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ABSTRACT 

 

 

 

KATHLEEN MARY DIPPLE.  Employing Surface Plasmon Resonances to Boost 

Effectiveness of Multiple Exciton Generation in Lead-Based Quantum Dots.  (Under the 

direction of DR. THOMAS A. SCHMEDAKE) 

 

 

 

Harvesting the sun’s energy at a high efficiency and low cost is a vital step 

towards replacing fossil fuels. Colloidal quantum dots (QDs) are promising materials that 

have great potential for solar applications due to their size dependent optical properties 

and high-absorption cross-sections.1 Lead-chalcogenide QDs can be tuned so that their 

band gap is close to optimal for light absorber in a single junction solar cell. Moreover, 

these near IR-absorbing QDs can generate multiple excitons after absorption of a suitably 

energetic photon, enabling external quantum efficiencies in excess of 100 % EQE for 

blue and UV light.2 

Light harvesting is most efficient for optically thick materials that are physically 

thin. That way, all incoming light is absorbed, and the resulting excitons and charge 

carriers do not have far to travel to reach an electrode. In addition, for cells that utilize 

multiple exciton generation, it is critical that they absorb as much UV and blue light as 

possible. One way to boost the optical density of QD solar cells is to take advantage of 

the optical antenna effect of plasmonic metal nanoparticles (NPs). These NPs support 

surface plasmon resonances that generate very large local electric fields and increase 

photo-absorption in nearby chromophores. 

The goal of this work, was to take advantage of this effect to demonstrate 

increased light absorption in QDs, especially above the energy threshold for multiple 
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exciton generation (MEG). My principal aim has been to unravel the factors that control 

the coupling between QD excitons and plasmon resonances in Ag NPs by controlling the 

size and shape of the NPs as well as the interaction distance between NPs and QDs 

(Figure 1). I observed energy transfer between NPs and QDs using time-resolved and 

steady state photoluminescence studies, and, ultimately, demonstrated that Ag NPs could 

effectively increase QD photoabsorption for photons with energies both above and below 

the MEG threshold. This is a vital step toward enhancing QD solar cells and boosting the 

importance of MEG in metal-coupled QD systems. This research is important for the 

development of low cost, high efficiency solar cells in addition to a wide range of 

optoelectronic applications. 

 

Figure 1: Layered approach to studying SPR effect on PbSe QD emission. The blue and black 

lines represent the positively and negatively charged polymer spacer layers, respectively. The red 
and blue spheres represent silver nanoparticles and lead selenide quantum dots, respectively. The 

double-sided arrow represents the changing of polymer spacer thicknesses. 
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FIGURE 1: Layered approach to studying SPR effect on PbSe QD 

emission. The blue and black lines represent the positively and 

negatively charged polymer spacer layers, respectively. The red and 

blue spheres represent silver nanoparticles and lead selenide quantum 

dots, respectively. The double-sided arrow represents the changing of 

polymer spacer thicknesses. 
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FIGURE 2: Schematic of the highly efficient Perovskite solar cell. The 

grey, light green, and dark green spheres represent lead atoms, 

methylammonium ions, and iodine atoms, respectively. The arrows 

represent the one-step charge carrier generation.21 From [Collavini, S.;  

Volker, S. F.; Delgado, J. L., eUnderstanding the Outstanding Power 

Conversion Efficiency of Perovskite-Based Solar Cells. Angewandte 

Chemie International Edition 2015, 54 (34), 9757-9759.] Reprinted 

with permission from John Wiley and Sons. 
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FIGURE 3: Perovskite device with a >19 % power conversion 

efficiency. A) labeled SEM cross-section of perovskite solar device B) 

Energy level diagram (relative to vacuum) of each layer of device From 

[Zhou, H. P.;  Chen, Q.;  Li, G.;  Luo, S.;  Song, T. B.;  Duan, H. S.;  

Hong, Z. R.;  You, J. B.;  Liu, Y. S.; Yang, Y., Interface engineering of 

highly efficient perovskite solar cells. Science 2014, 345 (6196), 542-

546.] Reprinted with permission from AAAS.A) SEM cross-section of 

perovskite solar device with efficiency of > 19 % B) Energy level 

diagram (relative to vacuum) of each layer of device 
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FIGURE 4: Hysteresis in current density versus voltage curve of planar 

heterojunction perovskite solar cell (shown in Figure 2) under AM 1.5, 

100 mWcm-.2 The black and red curves represent the forward and 

reverse directions, respectively. 24 From [Zhou, H. P.; Chen, Q.;  Li, 

G.;  Luo, S.;  Song, T. B.;  Duan, H. S.;  Hong, Z. R.;  You, J. B.;  Liu, 

Y. S.; Yang, Y., Interface engineering of highly efficient perovskite 

solar cells. Science 2014, 345 (6196), 542-546.] Reprinted with 

permission from AAAS. 
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FIGURE 5: Perovskite stability study of non-encapsulated perovskite 

solar cells in ambient air, dry air, and N2 atmosphere (10 devices were 
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studied per condition) over 6 days. The black, red, and blue curves 

represent devices in ambient air, dry air, and nitrogen gas, respectively. 

From [Zhou, H. P.; Chen, Q.;  Li, G.;  Luo, S.;  Song, T. B.; Duan, H. 

S.;  Hong, Z. R.;  You, J. B.;  Liu, Y. S.; Yang, Y., Interface 

engineering of highly efficient perovskite solar cells. Science 2014, 

345 (6196), 542-546.] Reprinted with permission from AAAS. 

 

 

FIGURE 6: Schematic of a layered, CdS/CdTe thin film solar cell. 

Reprinted from Solar Energy 2004, 77 (6), Ferekides, C. S.; 

Balasubramanian, U.;  Mamazza, R.; Viswanathan, V.;  Zhao, H.; 

Morel, D. L., CdTe thin film solar cells: device and technology issues. 

823-830. Copyright (2004), with permissions from Elsevier. 
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FIGURE 7: Trends in solar: number of records versus publication year 

of various topics in solar (per Web of Science). The blue, black, red, 

yellow, green, and purple curves represent the number of publication 

records in silicon, quantum dot, polymer, perovskite, CIGS, and 

plasmonic solar versus year, respectively. 
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FIGURE 8: Solar energy absorbed (red) by a 2 µm thick Si wafer 

(assuming no reflection) versus solar spectrum at air mass 1.5 (blue). 

The inset reveals the relative depth that certain colors of light make it 

through a Si device. Reprinted by permission from [Atwater, H. A.; 

Polman, A., Plasmonics for improved photovoltaic devices. Nature 

Materials 2010, 9 (3), 205-213.] [COPYRIGHT] (2010). 
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FIGURE 9: Absorbance (solid), steady state emission (dashed), and 

time resolved lifetime decay (inset) of PbSe QDs (Eg = 0.88 µs) 

Reprinted (adapted) with permission from (Wehrenberg, B. L.; Wang, 

C. J.; Guyot-Sionnest, P., Interband and intraband optical studies of 

PbSe colloidal quantum dots. Journal of Physical Chemistry B 2002, 

106 (41), 10634-10640.). Copyright (2002) American Chemical 

Society. 
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FIGURE 10: Normalized absorbance spectra of a PbS QD series with 

Eg ranging from 970-1740 nm (red-black curves).There is an 

absorbance peak red shift with increasing QD size due to the quantum 

confinement effects.3 Reprinted (adapted) with permission from 

(Moreels, I.;  Lambert, K.;  Smeets, D.;  De Muynck, D.;  Nollet, T.; 

Martins, J. C.; Vanhaecke, F.;  Vantomme, A.;  Delerue, C.;  Allan, G.; 

Hens, Z., Size-Dependent Optical Properties of Colloidal PbS Quantum 
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Dots. Acs Nano 2009, 3 (10), 3023-3030.) Copyright (2009) American 

Chemical Society. 

 

 

FIGURE 11: Published (red and solid black), and tight binding 

calculations (open black diamond) of PbS Eg versus particle size 

relationship. The dotted line is the bulk Eg (0.41 eV). Reprinted 

(adapted) with permission from (Moreels, I.;  Lambert, K.;  Smeets, D.; 

De Muynck, D.;  Nollet, T.;  Martins, J. C.;  Vanhaecke, F.; 

Vantomme, A.;  Delerue, C.; Allan, G.; Hens, Z., Size-Dependent 

Optical Properties of Colloidal PbS Quantum Dots. Acs Nano 2009, 3 

(10), 3023-3030.) Copyright (2009) American Chemical Society. 
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FIGURE 12: Calculated (solid markers) and experimental (open 

markers) relationship between oscillator strength and particle size of 

PbS (black) versus PbSe (red). Overall, lead selenide QDs have a 

greater oscillator strength than lead sulfide. Reprinted (adapted) with 

permission from (Moreels, I.;  Lambert, K.;  Smeets, D.;  De Muynck, 

D.;  Nollet, T.;  Martins, J. C.;  Vanhaecke, F.;  Vantomme, A.;  

Delerue, C.;  Allan, G.; Hens, Z., Size-Dependent Optical Properties of 

Colloidal PbS Quantum Dots. Acs Nano 2009, 3 (10), 3023-3030.) 

Copyright (2009) American Chemical Society. 
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FIGURE 13: Types of core/shell heterostructures with the 

corresponding electron and hole wave-function distributions below. 

The quasi-type-II core/shell structures have wavefunctions more 

promising for charge separation. Reprinted (adapted) with permission 

from (Zaiats, G.;  Yanover, D.;  Vaxenburg, R.;  Tilchin, J.;  Sashchiuk, 

A.; Lifshitz, E., PbSe-Based Colloidal Core/Shell Heterostructures for 

Optoelectronic Applications. Materials 2014, 7 (11), 7243-7275.) 

Copyright (2014) MDPI. 
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FIGURE 14: Effective electron (black) and hole (red) masses and 

energy bands versus radial coordinate in PbSe/Cdse core/shell QDs 

generated by using the FEA software (COMSOL). The valence and 

conduction band energies change from the core to the shell. Reprinted 

(adapted) with permission from (Zaiats, G.;  Yanover, D.;  Vaxenburg, 

R.;  Tilchin, J.;  Sashchiuk, A.; Lifshitz, E., PbSe-Based Colloidal 

Core/Shell Heterostructures for Optoelectronic Applications. Materials 

2014, 7 (11), 7243-7275.) Copyright (2014) MDPI. 
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FIGURE 15: Zoomed out (A) and in (B) TEM image of PbSe QDs 

taken 954 seconds after hot injection. The scale bar in A) and B) are 

100 and 5 nm, respectively. Here, the average QD diameter is 

approximately 5 nm. A) reveals the monodisperse size distribution. In 

image B), the lattice fringes and crystallinity of the two quantum dots 

are clear. 
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FIGURE 16: Absorbance versus wavelength, nm of PbSe QDs (black) 

and near IR dye (IR1061) standard (blue). The absorbance peaks of the 

two samples are very similar in wavelength. The IR1061 dye was used 

to determine the relative quantum yield of the QDs. 
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FIGURE 17: Calculated quantum yield of PbSe QDs taken out at 

various times after the hot injection. The x-axis represents the PbSe QD 

synthesis time in seconds. In every case, the reaction was quenched by 

a rapid injection of a cold solvent mixture. 
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FIGURE 18: Normalized absorbance of PbSe/CdSe QDs taken during 

the cation exchange reaction between lead and cadmium. The PbSe 

core only sample is shown in red. The times correspond to exposure 

time to the cadmium oleate solution. The increase in the reaction time 

(black to light blue) means an increase in the lead and cadmium cation 

exchange and thus the increase in the CdSe shell growth. 
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FIGURE 19: Calculated relative QY versus CdSe shell growth time at 

625 nm excitation (1.5Eg) as the PbSe/CdSe QDs age in air for 0 

weeks (black), 1 week (blue) and 2 weeks (red). Larger CdSe shells 

(longer growth times) have greater quantum yields. 
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FIGURE 20: TEM and EDX elemental analysis of PbSe/CdSe 

core/shell QDs (60 min shell growth). In the TEM image, the scale bar 

is 5 nm and the yellow rectangle represents the area which the energy 

dispersive x-ray (EDX) elemental analysis was taken on. The copper, 

silicon, chromium, carbon, oxygen and chlorine signals arise from the 

sample grid and detector. 
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FIGURE 21: A) Impact ionization, B) Auger recombination, C) 

dynamic carrier populations following the excitation of PbSe QDs with 

photon of energy > 3 Eg. Filled and open red circles represent electrons 

and holes, respectively. C and V represent the  
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conduction and valence bands. 𝜂x and 𝜂xx represent the fraction of the 

population that generate single excitons, and undergo II to generate 

biexciton, respectively D) dynamics schematic of time resolved data 

blue trace (excitation above MEG threshold) red trace (excitation 

belowMEG threshold. Reprinted (figure) with permission from 

(Schaller, R. D.; Klimov, V. I., High efficiency carrier multiplication in 

PbSe nanocrystals: Implications for solar energy conversion. Physical 

Review Letters 2004, 92 (18), 4.) Copyright (2004) by the American 

Physical Society. 

 

 

FIGURE 22: Incoherent multiple exciton generation model in PbSe 

QDs at 3Eg excitation energy.2 Reprinted (adapted) with permission 

from (Ellingson, R. J.;  Beard, M. C.;  Johnson, J. C.;  Yu, P. R.;  

Micic, O. I.;  Nozik, A. J.;  Shabaev, A.; Efros, A. L., Highly efficient 

multiple exciton generation in colloidal PbSe and PbS quantum dots. 

Nano Letters 2005, 5 (5), 865-871). Copyright (2005) American 

Chemical Society. 
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FIGURE 23: MEG in PbSe nanorods (red curve) and QDs (black 

curve); QY versus excitation energy. The horizontal dashed line 

represents where the NPs exhibit a 100 % QY. Anything above that 

line represents MEG. The point at which the energy (x-axis) and the 

dotted line intersect represents the minimum threshold energy for MEG 

to occur. Reprinted (adapted) with permission from (Cunningham, P. 

D.;  Boercker, J. E.; Foos, E. E.;  Lumb, M. P.;  Smith, A. R.;  Tischler, 

J. G.; Melinger, J. S., Enhanced Multiple Exciton Generation in Quasi-

One-Dimensional Semiconductors. Nano Letters 2011, 11 (8), 3476-

3481Copyright (2011) American Chemical Society. 
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FIGURE 24: Illustration of a surface plasmon resonance for a spherical 

nanoparticle where electron charge is displaced. The red curve 

represents the strong localized electric field caused by the coherent 

oscillation of electrons. The grey and green spheres represent the metal 

NP and electron cloud, respectively. Reprinted (adapted) with 

permission from (Kelly, K. L.; Coronado, E.; Zhao, L. L.; Schatz, G. 

C., The optical properties of metal nanoparticles: The influence of size, 

shape, and dielectric environment. Journal of Physical Chemistry B 

2003, 107 (3), 668-677). Copyright (2003) American Chemical 

Society. 
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FIGURE 25: Mie theory calculated electric field contours of 30 nm (A 

and C) and 60 nm (B and D) Ag spheres with 369 nm and 358 nm 
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light, respectively. The different colors (blue to red) represent an 

increase in electric field strength.4 Reprinted (adapted) with permission 

from (Kelly, K. L.;  Coronado, E.;  Zhao, L. L.; Schatz, G. C., The 

optical properties of metal nanoparticles: The influence of size, shape, 

and dielectric environment. Journal of Physical Chemistry B 2003, 107 

(3), 668-677). Copyright (2003) American Chemical Society. 

 

 

FIGURE 26: Configuration of Smill-Purcell experiment. The lower 

area represents a grating with a periodicity of D. The arrows represent 

the path of an electron (e-) traveling at velocity, V and at an angle, ψ 

across the grating. Reprinted from Haeberle, O., Reciprocity theorem 

for Smith-Purcell radiation. Optics Communications 1997, 141 (5-6), 

237-242. Copyright (1997), with permission from Elsevier. 
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FIGURE 27: Light trapping geometry of plasmonic nanoparticles (grey 

sphere) in a layered (glue and orange) thin film solar cell. The arrows 

represent the path of the incident light. The presence of metal 

nanoparticles caused an increase in optical pathlength through the 

device. Reprinted by permission from [Atwater, H. A.; Polman,  

A., Plasmonics for improved photovoltaic devices. Nature Materials 

2010, 9 (3), 205-213.] [COPYRIGHT] (2010). 

 

 

44 

FIGURE 28: A) External quantum efficiency enhancements of Si 

wafers due to the presence of 50 nm Ag nanoparticles for samples with 

different top layers: SiO2 on sample A, Si3N4 on sample B, and TiO2 

on sample C. The solid curves represent when the samples were 

irradiated from the front and the dashed were irradiated from the  

rear.142 Reprinted from [Beck, F. J.;  Polman, A.; Catchpole, K. R., 

Tunable light trapping for solar cells using localized surface plasmons. 

