the n-type window layers are too low to create a one-sided p-n junction. In 

amorphous silicon solar cells, amorphous heavily doped p- and n-type contacts are utilized to 

generate an electric field in the intrinsic amorphous silicon layer, typically 200-300 nm thick such 

that all photogenerated charges are collected via drift.146 By depositing an intrinsic amorphous 

silicon layer on top of our pre-prepared ZnO NC layer and using MoOx/Al contacts, we sought to 

determine if our contacts were capable of generating a field in a 200 nm thick intrinsic layer (see 

Appendix B, Figure S3). SKPM profiles of the cross-section containing intrinsic amorphous silicon 

substituted for the PbS layer show most of the potential drops are located in the contacts rather than 

in the a-Si layer. This indicates our contacts do not have sufficient conductivity to extend a space 

charge region across the amorphous silicon intrinsic layer.  
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SKPM was successfully used to study CQDSC cross-sections as a function of applied bias, 

illumination and device architecture. Understanding of how applied potentials were distributed 

throughout the stack showed the n-type layers are highly resistive, thus limiting the performance of 

the solar cell. Our results provide the means to better understand how CQDSCs operate which will 

hopefully enable rational design of forthcoming architectures. By comparing SKPM profiles of 

many solar cell architectures, we conclude that photogenerated charge carriers are collected 

primarily via diffusion currents. The window layer and MoOx interface allow for selective charge 

extraction for electrons and holes, respectively. Further optimization of future architectures will 

require improved selectivity of carrier type and better energetic conduction and valence band 

alignments. Additionally, the more efficient charge extraction may benefit from enhanced carrier 

diffusion lengths.  

  



	
  
	
  

97 

CHAPTER	
  6	
  

Thesis findings and contributions to the field of CQDSCs 

 The focus of this thesis was to provide a better understanding of colloidal quantum dots, 

particularly PbS QDs for solar PV applications. In Chapter 2, the photothermal oxidation of PbS 

QDs was evaluated as a function of QD diameter, ambient gas (air, 100% nitrogen, or 100% 

oxygen) and temperature. It was determined the optical blueshifts showed a unique size 

dependence determined by the competition between oxidation and sintering processes. 

Development of methods to counter degradation through atomic layer deposition infilling of 

alumina in the solid allowed for air-stable, and robust PbS QD solids to be fabricated.  

 In Chapter 3, atomic force microscopy was used to understand the physical and electrical 

properties of QD arrays including sub-monolayers and thin films. Achieving individual QD 

resolution in a sub-monolayer film was discussed and explained. Additionally, the film 

morphology was characterized on technologically-relevant surfaces and was characterized to better 

understand its influence on charge transport. Scanning Kelvin probe microscopy (SKPM) was used 

to study devices including an empty-channel field effect transistor. Here, capacitive coupling 

between the cantilever and device was studied by scanning the channel potential in varying 

orientations. It was determined the substrate geometry can have a large influence on the measured 

surface potentials due to changes in capacitive coupling. Finally, scanning of an ambipolar thin-

film transistor containing a thin film of conductive PbSe QDs with SKPM under inert atmosphere 

was discussed and accomplished. Directly imaging the channel potential of the thin-film transistor 

(TFT) showed conduction of both holes and electrons. Furthermore, a uniform charge distribution 

was observed consistent with the IV output and transfer characteristics of the TFT in the linear 

regime. This chapter demonstrated the uniqueness and practicality of AFM and SKPM in studying 

thin-films and opto-electronic devices with a particular emphasis on coupled PbSe QD arrays.  
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 Chapter 4 covered a brief summary of the progress in power conversion efficiency of 

colloidal quantum dot solar cells. An discussion of the models of device operation was covered, 

distinguishing between depleted vs. excitonic-like operation. A short section explained how 

CQDSCs are fabricated and characterized. An in-depth discussion of impedance spectroscopy and 

capacitance-voltage measurements was summarized. Finally, Chapter 5 demonstrated for the first 

time mapping of a CQDSC cross-section with SKPM to map local potentials of each layer in the 

stack as a function of applied bias, illumination and architecture. This technique allows for a direct 

investigation of how the device operates. SKPM profiles consistently showed the presence of a 

substantial potential drop in the n-type window layer, suggesting field-free regions in the PbS QD 

layer. These results aid in the fabrication of future device architectures which will require n-type 

window layers with higher carrier concentrations to create a depletion region in the QD layer for 

enhanced charge extraction. 

Outlook and future work 

 Using SKPM, a full understanding of the channel potential in a TFT as a function of QD 

surface treatment will allow for a better understanding of passivating treatments and doping of the 

QD solid. Furthermore, charge transport models developed for QD solids can be better understood 

with SKPM since this technique directly probes the channel potential, especially correlating the 

current voltage characteristics and the potential profiles in unipolar or ambipolar TFTs. Finally, a 

rigorous understanding of CQDSC operation with cross-sectional scanning as a function of QD size 

will allow for rationalized band engineering the device to enable development of improved 

architectures.  
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Supporting Figure 1. X-ray photoelectron spectroscopy depth profile of an ALD-infilled PbS 
QD film. Alumina appears throughout the film. XPS was performed using a modified Physical 
Electronics 5600 XPS with monochromatic Al Kα radiation and a pass energy of 29 eV. 



	
  
	
  

106 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supporting Figure 2. (top) Absorption lengths for EDT-treated PbS QD films as determined 
from integrating sphere measurements. (bottom) Absorption profiles for 365 nm light as 
calculated from a 2 × 2 scattering matrix model described in detail elsewhere.1 Solid curves are 
modeling results for 100-nm thick films of 2.9 nm and 5.0 nm QDs on glass, while dashed lines 
are  simple  exponential  decay  profiles  using  absorption  lengths  determined  from  integrating 
sphere measurements. No model for 7.0 nm QDs is presented here because n & k values for the 
large QDs were not measured. The model assumes a planar air/glass/QD film/air dielectric stack 
with light incident through the glass substrate. It accounts for multiple reflections in the glass. 
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Supporting Figure 3. Controls for 5.0 nm PbS QD films. (a) Typical absorption spectra as a 
function of time for films in nitrogen or air either without UV light and heat or with heat alone 
(50°C). The traces in each graph are offset to overlay at λ = 2000 nm. (b) Time traces of the peak 
energy and width for all of the treatments explored in this study. 
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Supporting  Figure  4.  PbS  QD  sizing  curve  used to  determine  diameter  changes  upon 
thermal soaking at 50°C in air. Gray circles are oleate-capped PbS QDs in tetrachloroethylene 
(TCE) solution as reported by Moreels et al.2 Red squares are the three QD samples used in this 
study, also in TCE. The dotted line is a fit to the solution data as reported by Moreels et al.: 
 