Journal of Applied Physics 2009, 105 (11)], with the permission of AIP 

Publishing. 
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FIGURE 29: TCSPC curve of a single molecule fluorophore a) near Ag 

metal nano-shell versus b) on glass alone and corresponding 

histograms of decay times (c-d). Reproduced from Fu, Y.;  Zhang, J.; 

Lakowicz, J. R., Large enhancement of single molecule fluorescence 

by coupling to hollow silver nanoshells. Chemical Communications  

2012, 48 (78), 9726-9728. with permission from the Royal Society of 

Chemistry. 
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FIGURE 30: Comparison of silicon absorption (black line) to our 

system (PbSe QDs and Au) and the spectral irradiance at air mass 1.5 

global (green curve) versus wavelength (nm). The dark blue range 

represents the range that PbSe QDs bandgap can be tuned to absorb. 

PbSe QDs have the potential to absorb more of the solar spectrum than  

conventional silicon can. The light blue range represents the energies 

that are suitable for MEG in PbSe QDs. There are plenty of photons 

from the sun (green curve) with energies suitable to generation multiple 

excitons in PbSe QDs. The red curve represents the Mie theorized 

absorbance of 50 nm diameter silver nanoparticles. The red curve is to 

show that the surface plasmon resonance of silver NPs can boost 

absorption rates in the QDs; even above the MEG threshold. 
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FIGURE 31: Potential Effect of SPRs on e- and h+ generation after 

MEG. Number of charge carriers per absorbed photon versus 

proportion of photons above MEG threshold. The red and blue curves 

represent MEG in QDs alone and MEG in QDs when a surface 

plasmon resonance is present, respectively. 
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FIGURE 32: The two approaches to employ surface plasmon 

resonances to boost effectiveness of MEG in lead-based quantum dots: 

one colloidal and one layered. The left portion of the figure represents 

the colloidal, hybrid core/shell/shell approach. There is  

a metal core (red) with a wide bandgap shell (purple) and a near IR 

outer shell (blue). The right portion represents the layered approach 

where a monolayer of silver nanoparticles is separated from PbSe QDs 

by charged polymer spacer layers of varying thicknesses. 
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FIGURE 33: Schematic of rationale of our hybrid Au/CdX/PbX (X = S 

or Se) NPs. The hybrid NP includes Au (red circle), a CdX layer 

(purple), and a PbX layer (teal). The idea is to use the MEG and near 

IR absorption capabilities of the PbX layer along with the surface 

plasmon resonance modes of the metal nanoparticle. The idea is to 

boost the absorption and possibly MEG of the PbX layer with the SPR 

of the metal. The wide bandgap spacer (purple = CdX) was placed to 

minimize energy loss into the metal. 
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FIGURE 34: Vital aspects to ensure that this approach worked. The 

wide bandgap spacer (purple = CdX) was placed to minimize energy 

loss into the metal. We chose a non-epitaxial growth mechanism of the 

core/shell/shell NPs to minimize the defects that act as trap states. 
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FIGURE 35: TEM image of cetyltrimethylammonium chloride coated 

gold nanoparticles. The scale bar is 5 nm and the image is of two NPs 

stuck together. The atomic lattice and the facets of the Au NPs are 

clearly visible. 
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FIGURE 36: Absorption versus wavelength of gold nanoparticles as 

growth of a 20 nm thick silver shell proceeds (red to purple). The black 

curve represents the absorbance of gold nanoparticles before the 

reaction occurs. As the Ag shell growth proceeds (red to purple) in 

time, the spectrum shifts and begins to look like the characteristic silver 

NP plasmon alone. 
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FIGURE 37: A) TEM and B) EDX elemental analysis of a single 

Au/CdSe hybrid nanoparticle. In the TEM image, the scale bar is 10 

nm and the yellow rectangle represents the area which the energy 

dispersive x-ray (EDX) elemental analysis was taken on. The copper, 

silicon, chromium, carbon, oxygen and chlorine signals arise from the 

sample grid and detector. 

 

 

67 

FIGURE 38: Absorbance changes versus wavelength of Au/CdS hybrid 

nanoparticles during “cation exchange” using exposure to lead oleate. 

The absorbance of the initial Au/CdS nanoparticles is shown in black. 

The blue and red curves show the absorbance as the cation exchange 

reaction proceeds for 4 and 15 hours, respectively. 
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FIGURE 39: A) TEM and B) EDX elemental analysis of Au/CdS/PbS 

after 15 hr exposure to Pb oleate. In the TEM image, the scale bar is 20 

nm and the yellow rectangle represents the area which the energy 

dispersive x-ray (EDX) elemental analysis was taken on. The copper, 

silicon, chromium, carbon, oxygen and chlorine signals arise from the 

sample grid and detector. The atomic % of lead and cadmium present 

in the yellow area were 1.84 and 4.96 %, respectively. 
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FIGURE 40: Absorbance changes versus wavelength of Au/CdS hybrid 

nanoparticles during “cation exchange” using exposure to lead nitrate 

with tributylphosphine as a transport agent. The absorbance of the 

initial Au/CdS nanoparticles is shown in black. The red curve shows 

the absorbance as the cation exchange reaction proceeded for 3 hours. 

The grey curve shows the absorbance of the control sample (at ¾ the 

intensity for clarity). The control sample was exposed to everything 
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that the (red curve) was (including heat and solvents) except lead 

nitrate. 

 

 

FIGURE 41: High contrast, close-up TEM images revealing 

polycrystalline shell of a single Au/CdSe core/shell NP. The scale bar 

is 10 nm. The light gray area represents the shell and the dark circle 

represents the Au core. 
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FIGURE 42: Configuration of layered system in the second approach. 

In this approach, a monolayer of silver nanoparticles (red spheres on 

glass slide) is separated from a PbSe QD monolayer (blue spheres) by 

charged polymer spacer layers (blue and black lines) of varying 

thicknesses. 

 

 

77 

FIGURE 43: TEM image of silver nanoparticles fabricated with a 3:1 

Ag:NaBH4 ratio. The scale bar is 100 nm. 

 

 

81 

FIGURE 44: Average silver nanoparticle size determined by TEM 

versus the Ag:NaBH4 ratio used in the synthesis. As the ratio increases, 

the average TEM size increased too. For each ratio, there were at least 

60 nanoparticles diameters measured (error bars). 
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FIGURE 45: Colloidal Ag NPs normalized absorbance changes versus 

wavelength, nm with changing Ag:NaBH4 ratio. The blue arrow 

represents the absorbance trend as this ratio increases. The red spheres 

show the relative nanoparticle size as this ratio changes. The decrease 

in absorbance shoulder as the particles get smaller corresponds to the 

decrease in higher order plasmon modes. 
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FIGURE 46: Scanning electron microscope image of a Au NP covered 

glass slides with PAA and PSS polymer layers. The scale bar is 500 

nm. 
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FIGURE 47: Evolution of a photoaging Ag NP. a) Represents the 

decrease in the SPR extinction maximum as the NPs photooxidize in 

the presence (red) and absence (blue) of oxygen over time. b) 

Represents the TEM image of the (top) non-oxidized and (bottom) 

oxidized surface.174 Reprinted (adapted) with permission from 

(Grillet, N.;  Manchon, D.;  Cottancin, E.;  Bertorelle, F.;  Bonnet, C.;  
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Broyer, M.;  Lerme, J.; Pellarin, M., Photo-Oxidation of Individual 

Silver Nanoparticles: A Real-Time Tracking of Optical and 

Morphological Changes. Journal of Physical Chemistry C 2013, 117 

(5), 2274-2282.). Copyright (2013) American Chemical Society. 

 

 

FIGURE 48: Integrating sphere set-up for direct absorption and 

scattering measurements, For the absorbance measurements, a white 

plug was placed behind the sample (orange rectangle). For the 

scattering, a black light trap was placed behind the sample so that only 

the scattering off the NPs were measured by the spectrometer fiber 

(blue port). The grey rhombus on each set up represents the open, 

entrance port for the incoming light. The white oval represents the 

baffle which prevents light coming directly off the sample into the 

detection fiber. 

 

 

88 

FIGURE 49: Scattering (left axis, black curve) and absorbance (right 

axis, blue curve) versus energy (eV) of Ag monolayer films made of 

washed NPs. The single scattering peak corresponds to the lower 

energy mode of the NPs absorbance. This may be due to the coherent 

plasmon resonance. 
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FIGURE 50: Lowest energy scattering (blue) and absorbance (red) 

peaks versus Ag:NaBH4 ratio. A linear fit was performed on each data 

set highlighting the trend, which is a red shift with increasing ratio and 

thus the NP size. 
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FIGURE 51: Scattering spectra of film series made with different sizes 

of Ag NPs. From black to yellow represents an increase in Ag:NaBH4 

ratio and thus the increase in size. There is a red shift in scattering as 

the NP sizes increase. 
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FIGURE 52: Atomic Force Microscopy (AFM) images of Ag NP films 

with increasing soak times A) 10 seconds B) 600 seconds and C) 2700 

seconds. The AFM area for each film was 500 nm2. The particles in 

each area were counted, and then the particle density was calculated 

(NP/nm2). 
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FIGURE 53: Particle density (NP/nm2) as determined by AFM versus 

soaking time (seconds) of films with the same size NPs. As the soaking 

time increased, the particle density increased. 

95 



 

 

xxiii 

 

 

FIGURE 54: Film absorbance with different NP soaking times: (black) 

10 seconds (blue) 600 seconds and (red) 2700 seconds. As the soaking 

time increases (from black to blue to red) the appearance of a higher 

order mode appears. This mode may be due to the formation of a 

coherent plasmon resonance as the interparticle distances decrease. 
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FIGURE 55: Film scattering with different NP soaking times: (black) 

10 seconds (blue) 600 seconds and (red) 2700 seconds. As the soaking 

time increases (from black to blue to red) the appearance of a higher 

order mode appears. This mode may be due to the formation of a 

coherent plasmon resonance as the interparticle distances decrease. 
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FIGURE 56: Structure of PSS, poly(sodium 4-styrene-sulfonate). The 

negatively charged sulfate group provides the polymer charge. The 

sodium ions are removed from the films by rinsing with water. 
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FIGURE 57: Structure of PAA before A) and after B) protonation by 

HCl. The pH of the polyallylamine was brought to 5.5 by the addition 

of HCl. The chlorine ions were washed away from the films by rinsing 

with water. 
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FIGURE 58: Example of the step-height measurement with AFM. The 

bottom left image represents the top-down view of the area that was 

measured. Here, the dark area is where the film was scratched away 

and the light, bumpy area is the polymer coated NP film. The red and 

green lines are the areas where the step differential was measured, 

revealing the thickness of the film. 
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FIGURE 59: Average film thickness vs number of applied polymer 

layers. Measurements with error bars are shown in red and a power-law 

fit function was used to fit these (weighted) data. The gray shaded 

region indicates a confidence region ± one standard deviation. The fit 

function is provided in the bottom right corner. 
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FIGURE 60: TEM image of air stable PbSe QDs. The scale bar is 50 

nm. From this image, the average PbSe QD size was determined to be 

3.306 ± 0.428 nm. 
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FIGURE 61: Close-up TEM image of air stable PbSe QDs. The scale 

bar is 10 nm. The green circle highlights a single QD. The lattice 

fringes are visible. 
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FIGURE 62: Lifetime decay of PbSe QDs suspended in anhydrous 

hexanes at 1014 nm emission. The left and right decays are in a small 

(700 ns) and large (10 µs) time window, respectively. 
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FIGURE 63: Average absorbance (black) and scattering (red) versus 

energy (eV) of 15 different Ag NP films made with the same size Ag 

NPs before polymer and QD application. The shading represents ± one 

standard deviation. 
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FIGURE 64: Scattering proportion versus energy (eV) of Ag NP films 

before polymer and QD application. The shading represents ± one 

standard deviation. The areas at which the scattering proportion are 

greater than 0.5 mean that light at those energies is more likely to be 

scattered than absorbed by the Ag NPs. 
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FIGURE 65: Average absorbance (black) and scattering (blue) versus 

energy (eV) of plain polymer films of varying thicknesses. The shading 

represents ± one standard deviation. 
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FIGURE 66: Average absorption (dark) and scattering (light) before 

(light and dark pink) and after (dark and light blue) two polymer layers 

added (in triplicate). The shading represents ± one standard deviation. 
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FIGURE 67: Average scattering proportion changes upon two polymer 

layer additions. The black curve represents the scattering proportion 

before polymers were added and the blue curve represents the 

scattering proportion after 2 polymer layers were added. The shading 

represents ± one standard deviation. The change in scattering 

proportions can be attributed to the change in the NPs surrounding 

dielectric environment. 
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FIGURE 68: Average scattering proportion of films with different # of 

polymer layers. The black curve represents the scattering proportion of 
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the Ag NP film before polymer addition. The curves from light blue to 

pink represent an increase in number of polymer layers. 

 

 

FIGURE 69: Average absorbance (purple) and scattering (black) versus 

energy (eV) of QD control films (on 0, 2, 4, 6, and 8 polymer layers). 

The shading represents ± one standard deviation. 

 

 

116 

FIGURE 70: Mie theorized extinction versus energy (eV) of 20 nm 

diameter Ag NPs in the presence of air (black) PAA and PSS polymer 

layers (purple) and PbSe QDs (light blue). 
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FIGURE 71: Theoretical absorption changes of Ag NPs in the presence 

of PbS QDs. Each trace represents a different Ag NP concentration (C) 

and thus different QD-NP distances. The C values 1.5-4 represent area 

densities of 20-5 %, respectively. The insets show the respective 

calculated gain.176 “© de Arquer, F. P. G.;  Beck, F. J.; Konstantatos, 

G., Absorption Enhancement in Solution Processed Metal-

Semiconductor Nanocomposites. [2011] Optical Society of America. 
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FIGURE 72: Calculated scattering gain versus energy. From black to 

light blue represents an increase in NP-QD distance. The red curve 

corresponds to the right axis and represents the average Ag NP 

scattering. 
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FIGURE 73: Calculated absorbance gain versus energy. From black to 

light blue represents an increase in NP-QD distance. The red curve 

corresponds to the right axis and represents the average Ag NP 

scattering. 
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FIGURE 74: Change in film scattering versus energy (eV) with 

increasing polymer spacer thickness. The red curve corresponds to the 

right axis and represents the average Ag NP scattering. The black, dark 

blue, and light blue curves represent 0, 4, and 8 polymer spacer layers 

between QD and NP, respectively. 

 

 

122 

FIGURE 75: Change in film absorbance versus energy (eV) with 

increasing polymer spacer thickness. The black and dark blue curves 

represent 0 and 8 polymer spacer layers between QD and NP, 
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respectively. The red curve corresponds to the right axis and represents 

the average PbSe QD absorbance. 

 

 

FIGURE 76: Change in film absorbance versus energy (eV) with 

increasing polymer spacer thickness. The black and dark blue curves 

represent 0 and 8 polymer spacer layers between QD and NP, 

respectively. The red curve corresponds to the right axis and represents 

the average Ag NP absorbance. 
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FIGURE 77: Scattering proportion versus energy (eV) of total films as 

the QD-NP distances get smaller (light blue to black). The red curve 

corresponds to the right axis and represents the average Ag NP 

scattering proportion. 
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FIGURE 78: Steady state emission of PbSe QD films in the absence 

(black) and presence (blue) of Ag NPs. The dashed curves represent the 

respective PL when excited at energies below the MEG threshold (565 

nm), while the solid curves represent the PL when excited at energies 

above the MEG threshold (410 nm, capable of generating multiple 

excitons). 

 

 

127 

FIGURE 79: PLE of QD films in the absence (black) and presence 

(blue) of Ag NPs. The dark blue curve represents an 8-polymer layer 

QD-NP distance and the light blue curve represents a shorter, 2-

polymer layer distance. 
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FIGURE 80: Normalized PLE of QD films in the absence (black) and 

presence (blue) of Ag NPs. The dark blue curve represents an 8-

polymer layer QD-NP distance and the light blue curve represents a 

shorter, 2-polymer layer distance. The red curve corresponds to the 

right axis and represents the average Ag NP scattering proportion. 
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FIGURE 81: [PLE of QDs with Ag/PLE of QDs alone] The curves 

from black to light blue represent an increase in Ag-QD spacing. The 

PLE ratio data were smoothed with a boxcar width of 5 and the 

background was subtracted for clarity purpose. The red curve 

corresponds to the right axis and represents the Ag NP scattering 

proportion. 
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FIGURE 82: Comparison of PL enhancement versus photon energy 

(eV) in triplicate) of different Ag-QD distances: 0 (light blue), 2 

(medium blue), 4 (dark blue), 6 (purple) and 8 layers (pink). Ratio 

values above 1 would be indicative of enhancement. These values are 

all less than 1 because the energy transfer from QDs into the metal 

have not been accounted for. 
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FIGURE 83: Comparison average PL enhancement averages of 

different Ag-QD distances: 0 (light blue), 2 (medium blue), 4 (dark 

blue), 6 (purple) and 8 layers (pink). For clarity, the number of polymer 

layers are next to the respective curves. Ratio values above 1 would be 

indicative of enhancement. These values are all less than 1 because the 

energy transfer from QDs into the metal have not been accounted for. 
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FIGURE 84: Distance-dependent time resolved photoluminescence 

decays of NP-QD films. The blue curves represent the lifetimes of 

PbSe QDs on polymer alone, and the red curves represent different 

polymer spacings between QD and NP. The shortness of lifetime with 

increasing proximity from QD-NP corresponds to more energy transfer 

into the metal. 
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FIGURE 85: Fluorescence lifetime of QDs versus distance between NP 

and QD (red) and QDs alone (blue). The shortness of lifetime with 

increasing proximity from QD-NP corresponds to more energy transfer 

into the metal. 
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FIGURE 86: Calculated excitation enhancement vs energy of 0 (light 

blue), 2 (blue), 4 (dark blue), 6 (purple) and 8 (pink) layers of polymer 

between QD and NP. If there is no excitation enhancement, the value 

for excitation enhancement is 1. If the value on the y-axis is greater 

than one, then there is an absorption enhancement caused by the 

presence of Ag NPs. 
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FIGURE 87: Calculated average excitation enhancement vs energy of 0 

(light blue), 2 (blue), 4 (dark blue), 6 (purple) and 8 (pink) layers of 

polymer between QD and NP. For clarity, the number of polymer 

layers is next to each respective curve. If there is no excitation 

enhancement, the value for excitation enhancement is 1. If the value on 

the y-axis is greater than one, then there is an absorption enhancement 

caused by the presence of Ag NPs. 
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FIGURE 88: Excitation enhancement values versus film thickness 

(nm). The enhancement values were taken at different excitation 

energies: 2.0 eV (red), 2.5 eV (yellow), 3.0 eV (green), and 3.5 eV 

(blue). The MEG threshold for the QDs is around 2.75 eV. 
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FIGURE 89: An example of multi pulse time-resolved fluorescence 

decays (CdSe QDs).180 Reprinted (adapted) with permission from 

(Singh, G.; Guericke, M. A.; Song, Q.; Jones, M., A Multipulse Time-

Resolved Fluorescence Method for Probing Second-Order 

Recombination Dynamics in Colloidal Quantum Dots. Journal of 

Physical Chemistry C 2014, 118 (26), 14692-14702.). Copyright 

(2014) American Chemical Society. 
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SECTION I INTRODUCTION 

 

 

 

The overall aim of the proposed research is to examine the potential of surface 

plasmon resonances (SPR) to boost the effectiveness of multiple exciton generation 

(MEG) by increasing absorption rates above the MEG energy threshold in near infrared 

(NIR) quantum dots (QDs). This exciton-plasmon coupling could be a general strategy 

for increasing absorption rates in solar cells, enabling thinner and cheaper devices. This 

investigation proposed is relevant for the development of cheap, low cost, and highly 

efficient devices at creating electricity from solar energy. 

In this chapter, I am going discuss the motivations and background for my 

research. I will talk about the latest solar energy technologies and highlight their 

advantages and disadvantages. I will then focus on QD solar cells and describe some of 

their specific properties and potential for efficiency improvements. One is MEG, which 

promised to revolutionize ‘third generation’ solar technology but has suffered some 

setbacks with lower efficiencies than many hoped. This research project takes a slightly 

different approach. Instead of trying to improve the efficiency of MEG, we are working 

on ways to maximize the utility of MEG by increasing the amount of light absorption 

above the MEG threshold. I will discuss the use of surface plasmons in metal 

nanoparticles as a potentially attractive way to do this.  
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CHAPTER 1.1 WHY RESEARCH SOLAR ENERGY? 

 

 

The research and development of novel solar energy technologies is imperative 

for a variety of reasons including environmental preservation and boosting the economy. 

In a mere hour, there is more harvestable solar energy hitting the earth’s surface than 

humans consume in a year.5 Solar energy can be used for many applications ranging from 

seawater desalination to photovoltaic cells, where photons are used to generate 

electricity.6  

Aside from the exquisite environmental benefits, solar has the potential to greatly 

improve our economy while subsequently decreasing our dependency on Middle Eastern 

oil. Doubled from 2010, there are approximately 209 K Americans that work in the solar 

industry.7 This number is expected to nearly double by 2021.7 Needless to say, efforts 

toward the advancement of solar technology will not be in vain. To place our proposed 

research toward a novel photovoltaic device into context, the current “state-of-the-art” 

will be discussed.   

1.1.1 Current State-of-the-Art 

First, the top current solar cells/modules (2019) should be noted.  

 

Table 1 highlights the top power conversion efficiencies (PCE) of some of the top 

classes of solar cells reported to date.8 It includes the test center, date of acquisition, and 

a brief description of the device. 
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Table 1: Some of the most recent (2019) reported single-junction solar cell/module efficiencies 

measured under the global air mass 1.5 spectrum (1000 Wm−2) at 25 °C8 

Classification Efficiency (%) Test Center 

(date) 

Description 

Si (crystalline) 26.7 ± 0.5 AIST (3/17) UNSW p-type PERC 

top/rear contacts 

GaInP 21.4 ± 0.3 NREL (9/16) LG Electronics, high 

bandgap 

CIGS (thin-film) 22.6 ± 0.5 FhG-ISE (5/16) ZSW on glass 

CdTe (thin-film) 22.1 ± 0.5 Newport (11/15) First Solar on glass 

Perovskite (thin-film) 23.7 ± 0.8 Newport (9/18) ISCAS, Beijing 

Closely following Si in PCE are: GaInP solar cells and thin film solar cells made 

up of CIGS, CdTe, and perovskites. It should be noted that the PCE of GaInP, CdTe, and 

Si PV is approaching the theoretical limit with respect to their Eg. Reported in March of 

2017, crystalline Si solar cells still have the top PCE to date of 26.7 ± 0.5 %.8 Next, some 

of these top varieties of solar cells will be briefly discussed along with their pros and 

cons. 

1.1.1.2 Silicon Solar Cells 

The photovoltaic (PV) cell that is currently dominating commercially is 

comprised of crystalline silicon (Si) wafers often doped with impurities like phosphorus 

for increased conductivity. Si PV is commercially available at a relatively low cost. Solar 
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plants and farms are comprised of many Si solar panels, which are made up of Si wafers 

interconnected to form a circuit. 

Pros: The prominence of Si already in the circuit and PV market is a huge plus 

because there are already established ways of fabrication at a large scale. There is 

currently enough Si PV installed in the U.S. to decrease the amount of the ozone-

damaging greenhouse gas, CO2, emission by 1.1 million metric tons per year!7  

Cons: Some of the current issues with Si involve its low absorption coefficient, 

indirect Eg, high cost. Though prices of Si PV have dropped 62 % since 2011, in order for 

solar energy to actually compete will fossil fuels like coal, the costs need to drop about 

three fold.7 Much of the decrease in price was achieved by reducing  “soft costs” such as 

labor and overhead costs. The raw cost and intricate processing of the thick (≈ 180-300 

µm) crystalline Si wafers will be much harder prices to slash.9  

Current Research: Per Web of Science, there are 105 publications with the topic “silicon 

solar” so far in 2017.  

Much of this research (2017) involves the utilization of nanostructures to enhance 

Si PV light trapping and absorption such as: Si QD layers on the pyramidal texture,10, the 

direct etching of nanostructures11, 12, anodic aluminum oxide (AAO) nano-gratings for 

enhanced infrared response13, nano-texturing with SiO2/Si3N4
14, Si nanowire 

homojunction solar cells15-17, resonant waveguide gratings of SiO2 and TiO2
18, and Si 

nano-cone arrays.19 Other research is geared toward enhancing the thermal and electrical 

properties of Si PV by adding features to the surface like: single walled carbon 

nanotubes20 or ultra-thin SiO2 layers.21, 22 Unfortunately, we cannot hope to exceed the 
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Shockley-Queisser limit of PCE in Si PV. Next, a hot, third generation solar cell material, 

perovskites will be discussed. 

1.1.1.3 Perovskite Solar Cells 

Perovskite solar cells (PSCs) are made up of organic-inorganic hybrid materials 

most commonly CH3NH3PbX3, (X = I, Br, Cl) and have a perovskite crystal structure. 

Much like Si PV, PSCs have the ability to generate free charges rapidly after absorbing 

photons, without a need for an exciton dissociation interface (Figure 2).23  

 

Figure 2: Schematic of the highly efficient Perovskite solar cell. The grey, light green, and dark 
green spheres represent lead atoms, methylammonium ions, and iodine atoms, respectively. The 

arrows represent the one-step charge carrier generation.23 From [Collavini, S.;  Volker, S. F.; 

Delgado, J. L., eUnderstanding the Outstanding Power Conversion Efficiency of Perovskite-

Based Solar Cells. Angewandte Chemie-International Edition 2015, 54 (34), 9757-9759.] 

Reprinted with permission from John Wiley and Sons. 

 

Pros: Due to their high conductivity, power conversion efficiency, and low cost 

perovskite-based solar cells are the fastest developing solar technologies thus far.23 They 

are solution processable, which means they can be cheaply prepared on a large scale. 

The material can be processed onto a metal-oxide surface in one step by mixing PbX2 and 

CH3NH3X in air.24 The efficient charge extraction of PSCs can be attributed to the 
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notoriously long diffusion lengths. Triiodide and mixed halide perovskites have reported 

diffusion lengths of 100 nm and of over a micron (an order of magnitude greater than the 

absorption depth), respectively!25 

 

Figure 3: Perovskite device with a >19 % power conversion efficiency. A) labeled SEM cross-

section of perovskite solar device B) Energy level diagram (relative to vacuum) of each layer of 
device26 From [Zhou, H. P.;  Chen, Q.;  Li, G.;  Luo, S.;  Song, T. B.;  Duan, H. S.;  Hong, Z. R.;  

You, J. B.;  Liu, Y. S.; Yang, Y., Interface engineering of highly efficient perovskite solar cells. 

Science 2014, 345 (6196), 542-546.] Reprinted with permission from AAAS. 

The 19 % PCE perovskite device (Figure 3) consists of an electron transport layer such as 

yttrium-doped TiO2 and cobalt and lithium co-doped Spiro-OMeTAD as the hole 

transport layer sandwiching the perovskite material.26 The ITO layer was treated with a 

PEIE polymer to lower the work function and improve electron transport.26 

Cons: A common, important concern in the PSC realm is the device thermal and 

moisture stability. A current-voltage plot in the forward and reverse bias direction of the 

19 % efficient PSC (imaged in Figure 3) is shown in Figure 4. 
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Figure 4: Hysteresis in current density versus voltage curve of planar heterojunction perovskite 

solar cell (shown in Figure 2) under AM 1.5, 100 mWcm-.2 The black and red curves represent 
the forward and reverse directions, respectively. 26 From [Zhou, H. P.;  Chen, Q.;  Li, G.;  Luo, 

S.;  Song, T. B.;  Duan, H. S.;  Hong, Z. R.;  You, J. B.;  Liu, Y. S.; Yang, Y., Interface engineering 

of highly efficient perovskite solar cells. Science 2014, 345 (6196), 542-546.] Reprinted with 

permission from AAAS. 

The drastic changes in the J-V curve between the forward (black) and reverse (red) 

direction indicates the device’s poor stability. The PSC sensitivity to the surroundings 

can cause conformational changes. A study of PCE performance retention over 6 days 

was performed for devices in ambient air, dry air, and N2 atmosphere (Figure 5). 

Due to moisture, the cells stored in ambient air severely degraded/dissolved after 

only 24 hours. The cells stored in dry air and N2 only retained 5% of the original 

performance after 6 days.26 Thermal stability is also an issue as CH3NH3PbI3 experiences 

a tetragonal to cubic phase transition at 55 °C, which can easily occur under direct 

sunlight.27 Clearly, better stability needs to be achieved in PSCs to be used for practical 

purposes.  
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Figure 5: Perovskite stability study of non-encapsulated perovskite solar cells in ambient air, dry 

air, and N2 atmosphere (10 devices were studied per condition) over 6 days. The black, red, and 

blue curves represent devices in ambient air, dry air, and nitrogen gas, respectively.26 From 
[Zhou, H. P.;  Chen, Q.;  Li, G.;  Luo, S.;  Song, T. B.;  Duan, H. S.;  Hong, Z. R.;  You, J. B.;  

Liu, Y. S.; Yang, Y., Interface engineering of highly efficient perovskite solar cells. Science 2014, 

345 (6196), 542-546.] Reprinted with permission from AAAS. 

Current Research: Per web of science, there are 81 publications with the topic 

“perovskites” so far in 2017. Of this work, there is research to improve PSC thermal 

stability such as: perovskite nanorods27, novel sequential deposition processing28, and 

passivation of with SnO2/ZnO nanorods.29 Some recent efforts to decrease PSC moisture 

sensitivity include: high-pressure annealing for film recrystalliztion30, and cobalt doped 

tin based PSCs.31 Most of the recently published literature in PCSs had aims of higher 

power conversion efficiency. Efforts include: interfacial trap state passivation with ionic-

liquid, MATS32, improving the hole extraction layers33-36, improving the electron 

transport layer37-41, and even developing tandem PSCs,.42  

Though the research efforts to improve the stability and efficiency of PSCs look 

promising to improve, the beautiful simplicity and solution processibility of PSCs will 
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inevitably be lost. Next, some polycrystalline thin film solar cells will be briefly 

introduced. 

1.1.1.4 Polycrystalline Thin Film Solar Cells  

Polycrystalline thin film solar cells are made up of materials with high absorption cross 

sections and are only 1-2 µm thick. 

Pros: Thin film solar cells can be fabricated cheaply via roll-to-roll processing on 

inexpensive substrates like flexible plastic. Thin solar cells use much less material, and 

have lower recombination losses.43 The absorbing layer can be made up of anything from 

organic porphyrins to inorganic copper indium gallium diselenide (CIGS). 

Cadmium Telluride (CdTe) Solar Cells: CdTe thin films have been of interest for 

the past 30 years due to their nearly perfect Eg, high absorption, and theoretical 

maximum PCE of 27 %.44 Technically, a CdTe film of only 2 µm is necessary to absorb 

100 % of incident solar irradiation.45 Films of 10 µm have reached over 16 % in the 

laboratory.46 A research group from the Tokyo Institute of Technology have claimed to 

have fabricated an 11.2 % efficient CdTe thin film of only 1 micron thick!47 To quickly 

and efficiently fabricate thin film cells, a common technique for CdTe deposition is by 

close-space sublimation (CSS).43 Many groups have added an n-conducting layer of CdS 

to create a depletion region with CdTe.48-51  
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Figure 6: Schematic of a layered, CdS/CdTe thin film solar cell.45 Reprinted from Solar Energy 

2004, 77 (6), Ferekides, C. S.;  Balasubramanian, U.;  Mamazza, R.;  Viswanathan, V.;  Zhao, 
H.; Morel, D. L., CdTe thin film solar cells: device and technology issues. 823-830. Copyright 

(2004), with permissions from Elsevier. 

The thin CdS layer also acts as a window to allow green light to the CdTe.45 

Typically, as shown in Figure 6, the front contact is sputtered SnO2, and the back contact 

is CuTe.45 CdS/CdTe thin film solar cells PCEs are approaching their theoretical limit of 

29 %, reaching efficiencies as high as 21 % in the laboratory.52 

Copper indium gallium diselenide (CIGS) solar cells: CIGS are another 

commonly used material for thin film PV due to their optimal Eg and high absorption.53 

Films made by three step electrodeposition had PCEs of 10.9 % as compared to the 

expensive vapor deposition method.54 Employing a tandem thin film has great potential 

for thin cells with high PCE.55 Elbae et. al. found that CGS-CIG tandem cells have 

simulated efficiencies of 26.21 % when each layer is 0.19 µm.55 

Cons: A feat to overcome with thin film technology is trapping as much light as 

crystalline Si by appearing “optically thick,” while being orders of magnitude thinner. An 

issue that has risen in thin CdTe PV is the presence of pinholes at a minimum thickness 

of approximately 2 µm.43 These deep defects act as trap states and strongly affect the 

cells performance.56 Without an extra cleaning step, oxide formation on CdTe which 

decreases performance.45 CIGS solar cells suffer from complicated fabrication and 

relatively low PCE. 
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Current Research in thin films: Per web of science, there are 231 publications 

with the topic “thin film solar” so far in 2017. Of this research, groups have worked on 

thin film stability and degradation in tropical climates57 Some groups are working on 

enhancing thin cell performance CIGS.58 Most of the recent publications in thin films 

focuses on new materials such as: CdS doped-phosphate glass59, MgZnO60, and 

Cu2ZnSnS4.
58, 61, 62 Some of the top current solar PV devices have now been discussed. 

One may now ponder where solar research is heading. 

1.1.1.5 Why are we interested in QDs for solar cells? 

Nano-based solar devices are a promising alternative to Si-based PV due their 

attractive qualities for harvesting solar energy such as their size tunable optical 

properties, high absorption cross sections, and catalytic behavior.1 Furthermore, QDs 

make excellent sensitizers due to their small size, low cost, solution processability, and 

high efficiency.63  

Pros: QDs have been often incorporated to existing solar cell technologies to 

enhance performance. When added to polymer solar cells (PSCs), Cd2SSe/ZnS QDs 

increased the device’s power conversion efficiency increased by over 1 %.64 Compared to 

the control, adding these QDs to PSCs led to better light trapping, exciton dissociation, 

and overall charge transport.64 For a realistic approach, the issues that come with 

nanomaterials should be noted. 