𝐸! 𝑒𝑉 = 0.41 +
1

0.0252𝑑! + 0.283𝑑
 

 
The first exciton redshifts upon formation of EDT-treated thin films (orange diamonds). After 30 
days of thermal soaking in air, the exciton energy of the films blueshifts by 207 meV, 129 meV, 
and 77 meV for the small, medium, and large QDs, respectively (green hourglasses). These 
energy changes, denoted by ǻE, correspond to an effective decrease of the PbS core diameter by 
0.5 nm, 0.8 nm, and 1.1 nm for the small, medium, and large QDs, respectively (denoted by ǻd 
in the figure). These estimates of ǻd are lower limits because they assume (i) the QDs undergo 
no sintering and (ii) the effective bandgap of the oxide shell (composed of PbO, PbSO4, and 
other species) is similar to that of oleate. Neither assumption is realistic: ripening and sintering 
occur simultaneously with oxidation, and the bandgap of the oxide shell is considerably smaller 
than that of oleate. Thus the oxide shells are likely thicker than suggested here. 
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Supporting Figure 5. UV photothermal soaking of films of 7.0 nm PbS QDs in air and 
nitrogen. Typical optical absorption spectra as a function of time exposed to UV light (1.4 mW 
cm-2 @ 365 nm) and heat (50°C) for an EDT-treated QD film in (a) nitrogen and (b) air, as well 
as (c) an ALD-infilled film in air (18 nm alumina deposited at 27°C). The traces in each graph 
are offset to overlay at λ = 2200 nm. (d) Time traces of the first exciton peak energy and peak 
width for the three films. The excitonic peak of unprotected films soaked in air was completely 
washed out after just four days of photothermal testing. In contrast, ALD-infilled films exhibit 
only a slight redshift – comparable to the films soaked in nitrogen – over the first 30 days of 
photothermal soaking, and zero peak broadening (compared with >100 meV and ~30 meV 
broadening for unprotected films in air and nitrogen, respectively). 
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Supporting Figure 6. Controls for 7.0 nm PbS QD films. (a) Typical absorption spectra as a 
function of time for films in nitrogen or air either without UV light and heat or with heat alone 
(50°C). The traces in each graph are offset so as to overlay at λ = 2200 nm. (b) Time traces of the 
peak energy and width for all treatments explored in this study. 
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Supporting Figure 7. UV photothermal soaking of films of 2.9 nm PbS QDs in air and 
nitrogen. Typical optical absorption spectra as a function of time exposed to UV light (1.4 mW 
cm-2 @ 365 nm) and heat (50°C) for an EDT-treated QD film in (a) nitrogen and (b) air, as well 
as (c) an ALD-infilled film in air (18 nm alumina deposited at 27°C). The traces in each graph 
are offset to overlay at λ  = 1500 nm. The oscillations in the upper panel are due to etaloning 
within the sample cell. (d) Time traces of the first exciton peak energy and peak width for the 
three films. 
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Supporting Figure 8. Controls for 2.9 nm PbS QD films. (a) Typical absorption spectra as a 
function of time for films in nitrogen or air either without UV light and heat or with heat alone 
(50°C). The traces in each graph are offset so as to overlay at λ = 1600 nm. (b) Time traces of the 
peak energy and width for all treatments explored in this study. 



	
  
	
  

113 

 
 

 



	
  
	
  

114 

 
Supporting Figure 9. Additional TEM images of 7 nm QD monolayers before and after 
photothermal soaking. 
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Supporting Figure 10. Ex situ TEM imaging of 7 nm QDs. These are control samples aged for 
one month in dark nitrogen at 193 K (top), dark nitrogen at room temperature (middle), and dark 
air at room temperature (bottom). Two locations are shown for each sample. The 193 K nitrogen 
sample does not change with age, while the QDs aged at 298 K in nitrogen seem subtly more 
diffuse and the air-aged QDs show dramatic morphological changes. Electron beam damage was 
negligible in these experiments. 
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Supporting Figure 11. Photothermal soaking of 3 nm QD films in helium at 80 K and 323 
K. The high-temperature film shows a redshift of the first exciton. The features at ~850 nm are 
interference fringes from the optical cell used in the measurements. 



	
  
	
  
 
 

116 

 
 

 
 

Supporting Figure 12. Comparative aging of 7 nm QD films in dry and wet 
oxygen. Peak energy and peak width are shown for two films UV soaked in an 
environmental chamber. UV soaking in wet nitrogen for similar times caused no 
changes in optical spectra. 
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Supporting Figure 1. SKPM profiling of a p-i-n amorphous silicon solar cell cross-
section. The potential is uniformly distributed throughout the entire amorphous silicon 
layer (a-Si).  
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Supporting Figure 2. SKPM profiling of a CdTe/ZnO heterojunction solar cell 
cross-section. The device stack consists of the following: ~300 nm ITO, ~500 nm bulk 
CdTe, ~60 nm ZnO, and ~100 nm of Al. Dashed lines have been added for clarity to 
demarcate interfaces. The sloping at the CdTe/ZnO junction in forward bias locates the p-
n heterojunction. The sloped region potential of the CdTe layer represents the depletion 
region.  
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Supporting Figure 3. SKPM profiling of a ZnO/a-Si heterojunction solar cell cross-
section. The PbS QD layer was substituted for a ~200-nm thick intrinsic amorphous 
silicon layer. The ZnO NC layer was ~ 65 nm and the metal contact consists of 15 nm 
MoOx and ~100 nm Al. The potential drop is primarily located near the contacts rather 
than the a-Si layer (except at an applied voltage of +1.0 V).  

 
	
  