Cons with nanomaterials: Nanomaterials are dominating in research areas 

including solar, wind, biomass, hydrogen, and tidal energy.6 Along with the unique 

properties of nanomaterials, come unique challenges. The high surface area to volume 
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ratio of nanoparticles (NPs) has a drawback: the localization of charges in surface defects 

(trap states). Energetically, these states reside within the NP band gap and lead to non-

radiative decay of the exciton due to a decrease in the wave function overlap.65 Efficient 

passivation of trap states with ligands or inorganic shells can help relieve this issue. To 

gain an idea of the trajectory of certain solar research topics, a literature search of the past 

10 years was conducted and plotted. 

1.1.2 Research in the Past 10 Years 

To highlight the current trends in solar research, the number of articles published 

in various topics in solar over the past 10 years are plotted in Figure 7. From 2006 to 

approximately 2014, research in silicon, polymer, and quantum dot solar cells steadily 

increased, and then dropped or remained the same from 2014 to 2016. The recent drop in 

these fields may be due to groups shifting to research trending perovskite solar cells- as 

most chemistry labs already have the materials to make perovskites lying around and the 

means to do so.  

The more complicated solar systems like CIGS and plasmonic solar cells have 

very slowly increased in popularity in the literature from 2009 until now. This may be 

attributed to the complexity of the device fabrication.  
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Figure 7: Trends in solar: number of records versus publication year of various topics in solar 
(per Web of Science). The blue, black, red, yellow, green, and purple curves represent the number 

of publication records in silicon, quantum dot, polymer, perovskite, CIGS, and plasmonic solar 

versus year, respectively. 

Hopefully now, the context for our research area has been framed. Topics 

involving the proposed research will now be discussed, beginning with how to absorb 

more solar energy. Since many nanomaterials have size-tunable optical properties, how 

can we utilize them best to absorb more of the solar spectrum?  
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CHAPTER 1.2 HOW CAN WE UTILIZE MORE OF THE SOLAR SPECTRUM? 

 

 

 

As aforementioned, current Si PV technology cannot utilize near IR photons. 

Research in slimming down Si PV geared toward fabricating cheaper devices has its 

consequences. There have been efforts to slim down Si PV while maintaining the 

absorption. Current Si PV can only absorb sunlight with wavelengths up to 1100 nm.  

Figure 8 illustrates that simply slimming down crystalline Si solar cells (to 2 µm) is not 

the most efficient solution to the raw cost problem of current solar cell technology. The 

Si wafer is thinner both physically and optically as most of the sunlight from about 600 – 

1200 nm (blue curve) is not able to be absorbed (red curve).  

 

Figure 8: Solar energy absorbed (red) by a 2 µm thick Si wafer (assuming no reflection) versus 

solar spectrum at air mass 1.5 (blue).The inset reveals the relative depth that certain colors of 

light make it through a Si device.9 Reprinted by permission from [Atwater, H. A.; Polman, A., 
Plasmonics for improved photovoltaic devices. Nature Materials 2010, 9 (3), 205-213.] 

[COPYRIGHT] (2010). 
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Near infrared QDs can utilize long wavelength light to generate Coulombic-attracted 

electron-hole pairs, or excitons. 

1.2.1 Near-Infrared Quantum Dots (Near IR QDs) 

Near IR absorbing/emitting QDs are especially hot in the QD realm due to their 

great potential in a wide range of applications. Infrared QD photodetector devices, which 

use InAs QDs, are replacing traditional quantum well photodetectors because they have; 

intraband absorption due to their normal incident response, lower dark currents, and 

longer excited state lifetimes which increases the devices responsivity.66 These QDs are 

of interest in biological research because they absorb and emit wavelengths of light that 

allows light to travel deeply into tissue and their large surface provides a template for 

targeting molecules. Novel nanoprobes, which are near IR QDs loaded into micelles, 

have shown the ability to target, treat, and brightly image cancer cells, even in the early 

stage.67 A very commonly implemented near IR QD for light-related research is PbSe. 

1.2.2 Lead Selenide Quantum Dots (PbSe QDs) 

PbSe QDs are of great interest in the improvement of solar cell efficiency because 

they have size tunable optical properties in the near IR and are able to generate multiple 

excited states per one absorbed high-energy photon at relatively high yields.68 PbSe is a 

IV-VI semiconductor with a rock-salt crystal structure and a direct, bulk Eg of 0.27 eV 

(4592 nm) at RT at four equivalent L-points in the first Brillouin zone.69 PbSe exhibits 

quantum confinement effects at a very large size as it has a large exciton bohr radius of 

46 nm which is nearly 8X the size of CdSe (6 nm)!70 The electron and hole radii are both 
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23 nm.71 A normalized absorbance (solid black line), emission (dashed line), and lifetime 

measurement (inset) of a PbSe QD sample is shown in Figure 9. 

 

Figure 9: Absorbance (solid), steady state emission (dashed), and time resolved lifetime decay 

(inset) of PbSe QDs (Eg = 0.88 µs)72 Reprinted (adapted) with permission from (Wehrenberg, B. 
L.;  Wang, C. J.; Guyot-Sionnest, P., Interband and intraband optical studies of PbSe colloidal 

quantum dots. Journal of Physical Chemistry B 2002, 106 (41), 10634-10640.). Copyright (2002) 

American Chemical Society. 

There is a small Stokes shift of these narrow bandgaps, Eg (0.85 eV). PbSe lifetimes have 

a characteristic single exponential decay. We also propose to work with PbS QDs in a 

similar way to PbSe. 

1.2.3 Lead Sulfide Quantum Dots (PbS QDs) 

Lead sulfide is a IV-VI semiconductor with a rock-salt crystal structure and a 

direct, bulk Eg of 0.41 eV at four equivalent L-points in the first Brillouin zone.69 PbS has 

a large exciton Bohr radius of 18 nm.3 The absorbance spectra of a series of PbS aliquots 

taken at various synthesis  times is shown in Figure 10. This image illustrates PbS a 

tunable absorption band edge peak followed by a broad strong absorption at slower 
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energies. The absorbance spectra included of this PbS series demonstrates the strong 

absorbance across the solar spectrum along with their size-tunability.  

Tight binding calculations and experimental data were used to develop the 

bandgap versus PbS QD size plot shown in Figure 11. The Moreels group used the fit 

(blue line) in Figure 11 to generate an equation to easily determine the PbS particle 

diameter from the Eg.3  

𝐸0 = 0.41 +
1

0.0252𝑑2 + 0.283𝑑
 

 

In this equation, E0 is the bandgap and d represents the particle diameter. 

 

Figure 10: Normalized absorbance spectra of a PbS QD series with Eg ranging from 970-1740 

nm (red-black curves).There is an absorbance peak red shift with increasing QD size due to the 

quantum confinement effects.3 Reprinted (adapted) with permission from (Moreels, I.;  Lambert, 

K.;  Smeets, D.;  De Muynck, D.;  Nollet, T.;  Martins, J. C.;  Vanhaecke, F.;  Vantomme, A.;  
Delerue, C.;  Allan, G.; Hens, Z., Size-Dependent Optical Properties of Colloidal PbS Quantum 

Dots. Acs Nano 2009, 3 (10), 3023-3030.) Copyright (2009) American Chemical Society. 
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Figure 11: Published (red and solid black), and tight binding calculations (open black diamond) 

of PbS Eg versus particle size relationship. The dotted line is the bulk Eg (0.41 eV)3 Reprinted 
(adapted) with permission from (Moreels, I.;  Lambert, K.;  Smeets, D.;  De Muynck, D.;  Nollet, 

T.;  Martins, J. C.;  Vanhaecke, F.;  Vantomme, A.;  Delerue, C.;  Allan, G.; Hens, Z., Size-

Dependent Optical Properties of Colloidal PbS Quantum Dots. Acs Nano 2009, 3 (10), 3023-

3030.) Copyright (2009) American Chemical Society. 

We can utilize this relationship to predict the PbS QD diameter from the first 

absorption peak energy without the necessity of expensive, time consuming TEM for 

every sample. Since we plan on using both PbSe and PbS QDs, it is important to point 

out the differences between the two materials. 

1.2.4 PbSe QDs versus PbS QDs 

PbSe and PbS QDs have similar physical (rock salt crystal structure) and optical 

qualities. Both types of QDs have the abilities to perform MEG, absorb NIR light, and are 

optically size tunable. There are slight differences in oscillator strength due to the 

elemental differences (Figure 12). 
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Figure 12: Calculated (solid markers) and experimental (open markers) relationship between 

oscillator strength and particle size of PbS (black) versus PbSe (red). Overall, lead selenide QDs 

have a greater oscillator strength than lead sulfide.3 Reprinted (adapted) with permission from 
(Moreels, I.;  Lambert, K.;  Smeets, D.;  De Muynck, D.;  Nollet, T.;  Martins, J. C.;  Vanhaecke, 

F.;  Vantomme, A.;  Delerue, C.;  Allan, G.; Hens, Z., Size-Dependent Optical Properties of 

Colloidal PbS Quantum Dots. Acs Nano 2009, 3 (10), 3023-3030.) Copyright (2009) American 

Chemical Society. 

In both cases, there is a linear relationship between oscillator strength versus size, which 

agree well with the tight binding calculations.3 On average, PbSe exhibits stronger 

oscillator strength than PbS QDs.  

The long-term stability and quantum yield of these lead-based QDs can be greatly 

enhanced if the outer layer is well passivated. Surface passivation with ligand exchange is 

a less fruitful method due to the high mobility of ligands. A great way of passivating the 

many charge trapping states on QD surfaces is with an inorganic shell 
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CHAPTER 1.3 CORE/SHELL QDS 

 

 

 

It is highly common to passivate QD surface trap states, and improve stability 

with an inorganic shell, yielding a core/shell structure.73-77 Non-epitaxial shelling via 

cation exchange yields core/shell QDs with even lower interfacial defects, higher 

quantum yields, and better synthetic control of the core bandgap than epitaxial growth.78-

80 An illustration paired with corresponding e-h+ wavefunction distributions of a core 

only, core/shell, and core/alloy-shell system are included in Figure 13. 

 

Figure 13: Types of core/shell heterostructures with the corresponding electron and hole wave-
function distributions below. The quasi-type-II core/shell structures have wavefunctions more 

promising for charge separation.80 Reprinted (adapted) with permission from (Zaiats, G.;  

Yanover, D.;  Vaxenburg, R.;  Tilchin, J.;  Sashchiuk, A.; Lifshitz, E., PbSe-Based Colloidal 

Core/Shell Heterostructures for Optoelectronic Applications. Materials 2014, 7 (11), 7243-7275.) 

Copyright (2014) MDPI. 

In the core-only situation, the electron and hole wavefunction are delocalized 

across the entire structure with a highest probability of residing at the center. The 
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similarities in wavefunctions of the electron and holes may be indicative of higher 

instances of recombination rather than charge extraction. 

In quasi-type-II core/shell and core-alloy shell structures (depending on band-

edge offset) one carrier is confined to the core with the other delocalized across the entire 

NP. This causes partial charge separation, which can be ideal for optoelectronic purposes. 

The alloy-shell allows for slightly better confinement of the carrier in the core, higher 

spectral stability, and lower interfacial defects.  

In contrast to the core/shell case in Figure 13, the hole is confined to the core and 

the electron is delocalized across PbSe/CdSe QDs, possibly allowing better charge 

extraction in a device.80 This is the type of confinement that we are interested in for PV 

device purposes. 

1.3.1 PbSe/CdSe Core/Shell QDs 

PbSe/CdSe core/shell QDs are not new, as they have been studied thoroughly for 

the past 10 years.81 The hole confinement, and electron delocalization in PbSe/CdSe QDs 

with respect to radial coordinate is shown in Figure 14.80 
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Figure 14: Effective electron (black) and hole (red) masses and energy bands versus radial 

coordinate in PbSe/Cdse core/shell QDs generated by using the FEA software (COMSOL). The 

valence and conduction band energies change from the core to the shell.80 Reprinted (adapted) 
with permission from (Zaiats, G.;  Yanover, D.;  Vaxenburg, R.;  Tilchin, J.;  Sashchiuk, A.; 

Lifshitz, E., PbSe-Based Colloidal Core/Shell Heterostructures for Optoelectronic Applications. 

Materials 2014, 7 (11), 7243-7275.) Copyright (2014) MDPI. 

In this figure, the hole’s effective mass changes much more drastically than the 

electron’s as the coordinate gets into the CdSe shell. The probability of a hole residing in 

the CdSe shell being zero would indicate an optimal shell thickness for charge extraction. 

The reduced carrier overlapping in thick-shelled, quasi-type-II QDs like PbSe/CdSe 

allows for improved multiple exciton generation (MEG).82 Pandey and Guyot-Sionnest 

showed control of electron cooling rates from 6 ps to 1 ns with changing the shell 

thickness of CdSe/ZnSe QDs.83 This control can be utilized to suppress Auger 

recombination and further improve MEG-which can greatly enhance PCE in these QDs.  

We should keep in mind the fact that charge extraction in thicker-shelled QDs is much 

harder compared to their thin counterparts. If we cannot efficiently extract charges from 

our device, then the power conversion efficiency will suffer. 
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1.3.1.1 Fabricating PbSe/CdSe QDs 

Step 1: Synthesize PbSe QDs 

The PbSe nanoparticles shown in the data below were synthesized via hot 

injection of TOPSe into a lead oleate solution according to Murray et.al..84 The size of the 

QDs increased as the colloidal suspension was allowed to ripen and grow after the hot 

injection. TEM of PbSe QDs taken 954 seconds after injection are shown in Figure 15. 

A)  

B)  

Figure 15: Zoomed out (A) and in (B) TEM image of PbSe QDs taken 954 seconds after hot 

injection. The scale bar in A) and B) are 100 and 5 nm, respectively. Here, the average QD 
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diameter is approximately 5 nm. A) reveals the monodisperse size distribution. In image B), the 

lattice fringes and crystallinity of the two quantum dots are clear. 

Figure 15-B reveals that the PbSe QDs were formed and ≈ 5 nm in diameter. Part A is a 

more zoomed out image that shows the particles were highly monodispersed. The 

absorbance of these PbSe QDs and a standard near IR dye is shown in Figure 16. These 

QDs are able to absorb most of the solar spectrum. 

 

Figure 16: Absorbance versus wavelength, nm of PbSe QDs (black) and near IR dye (IR1061) 

standard (blue). The absorbance peaks of the two samples are very similar in wavelength. The 

IR1061 dye was used to determine the relative quantum yield of the QDs. 

 The relative (to IR1061 dye) QY were calculated of the samples at different reaction 

times. Figure 17 shows the calculated relative QY versus PbSe reaction time. 
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Figure 17: Calculated quantum yield of PbSe QDs taken out at various times after the hot 

injection. The x-axis represents the PbSe QD synthesis time in seconds. In every case, the 

reaction was quenched by a rapid injection of a cold solvent mixture. 

The longer the QDs were synthesized, the higher the relative QY was. The next step was 

to improve the PbSe QD stability and QY by adding a CdSe shell. 

Step 2: Cation exchange reaction on QDs to yield PbSe/CdSe QDs 

A cation exchange reaction was initiated by exposing the PbSe QDs to a cadmium oleate 

solution at 100 °C. The normalized absorbance spectra as the reaction proceeded are 

shown in Figure 18. 
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Figure 18: Normalized absorbance of PbSe/CdSe QDs taken during the cation exchange reaction 

between lead and cadmium. The PbSe core only sample is shown in red. The times correspond to 

exposure time to the cadmium oleate solution. The increase in the reaction time (black to light 

blue) means an increase in the lead and cadmium cation exchange and thus the increase in the 

CdSe shell growth. 

After merely 30 seconds (black) of the cation exchange there is a large, ≈ 250 nm 

blue shift from the core only peak (red), which is attributed to the stronger confinement. 

The cation exchange starts at the surface of the PbSe QD and works its way inward. So, 

over time, the effective PbSe core radius shrinks as the reaction proceeds.  

Furthermore, (black to light blue) there is a gradual red-shifting due to the 

increase in symmetry of the shell. Initially, the cation exchange process does not affect 

the QD evenly. It occurs in sections and takes time to even out. The increase in symmetry 

causes the observed slight red shift and narrowing in the spectrum (from black to light 

blue). 
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1.3.1.1.1 Determining the Optimal CdSe Shell Thickness 

To determine the optimum shell thickness of our QDs for our films, aging studies 

of the core shell nanoparticles were performed. First, the relative QY versus shell growth 

time was observed over the course of two weeks (Figure 19). 

 

Figure 19: Calculated relative QY versus CdSe shell growth time at 625 nm excitation (1.5Eg) as 
the PbSe/CdSe QDs age in air for 0 weeks (black), 1 week (blue) and 2 weeks (red). Larger CdSe 

shells (longer growth times) have greater quantum yields. 

There was an unexpected overall increase in the QY over time. This can be 

attributed to an alloying between the core/shell barrier, which would reduce trap states. 

TEM and EDX were taken of PbSe/CdSe samples with a 60-minute shell growth time 

(Figure 20). The TEM reveals the monocrystalline nature of the PbSe/CdSe QDs, which 

supports our hypothesis that there is core/shell alloying as they age. The elemental 

analysis confirmed cadmium present in the sample. 
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Element Peak Area k    Abs  Weight% Weight% Atomic% 

    Area Sigma factor Corrn.     Sigma     

C K 32179 369   2.208 1.000 70.26 0.38 83.13 

O K 6270 156   1.810 1.000 11.23 0.27 9.97 

Si K 10671 182   1.000 1.000 10.55 0.19 5.34 

Cl K 516 61   0.964 1.000 0.49 0.06 0.20 

Cr K 148 36   1.100 1.000 0.16 0.04 0.04 

Cu K 3757 105   1.366 1.000 5.07 0.14 1.13 

Cd L 278 65   1.769 1.000 0.49 0.11 0.06 

Pb L 636 62   2.775 1.000 1.75 0.17 0.12 

        

Totals     100.00   

Figure 20: TEM and EDX elemental analysis of PbSe/CdSe core/shell QDs (60 min shell 

growth). In the TEM image, the scale bar is 5 nm and the yellow rectangle represents the area 
which the energy dispersive x-ray (EDX) elemental analysis was taken on. The copper, silicon, 

chromium, carbon, oxygen and chlorine signals arise from the sample grid and detector. 
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CHAPTER 1.4 HOW CAN WE EXCEED THE SHOCKLEY-QUEISSER LIMIT 

USING NEAR IR QDS? 

 

 

 

Back in 1961, Shockley and Queisser determined the theoretical maximum PCE 

of PV devices with bandgaps of 1.1-1.4 eV to be 31-33 %.85 These calculations operated 

with three assumptions: excess energy is thermalized to the band edge, the illumination is 

by 1 sun (unconcentrated), and each photon can produce only one e-h+ pair.85  

In 2006, Hanna and Nozik modeled the theoretical efficiency of single Eg devices, under 

1.5 AM, that can perform MEG to be 44.4 %, which is 10.7 % greater than the Shockley-

Queisser (SQ) theoretical limit of cells which cannot.85, 86 We can take advantage of 

MEG to exceed the SQ limit and spawn a highly efficient PV device. 

1.4.1 Multiple Exciton Generation (MEG) 

Conventionally, a solar cell can only excite one electron across the bandgap per 

photon absorbed; where any excess photon energy is lost as heat. One way of developing 

next generation solar cells is with cheap quantum dot materials that enable multiple 

exciton generation (MEG) to enhance photoconversion efficiencies. In this process a 

material can produce multiple excited states following the absorption of one high-energy 

photon, potentially increasing the photocurrent of a device.  

When a photon of greater energy than the Eg is absorbed, the extra energy is 

dispersed between the charge carriers as kinetic energy.87 The equations below describe 

this dispersion of energy with ΔEe as the energetic difference between the electron and 

conduction band and ΔEh as the difference between the hole and valence band energy.87  
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𝛥𝐸𝑒 = (ℎ𝜈 − 𝐸𝑔) [1 +
𝑚𝑒

𝑚ℎ
]

−1

 

The effective electron and hole masses are denoted as me, and mh, respectively. Note that 

the energy of the incident light must be greater than the Eg for this dispersion of energy to 

occur. 

𝛥𝐸ℎ = (ℎ𝜈 − 𝐸𝑔) − 𝛥𝐸𝑒 

This equation describes the system at thermal equilibrium, which occurs very quickly 

(<100 fs).87 

𝛥𝐸𝑒 =  𝛥𝐸ℎ = 0 

At this equilibrium, the electrons reside at the bottom of the conduction band and the hole 

resides at the top of the valence band with a Botlzmann distribution. Finally, the electrons 

and holes combine either radiatively or non-radiatively to form a completely relaxed 

system. 

The rates of these processes after photoexcitation decide if certain phenomenon 

like multiple exciton generation is possible. The rates of carrier cooling, which are 

usually different between electrons and holes, must be slow compared to the rate of 

carrier multiplication. 

1.4.1.1 Possible Quantum Mechanisms of MEG 

MEG is a phenomenon where multiple exited states result from a single, high-

energy photon. The quantum mechanics of MEG have been under some debate. The 

italicized mechanisms mentioned below are the least commonly mentioned propositions 

in the literature. The coherent superposition of excited states is attributed to strong 

coulomb interactions between e-h+ pairs in confined systems. For this to occur, the rate of 
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two-exciton thermalization and rate of Coulombic coupling must be greater than the 

relaxation rate of a single exciton.88 MEG through a virtual single exciton state can be 

explained with second-order perturbation theory.89 MEG via optical intraband transitions 

yielding virtual biexciton states.90 

The most common mechanism of MEG in QDs is described as impact ionization 

(II). The idea that II may enhance carrier multiplication in quantum-confined systems 

was first proposed by Arthur Nozik in the early 2000s.87, 91 A schematic of biexciton 

formation via II (A) and subsequent, opposite process, AR (B) is provided in Figure 21.92 

The symbols 𝜂x and 𝜂xx represent the fraction of the population that generate single 

excitons, and undergo II to generate biexciton, respectively. Part C shows a model of 

dynamic carrier populations of PbSe excited at >3Eg. Immediately after excitation, at τo, 

hot excitons are formed. Of those formed (at τ1), half undergo II to form biexcitons, and 

half of the hot carriers relax to the band edge, thermally. By the time, τ2, all the biexitons 

have decayed to the band edge via AR and cooling. 
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Figure 21: A) Impact ionization, B) Auger recombination, C) dynamic carrier populations 
following the excitation of PbSe QDs with photon of energy > 3 Eg. Filled and open red circles 

represent electrons and holes, respectively. C and V represent the conduction and valence bands. 

𝜂x and 𝜂xx represent the fraction of the population that generate single excitons, and undergo II to 

generate biexciton, respectively D) dynamics schematic of time resolved data blue trace 
(excitation above MEG threshold) red trace (excitation below MEG threshold.92 "Reprinted 

(figure) with permission from (Schaller, R. D.; Klimov, V. I., High efficiency carrier 

multiplication in PbSe nanocrystals: Implications for solar energy conversion. Physical Review 

Letters 2004, 92 (18), 4.) Copyright (2004) by the American Physical Society. 

Figure 21-D shows a dynamics schematic of time resolved data of samples 

excited above the MEG threshold (blue trace) and below the MEG threshold (red trace). 

The labeled times, τo, τ1, and τ2 correspond to populations in part C. The fast decay 

component in the blue curve from τo to τ1, can be attributed to AR. MEG in PbS has also 
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been widely observed. It has been described as bulk-like and less sensitive to surface 

properties which affect AR.93 The very first publication demonstrating MEG was with 

PbSe QDs (excited at ≥ 3Eg) in 2004.92 

1.4.1.2 MEG in PbSe QDs 

MEG has been reported in various QD materials such as CdS, CdSe, InAs, PbS, 

and even Si94, 95. Since then, PbSe QDs have been found to be highly efficient at MEG; 

Schaller et. al reported the generation of 7 excitons when excited at 7.8Eg!
96 However, 

they generate, on average three excited states per photon absorbed with the energy at 

least 4 Eg.
2 A mechanism of incoherent MEG in PbSe QDs when excited at 3 Eg was 

proposed by Ellingson et. al. and is shown in Figure 22.2 

 

Figure 22: Incoherent multiple exciton generation model in PbSe QDs at 3Eg excitation energy.2 

Reprinted (adapted) with permission from (Ellingson, R. J.;  Beard, M. C.;  Johnson, J. C.;  Yu, 

P. R.;  Micic, O. I.;  Nozik, A. J.;  Shabaev, A.; Efros, A. L., Highly efficient multiple exciton 
generation in colloidal PbSe and PbS quantum dots. Nano Letters 2005, 5 (5), 865-871). 

Copyright (2005) American Chemical Society. 
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Within 250 fs, the 2Pe-2Ph exciton formed mixes with multiple excited states 

matrix element (V), and generates coherent multiexciton states.2 These asymmetric states 

then quickly dephase via phonon coupling at a rate of τ-1. In this model, MEG efficiency 

is determined by the ratio of dephasing rates of the coherently coupled single and 

multiexcitons.2 A question of this phenomenon regarding our research is: how can we 

maximize the efficiency of solar cells with MEG? 
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CHAPTER 1.5 HOW CAN WE IMPROVE SOLAR CELL EFFICIENCY WITH MEG? 

 

 

 

The whole point of a solar cell is to utilize photons to generate the flow of 

electrons, or current to later be used as electricity. Solar cells that can perform MEG 

essentially have the ability to generate at least twice the current than cells that cannot. In 

addition to generating more current, solar cells that can perform MEG should have a 

greater long-term stability. This is because excess energy from photons that hit cells that 

cannot perform MEG is lost by thermalization. The loss of heat to the lattice in non-MEG 

solar cells can cause the cell to degrade more quickly. 

We can boost a materials ability to perform MEG by changing the material’s 

shape. This is because the shape of a nanomaterial determines its confinement i.e. the 

common particle in a box p-chem problem. 

1.5.1 Boosting MEG with Nanoparticle (NP) Confinement 

MEG in bulk semiconductor systems is relatively inefficient because angular 

momentum of the wavefunction needs to be conserved, and the process must compete 

with the very fast process of electron-phonon scattering.2 The conditions are more 

relaxed for confined systems (e.g. 3-D confined QDs) because the angular momentum is 

not a good quantum number and the increased Coulombic interactions lead to more 

Auger processes, including MEG.2 

Nanoscale materials can exhibit quantization in three dimensions (QDs), two 

dimensions (nanowires/nanorods), or one dimension (quantum films/platelets).97 Unlike 

QDs, the anisotropy of electric field and charge distribution in 2-D and 1-D systems 
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causes enhanced Coulombic interactions and MEG.98 A comparison of MEG efficiency 

in and threshold in quasi-1-D confined and 3-D confined PbSe is shown in Figure 23.99 

 

Figure 23: MEG in PbSe nanorods (red curve) and QDs (black curve); QY versus excitation 

energy. The horizontal dashed line represents where the NPs exhibit a 100 % QY. Anything above 

that line represents MEG. The point at which the energy (x-axis) and the dotted line intersect 
represents the minimum threshold energy for MEG to occur.99 Reprinted (adapted) with 

permission from (Cunningham, P. D.;  Boercker, J. E.;  Foos, E. E.;  Lumb, M. P.;  Smith, A. R.;  

Tischler, J. G.; Melinger, J. S., Enhanced Multiple Exciton Generation in Quasi-One-
Dimensional Semiconductors. Nano Letters 2011, 11 (8), 3476-3481Copyright (2011) American 

Chemical Society. 

The MEG threshold energy is lower and the efficiency is 2-fold greater of the 

PbSe nanorods than QDs. MEG in one dimension has been highly efficient in PbS 

nanosheets100, CdSe nanoplatelets101 which can attribute to strong optical transitions and 

much slower (relatively) AR times. How can we make sure as much energy above the 

MEG threshold makes it into our semiconductors? 
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CHAPTER 1.6 CAN WE INCREASE LIGHT ABSORPTION ABOVE THE MEG 

THRESHOLD? 

 

 

 

So, we now know that MEG can increase solar cell efficiencies and we can 

increase MEG efficiency and lower the threshold with increasing confinement. Naturally, 

the next thing we want to know is how to push more light into our material that is 

energetically above the MEG threshold in hopes to create even more excited states in our 

system.  

A direct way of increasing a materials absorption is by making it thicker. 

Unfortunately, making our absorbing material thicker defeats one of our main overall 

goals; which is developing cheaper devices that can compete with current PV. Surface 

plasmon resonances may allow us to make lead-based QDs absorb more above the MEG 

threshold without the need to make our absorbing material thicker 

1.6.1 Metal Nanoparticles Surface Plasmon Resonance 

Beginning in the 1800s following experiments conducted by Michael Faraday 

using gold nanoparticles, noble metal nanoparticles have been of scientific interest due to 

their unique optical properties.102 The unique optical properties of “coinage” (e. g. gold, 

silver, and copper) metal nanoparticles (NPs) arise from the interactions between the 

confined, conductive electrons with electric fields.103 Specifically, the excitation of a 

metal NP at a respective wavelength generates a confined and coherent oscillation of 

conductive electrons also known as a surface plasmon resonance (SPR). In 1908, Gustav 

Mie used the Maxwell equations to describe the absorption and scattering of light 
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incident to a < 200 nm sphere in an attempt to compare theoretical results to what one of 

his Ph. D. students was observing with Au NPs, experimentally.104 

 

Figure 24: Illustration of a surface plasmon resonance for a spherical nanoparticle where 

electron charge is displaced. The red curve represents the strong localized electric field caused 
by the coherent oscillation of electrons. The grey and green spheres represent the metal NP and 

electron cloud, respectively.4 Reprinted (adapted) with permission from (Kelly, K. L.;  Coronado, 

E.;  Zhao, L. L.; Schatz, G. C., The optical properties of metal nanoparticles: The influence of 
size, shape, and dielectric environment. Journal of Physical Chemistry B 2003, 107 (3), 668-677). 

Copyright (2003) American Chemical Society. 

In the case of light contacting small, spherical, metallic NPs (Figure 24), the 

oscillating electric field causes the free electrons to oscillate coherently. When the 

electron cloud is pushed away from the nucleus, a coulombic attraction pushes the cloud 

back toward it which gives rise to the dipolar plasmon resonance.4  

Larger particles have a quadrupolar plasmon resonance, which can be visualized 

in the electric field contour calculations in Figure 25-B. In Figure 25 of the Ag NP cross-

sections, A and B contain the propagation and polarization axes and C and D contain the 

plane perpendicular to the propagation axes.4 The p-orbital shape of the field around 

smaller sphere is due to the wavelength chosen (369 nm, the dipolar plasmon peak) 

causing the dipole field to dominate. The quadrupole plasmon resonance (part B) looks 

like a dxz orbital, while the plane perpendicular to the propagation axis (part D) contains 

the node and a very weak dipole component.4 The small amount of asymmetry in the 
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electric field contours is due to a small quadrupole component in the 30 nm sphere, and a 

small dipole component in the 60 nm sphere.4  

 

Figure 25: Mie theory calculated electric field contours of 30 nm (A and C) and 60 nm (B and D) 

Ag spheres with 369 nm and 358 nm light, respectively. The different colors (blue to red) 

represent an increase in electric field strength.4 Reprinted (adapted) with permission from (Kelly, 
K. L.;  Coronado, E.;  Zhao, L. L.; Schatz, G. C., The optical properties of metal nanoparticles: 

The influence of size, shape, and dielectric environment. Journal of Physical Chemistry B 2003, 

107 (3), 668-677). Copyright (2003) American Chemical Society. 

Mie’s equation for the extinction cross-section, Cext of a metallic NP which has a 

radius, R much smaller than the wavelength of light, λ is given in the equation below.104 

𝐶𝑒𝑥𝑡 =
24𝜋2𝑅3𝜀𝑚

1.5

𝜆

𝜀𝑖

(𝜀𝑟 + 2𝜀𝑚)2 +  𝜀𝑖  2
 

In this equation, εm is the refractive index of the surrounding media; εr and εi represent 

the real and imaginary part of complex dielectric function of the particles (ε = εr + iεi), 

respectively.105 Due to the presence of dipolar coupling in thin films of metal NPs, 

Maxwell-Garnet came up with an expression for the transmittance of a thin film106: 
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𝑇𝑓𝑖𝑙𝑚 =  
(1 − 𝑅)2 + 4𝑅𝑠𝑖𝑛2Ψ

𝑅2 exp(−𝛼ℎ) + exp(𝛼ℎ) − 2 𝑅𝑐𝑜𝑠(𝜁 + 2Ψ)
 

 

In equation 6, R is the reflectance at normal incidence, Ψ is the metal volume 

fraction, α is the absorption coefficient, and h is the film thickness. As Ψ  and h increases, 

the film transmittance decreases This suggests that films of greater metal NP density will 

scatter and absorb more light than those with less density.  

Interactions like SPRs induce high-angle scattering and concentrated 

electromagnetic fields within the metal NPs; thus, causing an increase in the fluorescence 

and absorption efficiency of a nearby fluorophore. Many applications, including 

enhanced fluorescence activation107, SERS,108-110 biosensing,111-115 bioimaging,116-119 and 

LEDs120, 121 have utilized these unique properties.  

For example, the amplified absorption and fluorescence caused by metal NPs, 

which would otherwise be lost in the background signal or rapidly bleached, can allow 

for highly sensitive biosensors and bioimagers for heterogeneous assays.122 For SERS, 

the Raman scattering cross-section of a molecule can increase by 10 orders of magnitude 

when metal NPs are present (compared to without).123 For bio-detecting agents, thin 

silver film and gold nanohole arrays caused an increased fluorescence enhancement 

factor by 170-fold112 and 100-fold,124 respectively.  

Additionally, recent research has shown the ability of metal NPs to increase the 

intensity, efficiency, and charge transport properties of light emitting diodes (LEDs). 

Deep ultraviolet, AlGaN-based LEDs had a 2.6-fold emission enhancement when 

decorated with Aluminum NPs.125 The addition of gold NPs to perovskite LEDs caused a 

226 % enhancement in the maximum luminescence and an 86 % enhancement in current 
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efficiency.126 The photoresponse of a reduced graphene oxide/silicon photodetector was 

enhanced by 30 times at 382 nm when gold NPs were incorporated. 127 The presence of 

silver nanoclusters in blue, organic LEDs led to an enhancement of current efficiency by 

15 % compared to the control.128 

Various shapes of nanoscale metals have also enhanced the reverse process in 

LEDs: converting light into electricity. At the single particle level, metal NPs have 

increased nearby fluorophores fluorescence intensity by a factor of 1,340 by Au nano-

bowties129 and 1,100 by Au nanorods (NRs)130 Metal NPs can also increase fluorophores 

photo-stability by increasing their radiative decay rates by a factor of 10-100;131 making 

them ideal candidates to aid in the creation of thinner, cheaper, and more efficient solar 

devices.103 Organic solar cells equipped with gold NPs and silver nanogratings yielded a 

power conversion efficiency of 8.79 ± 0.15 % compared to the control (without metal 

NPs) of 7.59 ± 0.08 %.132 The addition o Ag NPs to donor-acceptor polymer bulk 

heterojunction (P3HT/PC70BM) solar cells caused an increase in charge transport and 

thus PCE from 3.54 to 4.36 %.133 The addition of silver NPs into Graetzel solar cells 

caused the PCE to more than double from 0.0082 % to 0.01734 %.134All in all, metal NPs 

are have shown to enhance the absorption, fluorescence, charge transport, and decay rates 

of various devices across disciplines.  

Since surface plasmon resonance (SPRs) are generated from the nanoscale 

features of the surface, they are very sensitive to changes on the surface. Jiawei He et. al. 

utilized this sensitivity by using SPRs to measure binding affinities and interactions 

between human serum albumin (immobilized on gold surface) and carthamin.135 This 
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work focuses specifically on enhanced solar devices. Surface plasmons can also cause the 

production of radiation of nearby charged particles, termed the Purcell effect.  

1.6.2 Purcell Effect 

In 1953, S. J. Smith and E. M. Purcell published a paper describing a produced 

radiation (visible light) when a charged particle moved very close and parallel to a metal 

diffraction grating.136 A figure describing the experiment is shown in Figure 26. 

 

Figure 26: Configuration of Smill-Purcell experiment. The lower area represents a grating with a 

periodicity of D. The arrows represent the path of an electron (e-) traveling at velocity, V and at 

an angle, ψ across the grating.137 Reprinted from Haeberle, O., Reciprocity theorem for Smith-
Purcell radiation. Optics Communications 1997, 141 (5-6), 237-242. Copyright (1997), with 

permission from Elsevier. 

In this figure, the electron moves at a constant velocity, V at an angle, ψ relative 

to the grating. Since this discovery, scientists have aimed to control and enhance the 

spontaneous emission of fluorophores with the surroundings.138 SPRs can be used as an 

antenna to push more light into fluorophores. With the addition of metallic nanoparticles, 

a silicon tandem thin film solar cell experienced a 56 % absorption enhancement with a 
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decrease in the active layer thickness from 1750 to 750 nm.139 Au NPs specifically placed 

Co3O4 films have shown an enhancement in photocatalytic activity compared to films 

without the Au NPs.140 This enhancement was attributed to SPR coupling. 

We can use this type of enhancement caused by SPRs to increase the spontaneous 

emission in our particles. Other than concentrating light into nearby fluorophores, 

particles with SPRs are also excellent light scatterers. Au NPs have been added to CuInS2 

films and increased absorption due to the scattering effect of the metallic nanoparticles.141 

Though our main intention is to use the SPRs to concentrate light, we can use this to our 

advantage because in increasing the optical path length of incident light we are increasing 

the chances for our thin layer to absorb the light. 

1.6.3 Increasing the Optical Path Length with SPR Light Scattering 

Metallic nanoparticles can also enhance the absorption of absorbing layers by 

simply acting as scattering centers. The incident light goes into the film, is scattered by 

the metallic NPs at high angles, which allows the absorbing material more changes to 

absorb the light (Figure 27).  

 

Figure 27: Light trapping geometry of plasmonic nanoparticles (grey sphere) in a layered (glue 

and orange) thin film solar cell. The arrows represent the path of the incident light. The presence 
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of metal nanoparticles cause an increase in optical pathlength through the device.9 Reprinted by 
permission from [Atwater, H. A.; Polman, A., Plasmonics for improved photovoltaic devices. 

Nature Materials 2010, 9 (3), 205-213.] [COPYRIGHT] (2010). 

In Figure 27, light hits the metal NPs at the surface of the device and is trapped by high 

angle scattering. This scattering can be controlled by the size/shape of the metal NPs 

and/or the dielectric constants of the surrounding material. 

A)   

Figure 28: A) External quantum efficiency enhancements of Si wafers due to the presence of 50 
nm Ag nanoparticles for samples with different top layers: SiO2 on sample A, Si3N4 on sample B, 

and TiO2 on sample C. The solid curves represent when the samples were irradiated from the 

front and the dashed were irradiated from the rear.142 Reprinted from [Beck, F. J.;  Polman, A.; 
Catchpole, K. R., Tunable light trapping for solar cells using localized surface plasmons. Journal 

of Applied Physics 2009, 105 (11)], with the permission of AIP Publishing. 

In Figure 28, the refractive indices of samples A, B, and C are 1.5, 2, and 2.5, 

respectively. Sample C (TiO2), with the highest refractive index showed the greatest 

enhancement at > 900 nm due to the redshift in the SPR.142 All samples showed EQE 

enhancements above the Ag SPR due to light trapping and a decrease in EQE below due 
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to interferences. Furthermore, the enhanced absorption in these devices due to SPR light 

scattering agreed with the modeled FDTD (finite-difference time-domain) calculations.142  

Overall, the EQE enhancements were greatest when the samples were exited from 

the front. We kept this in mind when designing our layered system. This work tells us 

that not only can we push more light above the MEG threshold, but we can use the 

scattering abilities of metallic NPs to increase absorption of our proposed fluorophores in 

general. 

1.6.4 Coupling of Metal Nanoparticles to Quantum Dots 

The enhancement of solar devices involves three mechanisms:(i) increasing 

absorbance by light trapping via high angle scattering of NPs9, (ii) increasing radiative 

decay rates by metal enhanced fluorescence (far field), or (iii) increasing excitation due to 

SPR enhancement (near field). Each mechanism is dependent on the plasmon wavelength 

of metal NPs, which can be tuned by changing the size and shape of the NP, altering the 

dielectric environment and modifying distance between particles. Changes to the surface 

of a metal NP can elicit shifts in the extinction spectrum. Jiawei He et. al. utilized this 

property by measure binding affinities and interactions between human serum albumin 

immobilized on gold surface and carthamin by observing SPR shifts.135 Blake et. al. 

demonstrated theoretically and experimentally that the plasmon of a gold NP array can be 

controlled by changing the interparticle distances (< 20 nm).143 This causes the individual 

plasmons to couple together, drastically changing the wavelength and sensitivity. 

Multiple nanoparticles in close proximity exhibit a highly sensitive and coherent 

plasmon coupled resonance.144 The concentrated electric field between the NPs causes 
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strong red-shift in the plasmon peak.145 Coupled plasmon resonances can be best 

described by the coupled dipole approximation, while larger particle separations can be 

estimated by the discrete dipole approximation.145 This makes it possible to control the 

plasmon absorption and scattering of metal NPs by altering the interparticle distances, 

and not the size.  

1.6.4.1 Role of NP Scattering Efficiency in QD Absorption Enhancement 

Mie theory predicts the extinction (𝜎𝑒𝑥𝑡), the sum of the absorbance and scattering 

(𝜎𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 + 𝜎𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑖𝑛𝑔), of metal nanoparticles to be dependent on the particle radius 

cubed (R3).104 Once irradiated with light, the likelihood of metal NPs (like Au NPs, ε = 6 

x 109 cm-1M-1)146 absorbing or scattering that light is about four orders of magnitude 

greater than quantum dots (like CdSe QDs, ε = 5 x 105 cm-1M-1) 147 due to their large 

extinction coefficients. Smaller NPs are predicted to predominately absorb extincted 

light, while larger particles are expected to scatter much more efficiently than smaller 

ones due to the R6 (radius) dependence.104 Larger silver NPs, like silver nanorods, are 

especially attractive due to the appearance of higher order modes which cause the 

scattering ability to overshadow absorption to an even greater degree.148 This is an 

unfortunate case for layered metal NP film applications because a smooth, homogenous 

film (which requires small NPs) is necessary to keep the NP-fluorophore distances 

consistent.  

In project II, we want to fabricate tunable, homogeneous, and colloidal-monolayer 

films for enhanced solar applications. Since individually, small metal NPs do not scatter 

light very well, we took advantage of the sensitivity of the coherent plasmon resonance of 
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the film. The plasmon absorption and scattering properties were controlled via altering 

the interparticle distances. We are most interested in the scattering efficiency (𝑄𝑠𝑐𝑎). This 

value represents the proportion of extincted light which is scattered.149 

𝑄𝑠𝑐𝑎 =
𝜎𝑠𝑐𝑎

𝜎𝑎𝑏𝑠 + 𝜎𝑠𝑐𝑎
  

We aimed to maximize 𝑄𝑠𝑐𝑎 of the metal NP films at various relevant wavelengths to 

optimize the enhancements of fluorophore performance.  

The scattering ability of metal NPs can (i) increase the optical path length of 

incident light142 and (ii) can lead to metal enhanced fluorescence (MEF).150 Metal NPs 

can scatter incident light in all directions, which increases the likelihood of absorption by 

nearby fluorophores. In the second case, MEF, energy can be rapidly transferred from a 

fluorophore to a nearby plasmon, which then radiated back into the far field. 

Conversely, absorption by the metal is parasitic due to the direct absorption of the 

energy. With our approach we aim to control the losses due to absorption. For MEF to 

occur, the scattering of the metal NPs must trump the absorption cross-section at the 

wavelengths of interest.151 Groups that use calculated scattering coefficients using Mie 

theory have found that the parasitic absorption is underestimated. Another problem with 

calculating the scattering efficiency is the assumption of homogeneous dielectric 

surroundings-which is not the case in colloidal suspensions due to ligands and the 

solvent. 

1.6.4.2 Silver: The Best Nanoparticle for the Job 

Compared to other noble metal NPs such as gold, silver NPs are the most 

attractive contenders for MEF due to their promising scattering efficiencies paired with 
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relatively low parasitic absorption.148 Many groups have reported the fabrication for 

silver NP films. Dewetting, the most common method to fabricate silver NP films, is a 

spontaneous and spinodal process.152 In this method, silver, which has been evaporated 

onto a substrate, is annealed to form silver nano-islands. However, the major 

disadvantage with this method is the silver NP loading is dependent on the silver NP size 

and spacing, which are difficult to control.152 In another common method, nanosphere 

lithography (NSL), self-ordered polymeric NPs are used as a mask for NP deposition.153 

Though NSL is great for controlling the size, shape, and interparticle distances of metal 

NPs, the mask limits all of these properties. 

The colloidal approach can alter the shape, size, and coverage of our silver 

nanoparticle films independently and without limitations.154 Although, colloidal 

monolayer films can be difficult to fabricate due to a tendency to aggregate, in this work, 

we have developed a facile, colloidal approach toward monolayer silver NP films. With 

this degree of control, we can correlate the films structure to the optical properties. The 

absorbance and scattering of metal NPs can be tuned by changing their size, shape, and 

dielectric surroundings. In addition, monolayer films of metal NPs have enhanced optical 

responses due to plasmonic resonance coupling phenomena.155 This field can couple to 

fluorophores and enhance the absorption, non-radiative, and radiative rates. 

1.6.4.3 SPR Effects on Fluorophores Lifetime 

It is well known that a signature of fluorophore-SPR coupling is a rapid decrease 

in lifetime.151, 156 The lifetime is shortened due to the increase in radiative and non-
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radiative decay rates. The impacts of SPRs on the QD lifetime (τ1/τ0) can be described in 

the equation below.157 

𝜏1 

𝜏0 
=

1

𝑓𝑡  𝑥 𝜂1 + 1 − 𝜂1 
 

 

In this equation, τ1 and τ0 represent the QD lifetime with and without the presence 

of a SPR, respectively. In addition, ft and η1 represent the enhancement factor and the 

quantum yield, respectively. This relationship shows that if the SPR causes an increase in 

f1 and η1, the shorter the lifetime (τ1). This phenomenon can be seen in the work of Fu et. 

al. (Figure 29) where a) represents a single molecule lifetime in the presence of Ag nano-

shells and b) alone on glass.158  

 

Figure 29: TCSPC curve of a single molecule fluorophore a) near Ag metal nano-shell versus b) 

on glass alone and corresponding histograms of decay times (c-d)158 Reproduced from Fu, Y.;  
Zhang, J.; Lakowicz, J. R., Large enhancement of single molecule fluorescence by coupling to 

hollow silver nanoshells. Chemical Communications 2012, 48 (78), 9726-9728. with permission 

from the Royal Society of Chemistry. 
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The shortening of fluorophore lifetime can mean more photons can be harvested 

in a solar device and the fluorophore will be less prone to photooxidation because it 

spends less time in the excited state. We will include TCSPC studies at various metal 

SPR-fluorophore distances to prove that we have the distance-dependent coupling that we 

expect. 

1.6.5 Plasmonic Enhanced Multiple Exciton Generation 

Various other research groups have aimed to use the strong electric field of metal 

NP SPRs to enhance photoabsorption of QDs and thus MEG.159-164 In 2018, Shaik et. al. 

showed that Au nanoprisms could boost absorption and MEG in CdSe/CdS core/shell 

QDs. Their work showed that when in the presence of the SPR, the two-electron 

photoreduction reaction catalyzed by the QDs had faster kinetics and better yields than 

without SPRs.160 Swayandipta et. al. and LeBlanc et. al. studied the plasmonic effect on 

MEG in single (visible) QDs. Both groups found an increase in MEG (through 

antibunching experiments) and a suppression of blinking in the QDs when in the presence 

of Au NPs.157, 159, 165  
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CHAPTER 1.7 SUMMATION/RESEARCH AIMS 

 

 

 

We are interested in the development of novel, more efficient, cheaper, and 

thinner solar devices than the current state-of-the-art.  We want to utilize lead-based QDs 

as absorbers because we can tune them to absorb well into the near infrared and they can 

efficiently generate multiple excited states with light ≥ 2.5 Eg. To increase the quantum 

yield and long-term stability, we will synthesize PbSe core-only QDs from a CdSe 

template. We propose to increase the light absorption at energies and below the MEG 

threshold in the lead-based semiconductors using the light concentration and scattering 

abilities of surface plasmon resonances in colloidal metal nanoparticles. 

 

The aim of this research is to examine the potential of surface plasmon 

resonances to enhance photo-absorption rates in NIR QDs at a wide 

range of frequencies to enable thinner, more efficient solar cells.  

 

In our work, there is no overlap between the emission of the PbSe QDs and the 

SPRs of the Ag NPs. However, there is overlap between the SPR and the QD absorption. 

We aim to enhance the photoabsorption of the QDs in general, and then specifically 

above the MEG threshold. 
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CHAPTER 2.1 OVERALL GOALS 

 

 

 

Specifically, I studied how we can use SPRs to enhance photoabsorption in near 

IR, PbSe QDs by first enhancing the absorption at a range of frequencies and then tuning 

the system to above the MEG threshold. The motivation is illustrated in Figure 30, where 

Ag NPs, crystalline Si, and PbSe QDs absorption are compared to the spectral irradiation 

of the sun at 1.5 global air mass. 

 

Figure 30: Comparison of silicon absorption (black line) to our system (PbSe QDs and Au) and 

the spectral irradiance at air mass 1.5 global (green curve) versus wavelength (nm).The dark 

blue range represents the range that PbSe QDs bandgap can be tuned to absorb. PbSe QDs have 

the potential to absorb more of the solar spectrum than conventional silicon can. The light blue 
range represents the energies that are suitable for MEG in PbSe QDs. There are plenty of 

photons from the sun (green curve) with energies suitable to generation multiple excitons in PbSe 

QDs. The red curve represents the Mie theorized absorbance of 50 nm diameter silver 
nanoparticles. The red curve is to show that the surface plasmon resonance of silver NPs can 

boost absorption rates in the QDs; even above the MEG threshold. 



 

 

54 

Near IR emitting QDs such as PbSe can be tuned to absorb many of the near IR 

photons (Figure 30-dark blue range) from the sun that bulk Si (black line) cannot. We 

aimed to generate a system capable of harvesting more of the sun’s energy and at greater 

rates that conventional Si solar cells can. Moreover, there are many available photons at 

and above the MEG threshold (2.5 Eg, Figure 30-light blue range), which overlaps 

beautifully with the Ag SPR absorption profile. We used the SPR of Ag to increase the 

photoabsorption of QDs at many frequencies. Furthermore, the SPR of Ag can be tuned 

above the MEG threshold of the QDs to possibly enhance the importance of MEG. There 

is arguably a great benefit for a solar cell device that can utilize many of the sun’s 

photons, even with the cost of a lesser open circuit voltage. 

2.1.1 Mechanisms of Plasmonic MEG Enhancement  

Theoretical studies of Swayandipta et. al. suggested that there are two 

mechanisms of plasmonic MEG enhancement: 1) the enhanced excitation rates of 

biexcitons relative to single excitons and 2) biexciton QY increased while the single 

exciton QY decreased.157 The equations below show the theorized relationship between 

the single and biexciton QD emission intensity with (I1) and without (I0) a nearby SPR, 

respectively. It is important to note the excitation rate enhancement |E| of the QDs due to 

the nearby strong electric field of the SPR. 

𝐼1 

𝐼0 
= |𝐸|2

𝑓𝑟

𝑓𝑡  𝑥 𝜂1 + 1 − 𝜂1 
 

Equation 9 shows that the change in emission intensity due to a SPR is proportional to the 

excitation rate enhancement squared, |E|2. 
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𝐼1 

𝐼0 
= |𝐸|4

𝑓𝑟

𝑓𝑡  𝑥 𝜂1 + 1 − 𝜂1 
 

 

The relationship between the emission intensity ratio due to nearby SPRs is proportional 

to excitation enhancement factor, |E|4. The symbols fr and ft in the previous equations are 

given by the equations below. 

𝑓𝑟 =
𝑘𝑟′

𝑘𝑟
 

 

Fr represents the ratio of radiative rate with (kr’) and without (kr ) the presence of a 

nearby SPR. Fr can be seen as the radiative rate enhancement factor. Ft is equal to sum of  

Fr and the ratio of the nonradiative energy transfer rate from the QD to the metal NPs 

(kSPR) and the radiative rate with an SPR present ((kr’) 

𝑓𝑡 = 𝑓𝑟 +  
𝑘𝑆𝑃𝑅

𝑘𝑟′
 

 

Our work capitalizes on the first mechanism of MEG enhancement by SPRs: the 

fact that they cause exponential excitation rate enhancements in nearby QDs. 

Furthermore, the excitation rate enhancement, or absorption enhancement, is 

 exponentially greater for biexcitons than that of single excitons. We will aim to use the 

predicted excitation enhancement rates caused by nearby SPRs to improve overall 

absorption of near IR QDs. 
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Figure 31 illustrates the potential effect of 

SPRs on the generation of electron hole (e-h+) pairs 

after MEG. It is based on two assumptions: (i) 

every photon absorbed above the MEG wavelength 

threshold can yield a maximum of two e-h+ pairs, 

and (ii) coupling to the SPR doubles the photo-

absorption rate for those photons. In this model, if 

just 20% of the photons are above the MEG 

threshold, surface plasmon induced absorption in 

the QD could theoretically increase the efficiency 

by 11%. 

In summary, my aim is to learn the factors 

that control the coupling between QD excitons and 

SPRs in Ag NPs. What, for example, is the 

dependence on distance between QD and NP? How 

does the excited state (exciton, biexciton, trion, etc) on the QD affect the coupling 

strength? What is the effect of nearby SPRs on the absorption rates? Ultimately, I hope to 

demonstrate spectroscopically that I can enhance the excitation rates in metal-coupled 

QD systems relative to QDs alone. We took two, vastly different approaches toward 

systems to answer these questions with similar spectroscopic experiments.  

 

 

Figure 31: Potential Effect of SPRs 

on e- and h+ generation after MEG. 

Number of charge carriers per 
absorbed photon versus proportion 

of photons above MEG threshold. 

The red and blue curves represent 

MEG in QDs alone and MEG in 
QDs when a surface plasmon 

resonance is present, respectively. 
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2.1.2 Two Approaches 

We can study the (many possible) effects of the SPR near lead-based QDs and the 

distance dependence of these effects using our two approaches: 1) all-in-one hybrid NPs 

Au/CdX/PbX where X = Se and S and 2) Films of Ag NPs with PSS and PAA polymer 

spacer layers and core/shell QDs on top. Each approach is illustrated in Figure 32. 

With both approaches (Figure 32), we propose using noble metal NPs as the SPR 

source (red sphere) and PbX (X=S or Se) as our near IR, multiple exciton-generating 

semiconductors (teal sphere). In our colloidal approach, within the core/shell/shell hybrid 

nanoparticles, the CdX spacer (purple sphere) between the Au and the PbX shell will act 

as a barrier for electron transfer back into the metal. This spacer can be changed 

synthetically and will allow us to control the distance between the SPR and the PbX 

layer.  

In a similar way, the PAA and PSS charged polymer layers (blue and black 

squiggly lines) in our second, layered approach will act as a barrier for electron transfer 

back into the metal. Just by changing the amount of charged polymer layers spin coated 

onto our samples we can control the distance between the Ag NP and the core/shell QDs.  
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Figure 32: The two approaches to employ surface plasmon resonances to boost effectiveness of 

MEG in lead-based quantum dots: one colloidal and one layered. The left portion of the figure 
represents the colloidal, hybrid core/shell/shell approach. There is a metal core (red) with a wide 

bandgap shell (purple) and a near IR outer shell (blue). The right portion represents the layered 

approach where a monolayer of silver nanoparticles is separated from PbSe QDs by charged 

polymer spacer layers of varying thicknesses. 

In the subsequent sections, each project will be described. The first project that will be 

discussed is the all-in-one hybrid NPs. 
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CHAPTER 2.2 PROJECT I: HYBRID CORE/SHELL/SHELL NPS 

 

 

 

Our first approach was partially inspired by the Au/CdS core/shell nanoparticles 

that a former member of our group Andrew Tobias, Ph. D. studied and the general cation 

exchange process to create PbSe/CdSe core/shell QDs. An illustration with our rationale 

and NP design is displayed below in Figure 33. 

 

Figure 33: Schematic of rationale of our hybrid Au/CdX/PbX (X = S or Se) NPs. The hybrid NP 

includes Au (red circle), a CdX layer (purple), and a PbX layer (teal). The idea is to use the MEG 

and near IR absorption capabilities of the PbX layer along with the surface plasmon resonance 

modes of the metal nanoparticle. The idea is to boost the absorption and possibly MEG of the 
PbX layer with the SPR of the metal. The wide bandgap spacer (purple = CdX) was placed to 

minimize energy loss into the metal. 

We aimed to use the SPR of Au to act as an antenna to push more light above the 

MEG threshold in the near IR absorbing PbX layer. This will create a highly efficient, 
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well absorbing hybrid nanoparticle for PV purposes. Important aspects to keep in mind 

with this approach is shown in Figure 34 with the Au NP SPR shown as the red sphere 

and the near IR, PbX layer as the grey sphere. 

 

Figure 34: Vital aspects to ensure that this approach worked. The wide bandgap spacer (purple 

= CdX) was placed to minimize energy loss into the metal. We chose a non-epitaxial growth 

mechanism of the core/shell/shell NPs to minimize the defects that act as trap states.  

To avoid free charge carriers flowing back into the metal though the Schottky 

barrier, we propose the inclusion of a wide Eg semiconductor layer such as CdSe 

separating the SPR and NIR QD. 



 

 

61 

We chose an epitaxial, and cation-exchange growth mechanism of the two shells 

surrounding the Au to help minimize interfacial defects that act as trap states and lower 

the efficiency of the NP. The outer shell was formed via cation exchange between the 

lead and cadmium. We synthetically controlled the distance between the Au and the PbX 

layer by tailoring the cation exchange process. The work that has already been 

accomplished in this approach will be mentioned next. 

2.2.1 Synthesis and Characterization of Core/Shell/Shell Hybrid NPs 

Each step of the synthetic process is broken down with italicized headings with a 

corresponding figure. A cation-exchange synthesis method was chosen to minimize 

defects that act as trap states for generated charges. 166 This particular method was altered 

and optimized by Andrew Tobias in a peer-reviewed scientific video journal, JOVE.
167 

The first step was to make the Au cores. 

Step 1: Au NP synthesis (≈ 15 nm diameter) 

The Au cores  were synthesized by first heating equal amounts of 1 mM HAuCl4 

and 0.2 M CTAC to 70 °C in an oil bath. Once temperature was reached borane 

tertbutylamine was added to reduce the Au to begin forming nanoparticles. Upon adding 

the reducing agent, the solution turns into a wine-red color which is indicative of NP 

formation. The reaction was heated for 30 minutes to create 15 nm Au NPs. A 

transmission electron micrograph of the aforementioned, CTAC-coated, Au NPs is shown 

in Figure 35. 
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Figure 35: TEM image of cetyltrimethylammonium chloride coated gold nanoparticles. The scale 

bar is 5 nm and the image is of two NPs stuck together. The atomic lattice and the facets of the 

Au NPs are clearly visible. 

In Figure 35, the facets of the two Au NPs (approximately 15 nm in diameter) are 

clearly visible. As seen in the TEM, the lattice fringes of the crystalline Au NPs are 

visible. The particles are not exactly spherical, with clear rectangular (100) and triangular 

(111) facets. In the next step, a silver shell was grown on these facets of the Au NPs. 

Step 2: Ag shell growth (5-25 nm thick)  

The Ag shell can be grown on the Au NPs anywhere from 5 nm to 25 nm in 

thickness, which determines the thickness of the overall shell. To make a 15 nm Ag shell, 

130 mg of ascorbic acid, 10 mL of Au NPs, and 1.76 mL of 8 mM silver nitrate were 

heated to 70 °C in an oil bath for 2 hours. Changes to the ascorbic acid and silver nitrate 

amounts were made depending on the desired Ag shell thickness. Figure 36 includes the 

absorbance spectra as this reaction proceeded for a 20 nm Ag shell. 
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Figure 36: Absorption versus wavelength of gold nanoparticles as growth of a 20 nm thick silver 

shell proceeds (red to purple). The black curve represents the absorbance of gold nanoparticles 
before the reaction occurs. As the Ag shell growth proceeds (red to purple) in time, the spectrum 

shifts and begins to look like the characteristic silver NP plasmon alone. 

As the Ag shell grew, the Au plasmon peak around 520 nm remains but shifts 

slightly due to the change in the dielectric constant of the surrounding media. The peak 

that arises around 570 nm may be due to a higher order mode of the large silver shell. 

The Ag plasmon peak at about 400 nm appears and narrows as the monodispersity of the 

shells increase. At first, the solution visually appears as a wine-red solution. As the 

reaction proceeded, it progressively turned a bright orange color. 

The final Au/Ag NPs were washed with ethanol and redispersed in >3 mL of DI 

water (the high concentration causes solution to appear burnt orange). They were 

dispersed in a small amount of water for the phase transfer, which occurs in the next step. 
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Step 3:  Dope the Ag shell with either selenium or sulfur 

In this step, the Ag shell outside of the Au was doped with sulfur or selenium. To 

dope a 15 nm Ag shell with sulfur, 52 mg of elemental sulfur was first dissolved in 7 mL 

oleylamine, 3 mL oleic acid, and 10 mL toluene. Once the sulfur was completely 

dissolved, forming a bright yellow solution, the Au/Ag NPs dispersed in a small amount 

of DI water were injected and allowed to stir for 1 hour at room temperature. At this point 

in the procedure, the suspension of nanoparticles appeared bright green. The suspended 

Au/Ag2S NPs were washed with ethanol and redispersed in toluene. The resulting washed 

NPs were a deep teal-blue color. In the next step, there was a complete cation exchange 

between the Ag+ and Cd2+. 

Step 4: Cation exchange of Ag+ with Cd2+ with tributylphosphine 

(TBP) as a transport agent 

To initiate this cation exchange for a 15 nm shelled Au/AgX (X = S or Se) 

sample, the particles were added to 0.35 mL of 8 mM cadmium nitrate and heated to 50 

°C under nitrogen. After 10 minutes, the transporting agent, tributylphosphine was added 

and the reaction was allowed to sir for 2 hours under the same conditions. The newly 
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formed Au/CdX NPs were washed with ethanol, redispersed in toluene, and had a royal 

blue appearance. Figure 37 A) and B) shows a TEM and EDX elemental analysis of 

Au/CdSe NPs, respectively. 

 

Figure 37: A) TEM and B) EDX elemental analysis of a single Au/CdSe hybrid nanoparticle. In 

the TEM image, the scale bar is 10 nm and the yellow rectangle represents the area which the 

A) 

B) 
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energy dispersive x-ray (EDX) elemental analysis was taken on. The copper, silicon, chromium, 

carbon, oxygen and chlorine signals arise from the sample grid and detector. 

Figure 37 A) shows that the hybrid particle has a clear core and shell. The CdSe 

shell appears to be crystalline and approximately 15 nm in radius. The Au core appears to 

be approximately 10 nm in diameter. The high electron density in the Au NP causes the 

core of the nanoparticle to appear darker in the TEM because less electrons can transmit 

through. The clear grain boundaries revealed in the lattice fringes of the shell may be 

indicative of strain caused by the synthetic process. The yellow rectangle in Figure 37 A) 

represents the portion of the nanoparticle used for the analysis in Figure 37 B). 

Figure 37 B) shows the energy-dispersive x ray spectroscopy (EDX) elemental 

analysis. To take this measurement, a high energy beam of electrons is bombarded on a 

selected portion of the sample (Figure 37 A), yellow rectangle). For this measurement, I 

selected a large portion of the NP shell. After the sample is bombarded, X-rays are 

emitted from the sample which are elementally unique, allowing us to determine the 

types of elements within the sample. This measurement was taken to ensure that the 

cation exchange between the Ag and Cd was completed. There is no Ag peak in 37 B, 

which proved to me that no Ag is left in the shell from Step 4 and that the cation 

exchange was successful. It should be noted that copper and carbon peaks arise from the 

TEM sample grid and the carbon lacy mesh, respectively. The chromium peak is from the 

detector. 

The very last step is a novel, partial cation exchange between Pb2+ and Cd2+ to 

yield a PbX outer shell. This step completes the core/shell/shell hybrid NP. 
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Step 5: Partial cation exchange between Pb2+ and Cd2+ for PbX 

shell 

The Au/CdX NPs was be exposed to a lead solution to initiate a Cd2+ cation 

exchange reaction with Pb2+, forming a PbX shell on the outermost surface. The shell’s 

purpose is to stop electron transfer between the PbSe and Au layer and enable distance 

control between the plasmonic and semiconductor layer.  

The cation exchange between lead and cadmium on CdSe surfaces has been 

published with the use of lead oleate and lead chloride.168 The first attempt was inspired 

by PbSe/CdSe synthesis where PbSe QDs are exposed to a cadmium oleate solution at 

100 °C to initiate the cation exchange (but reversed).169 

Lead Oleate Method for PbX Layer 

Figure 38 shows the normalized absorbance spectra of Au/CdS samples as the 

cation exchange reaction using lead oleate occurred at 100 °C. Three different samples 

were analyzed: before the Au/CdS were exposed to lead (Figure 38, black curve), after 

the samples were exposed to lead oleate for 4 hours (Figure 38, red curve), and after the 

sample was exposed for 15 hours (Figure 38, blue curve.) 
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Figure 38: Absorbance changes versus wavelength of Au/CdS hybrid nanoparticles during 

“cation exchange” using exposure to lead oleate. The absorbance of the initial Au/CdS 
nanoparticles is shown in black. The blue and red curves show the absorbance as the cation 

exchange reaction proceeds for 4 and 15 hours, respectively. 

After four hours of the reaction (red cuve), there is a broadening and slight red 

shift of the Au plasmon peak compared to the Au/CdS (black curve). I allowed the 

reaction to proceed for 15 hours (blue curve), and a slight red shift and broadening 

occurred-but overall not much had changed. There were no peaks present in the near 

infrared (up to 1700 nm). 

Unconvinced that Pb had incorporated into the CdS shell, TEM and EDX 

analyses were performed on the washed “15 hour” sample (Figure 39 A) and B)). I did 

not expect to visually see the outer, PbS shell in the TEM image (Figure 39 A)) because 

the d-spacing of CdS is not significantly different than that of PbS. However, since there 

should not be any starting material in the NP suspension because they were washed, the 

presence of lead and cadmium in the EDX analysis would prove that the partial cation 
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exchange was successful. In fact, the ratio between the Pb and Cd signals could give me a 

clue to how far the cation exchange had gone. With a 15 hour reaction time with lead, I 

intended on this reaction causing a complete cation exchange between lead and cadmium. 

I presented the EDX data in a table (Figure 39 B)) to quantify and compare the relative 

atomic amounts of lead and cadmium. 
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Element Peak Area k    Abs  Weight% Weight% Atomic% 

    Area Sigma factor Corrn.     Sigma     

C K 987 74   2.208 1.000 4.90 0.36 23.11 

O K 159 34   1.810 1.000 0.65 0.14 2.29 

S K 502 78   0.940 1.000 1.06 0.16 1.87 

Cl K 309 52   0.964 1.000 0.67 0.11 1.07 

Cr K 663 61   1.100 1.000 1.64 0.15 1.79 

Cu K 22463 250   1.366 1.000 69.04 0.75 61.51 

Cd L 2471 132   1.769 1.000 9.84 0.49 4.96 

Au L 927 90   2.622 1.000 5.47 0.51 1.57 

Pb L 1076 85   2.775 1.000 6.72 0.50 1.84 

Totals     100.00   

Figure 39: A) TEM and B) EDX elemental analysis of Au/CdS/PbS after 15 hr exposure to Pb 

oleate. In the TEM image, the scale bar is 20 nm and the yellow rectangle represents the area 

which the energy dispersive x-ray (EDX) elemental analysis was taken on. The copper, silicon, 
chromium, carbon, oxygen and chlorine signals arise from the sample grid and detector. The 

atomic % of lead and cadmium present in the yellow area were 1.84 and 4.96 %, respectively. 

A) 

B) 
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The TEM image showed that the shell was intact; neither confirming nor denying 

the presence of an PbS outer shell. Surprisingly, the elemental analysis (Figure 39 B)) 

showed Pb present in the sample with atomic % of 1.84 and Cd present 4.96 %. Due to 

the very low presence of PbS in the 15 hours of exposure, it was clear that a different 

approach to incorporate lead had to be taken. An overall smaller, possibly more favorable 

form of lead for the cation exchange is lead nitrate. 

Lead Nitrate Method for PbX Layer 

I decided to expose the Au/CdS NPs to lead nitrate (in methanol) at 150 °C with 

tributylphosphine, TBP added to aid in cation transport. Absorbance measurements were 

taken every 10 minutes for 3 hours. For clarity purposes, only the normalized absorbance 

spectra of the initial Au/CdS suspension (black), the reaction after 3 hours (red), and with 

a control (grey) are shown in Figure 40. For the control reaction, I added the same 

amount of methanol and TBP but without any lead. I allowed the control reaction to heat 

to 150 °C for three hours. I used the control to be sure that the spectral changes were not 

occurring because of heating induced degradation etc.. 
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Figure 40: Absorbance changes versus wavelength of Au/CdS hybrid nanoparticles during 

“cation exchange” using exposure to lead nitrate with tributylphosphine as a transport agent. 
The absorbance of the initial Au/CdS nanoparticles is shown in black. The red curve shows the 

absorbance as the cation exchange reaction proceeded for 3 hours. The grey curve shows the 

absorbance of the control sample (at ¾ the intensity for clarity). The control sample was exposed 

to everything that the (red curve) was (including heat and solvents) except lead nitrate. 

In Figure 40, comparing the black and red curves, the Au plasmon peak changes 

shape (to more of a shoulder) and blue-shifts after three hours of exposure to lead nitrate. 

Comparing the original reaction (black curve) to the control (grey curve), the plasmon 

peak did not change in location. The intensity of the control curve (grey) was 

intentionally lowered for clarity purposes. Per Mie theory, we would expect the Au 

plasmon peak to (if anything) move in the opposite direction with the change in dielectric 

constant of the media from CdS to PbS. 

Though TEM and EDX were needed to confirm the presence of lead in the shell, 

the lead nitrate method seems much more promising for the generation of a PbX shell 

than the lead oleate method. Although I was successful at fabricating the core/shell/shell 
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hybrid nanoparticles, the PbX layer did not emit as expected, no matter how hard I tried. I 

did some research in the literature on this issue and found the others were experiencing 

this problem with complex layered nanosystems, too. The main culprit is lattice strain. 

2.2.2 Effects of Lattice Strain on Photoluminescence of PbX (X= S, Se) Layer 

Lattice strain can cause the quenching/suppression of fluorescent nanoparticles.170 

The lattice strain of the PbX outer layer combined with the close proximity to the ligands 

provides a favorable situation for surface trapping. Furthermore, the cation exchange 

diffusion between the CdSe and PbSe layers cause even more lattice strain through 

changing the radial composition.171 The strain is caused by the polycrystalline nature of 

the semiconductor shell layer and can be seen visually in the TEM image (Figure 41). I 

altered the brightness and contrast of the image to aid the viewer in visualizing the 

changes in lattice domains. The polycrystalline nature is caused by a phenomenon called 

Stranski-Krastanov (S-K) growth. 
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Figure 41: High contrast, close-up TEM images revealing polycrystalline shell of a single 

Au/CdSe core/shell NP. The scale bar is 10 nm. The light gray area represents the shell and the 

dark circle represents the Au core. 

S-K growth is a common phenomenon in thin film preparation and has been 

observed in core/shell nanoparticles with high lattice mismatch.172 In nanoparticle S-K 

growth, once the shell reaches a critical thickness (which depends on the initial core 

thickness), nucleation of randomly oriented crystalline domains yields a polycrystalline 

shell.171 Unfortunately, the strain-suppressed emission of these hybrid nanoparticles led 

me to drop the project and focus on my second approach: Layered Thin Films. 
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CHAPTER 2.3 PROJECT II: LAYERED THIN FILMS 

 

 

 

In our second approach, we aim to use a layered film system. As illustrated in 

Figure 42, the layers will include glass, Ag NPs, charged polymer layer spacers, and 

PbSe QDs. We chose silver due to its excellent scattering properties.

 

Figure 42: Configuration of layered system in the second approach. In this approach, a 

monolayer of silver nanoparticles (red spheres on glass slide) is separated from a PbSe QD 

monolayer (blue spheres) by charged polymer spacer layers (blue and black lines) of varying 

thicknesses. 

The amount of charged polymer layers could be easily varied and will dictate the 

distance between the SPR and QD. We could also control the plasmon and QD optical 

properties. This provides a robust and versatile platform to study the optical effects of 

SPRs on QD absorption enhancement. The first step of this approach was to fabricate and 

optimize the Ag NP monolayer. Now, I will introduce silver nanoparticle films in terms 

of our application. 
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2.3.1 Introduction to Project II 

In order to truly exploit metal enhanced absorption, we separated the extinction 

coefficient of metal nanoparticles into absorption and scattering, experimentally, with an 

integrating sphere. In this work, the scattering and absorption properties of highly loaded 

silver NP films were determined using an integrating sphere and compared to determine 

their MEF ability. We aimed to create a library of metal films that can be used for metal 

enhanced absorption or fluorescence at any wavelength.  

2.3.2 Tuning Silver NP Synthesis 

Various sizes of Ag NPs were synthesized by a “seeded” growth mechanism. The 

seeds are formed by the rapid reduction of silver ions (Ag+) by sodium borohydride 

(NaBH4). Then, the seeds grow larger following a slow reduction and passivation by 

sodium citrate (Na3C6H5O7). This is a one pot method. The sizes of resulting Ag NPs 

were controlled by tuning the ratio of [Ag+]/[ NaBH4]. The respective reaction 

mechanisms are described below. 

1) Reduction by Sodium Borohydride (FAST) 

Ag+ + NaBH4 ➔Ag0 + H+ + ½ B2H6 + Na+ 

The reduction by sodium borohydride is very fast. There is a 1:1 ratio needed 

between Ag+ and NaBH4 for reduction to occur. Due to the speed of this reaction, it 

determines the number of NPs created and the amount of silver left over for the slower 

reduction by sodium citrate. Simultaneously with the NaBH4, the reduction by sodium 

citrate occurs at a much slower rate. It would be easiest to imagine that the reduction 

NaBH4 happens first, and whatever silver is left over is reduced by the sodium citrate. 
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2) Reduction by Citrate (SLOW) 

4Ag+ + Na3C6H5O7 ➔4Ag0 + C6H5O7H3 + 3Na+ + H+ + O2 

It takes only one molecule of sodium citrate to reduce 4 silver ions. The NP growth reaction 

proceeded until all the Ag+ monomer was consumed.  As previously mentioned, the size of the Ag 

NPs were controlled by the initial Ag+:NaBH4 ratio. The larger the ratio, the larger the resulting 

particles. This means that there is more leftover Ag+ present to slowly be reduced to the surface of 

the seeds by the sodium citrate, yielding larger particles. It is also expected that the larger the ratio, 

the larger the degree of polydispersity. The very slow reduction by sodium citrate (even at high 

temperatures) would favor larger particle surfaces than smaller ones.173 The more silver ions that the 

citrate is responsible to reduce then the larger the resulting particles and polydispersity. 

Since the sodium citrate is also used to passivate the NP surface, I made sure that there was 

an excess amount present in all reactions. The passivated particle surface charges allow for 

repulsive van der Waals forces which improve nanoparticle stability. The precursor solutions were 

prepared as follows: 

Precursor Solutions: First, a 0.5 M AgNO3 solution was prepared by sonicating 0.849 g 

AgNO3 in 10 mL deionized water for 10 minutes. Complete dissolution of the silver nitrate was 

crucial to the success and reproducibility of this reaction. Next, 0.5 M NaBH4  was prepared by 

dissolving 0.190 g NaBH4  in 10 mL DI water. Since lots of hydrogen gas is produced in the 

dissolution of NaBH4, it is important to vent the vial and be sure to knock out all the bubbles before 

measuring out and aliquot for the reaction. 

Reaction Flask: Next, 0.400 g sodium citrate and 140 mL DI water was added to a 250 mL 

Erlenmeyer flask and heated until the temperature reached 85 °C. It was allowed to stir 
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vigorously for at least 5 minutes to ensure complete dissolution. For ≈ 20 nm diameter 

Ag NPs, (a 2:1 ratio was used) 3.5 mL of the Ag precursor was added to the flask until 

the solution became clear. For the first few seconds, the reaction flask becomes cloudy. 

After a few seconds, 1.75 mL NaBH4 was added and the reaction immediately turned black. 

This is indicative of the rapid seed growth (on the millisecond range) caused by the reduction and 

coalescence of Ag+ atoms.173 After 20 minutes, the reaction was quenched by an ice water bath for a 

few minutes and then allowed to continue to cool to room temperature for the next ten minutes 

while vigorously stirring. 

The citrate capped Ag NPs were used as-is for the film preparation or washed once with 

ethanol for TEM measurements. Figure 43 shows a TEM image of Ag NPs fabricated with a 3:1 

Ag:NaBH4 ratio. 
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Figure 43: TEM image of silver nanoparticles fabricated with a 3:1 Ag:NaBH4 ratio. The scale 

bar is 100 nm.  

The Ag NPs appear spherical and polydispersed. I was able to correlate the 

synthetic ratio and the average size determined by the TEM measurements. The 

relationship between the Ag:NaBH4 ratio and the diameter determined by TEM was 

investigated (Figure 44). As expected, the as the ratio increased, the average NP size did 

too. With larger ratios, there was more Ag+ around after the initial, fast NaBH4 reduction 

to be reduced onto the surfaces of the NPs by the surrounding citrate, yielding larger 

particles. 
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Figure 44: Average silver nanoparticle size determined by TEM versus the Ag:NaBH4 ratio used 
in the synthesis. As the ratio increases, the average TEM size increased too. For each ratio, there 

were at least 60 nanoparticles diameters measured (error bars). 

Figure 44 shows the relationship between average TEM size, nm and Ag:NaBH4 

ratio. The figure shows that not only does the size increase with the ratio, but the standard 

deviation of the sizes does too. This trend can be explained by the slow citrate reduction 

favoring larger particles and Ostwald ripening. We also looked at the absorbance changes 

of the colloidal suspension of Ag NPs with increasing NaBH4 (Figure 45). 
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The figure above shows the Ag NP absorbance (in a cuvette) at different 

wavelengths. The scans from black to yellow show the changes in absorbance as the 

relative amount of NaBH4 increases.  The spectroscopic trend supports what was 

observed in the TEM study; more NaBH4 yields smaller, more monodispersed particles. 

The red shoulder appearing as lesser amounts of NaBH4 (greater Ag:NaBH4) ratios 

suggests that higher order modes are appearing due to an increase in size. 

 These TEM and in-suspension, spectroscopic experiments proved that we can 

control and tune the Ag NP properties by changing the Ag+:NaBH4 ratio during synthesis. 

Decreasing Ag
+

: NaBH
4
 

Figure 45: Colloidal Ag NPs normalized absorbance changes versus wavelength, nm with 
changing Ag:NaBH4 ratio. The blue arrow represents the absorbance trend as this ratio increases. 

The red spheres show the relative nanoparticle size as this ratio changes. The decrease in 

absorbance shoulder as the particles get smaller corresponds to the decrease in higher order 

plasmon modes. 
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The next step was to apply these Ag NPs in a monolayer onto glass slides as the first 

layer of our system. 

2.3.3 Applying and Characterizing Ag NP Monolayer Films 

It is vital that the glass substrate is clean from any organic materials or dust before 

they are treated with silane and later Ag NPs. First, glass slides were cut and cleaned 

using a piranha bath (3:1 volumetric ratio of sulfuric acid to peroxide) at 85 °C for one 

hour. The films were rinsed with milli-q water and then soaked in a basic solution (10 mL 

30 % ammonium hydroxide, 50 mL milli-q water, and 10 mL 30 % peroxide) for an hour. 

The clean films were rinsed 5-6 times with milli-q water and stored in methanol until the 

next step. 

Next the surfaces of the films were exposed to a 2 % silane solution in methanol 

for 24 hours. This step functionalized the surface of the film so that the metal NPs would 

form a monolayer. Once the silane-covered films were sonicated in water, they were 

soaked in the citrate-stabilized Ag NP solution for 24 hours. 

Once the Ag NPs were applied, the films were sonicated in water to remove 

unbound NPs. To prepare the slides for polymer application and spectroscopic 

experiments, one side of the film was wiped cleaned using a methanol-soaked q-tip. 

Before I started focusing on Ag NPs due to their excellent light scattering abilities, I 

made many gold NP monolayer films. Figure 46 shows a desktop scanning electron 

microscope (SEM) image of a gold NP film with 2 polymer layers added. 



 

 

83 

 

  

Figure 46: Scanning electron microscope image of a Au NP covered glass slides with PAA and 

PSS polymer layers. The scale bar is 500 nm. 

For this measurement, a focused beam of electrons was scanned in a raster pattern 

across the surface of the film. The angle and energy that the electrons bounce back from 

the surface with give detailed, topographical information of the film. Here, the scale bar 

is 500 nm. Though it appears that the gold NPs range from 50 to 100 nm in diameter, the 

2 polymer layers on top add to the perceived size. A more accurate depiction of the 

monolayer film morphology and size would be SEM or atomic force microscope 

measurements on a NP film without polymer added. 
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2.3.3.1 Photoaging of Silver Nanoparticles 

Once the films were successfully fabricated, spectroscopic studies were swiftly 

taken. Silver nanoparticles are highly prone to surface oxidation in air. As Ag NPs are 

exposed to air and light, a silver oxide layer is formed on the surface. Studies on the 

photoaging of Ag NPs showed that the main culprit is oxygen as the electron acceptor.174 

Figure 47 a-b shows a study by Manchon et. al. on the role oxygen plays in the oxidation 

of single Ag NPs.174 

 

Figure 47: Evolution of a photoaging Ag NP. a) Represents the decrease in the SPR extinction 

maximum as the NPs photooxidize in the presence (red) and absence (blue) of oxygen over time. 

b) Represents the TEM image of the (top) non-oxidized and (bottom) oxidized surface.174 
Reprinted (adapted) with permission from (Grillet, N.;  Manchon, D.;  Cottancin, E.;  Bertorelle, 

F.;  Bonnet, C.;  Broyer, M.;  Lerme, J.; Pellarin, M., Photo-Oxidation of Individual Silver 

Nanoparticles: A Real-Time Tracking of Optical and Morphological Changes. Journal of 

Physical Chemistry C 2013, 117 (5), 2274-2282.). Copyright (2013) American Chemical Society. 

 The photoaging of QDs manifests itself in the depletion of the SPR extinction 

maximum and the lightening of the surface in the TEM image. In this process, the water 

in the air adsorb onto the NP surface, then silver ions are dissolved and transferred to the 

adsorbed water leaving an oxide layer behind. The loss of Ag on the surface causes the 
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SPR to become weaker. Figure 47 a) shows that the photooxidation of Ag NPs in the 

presence of oxygen (red) is much more rapid than without (blue). For approximately half 

of the extinction intensity to be lost, it took approximately 400 and 900 seconds in the 

presence and absence of oxygen, respectively. In addition, Figure 47 b) shows that silver 

NPs in the presence of oxygen (bottom) have a distinctly different appearance under an 

electron microscope than Ag NPs. The oxidized layer has less electron density, and thus 

transmits more electrons through the material. This gives rise to the lighter appearance of 

the oxidized regions in the TEM.  

For our research, the strength of the SPR extinction was vital to the absorption 

enhancement in the QDs. Since there was plenty of oxygen and water in the ambient air, 

the film samples were always kept in a pumped-down desiccator and wrapped in 

aluminum foil; except during the spectroscopic experiments.  

2.3.3.2 Scattering and Absorbance of Silver NP Films  

The scattering and absorption of the Ag NP films play an important role in the 

absorption enhancement rates of the QDs. Conventional spectrophotometers measure the 

sample extinction, not merely the absorbance. Energies where the NP films scatter the 

most relative to absorbance are expected to cause the most absorption enhancement in the 

QDs. I wanted to tune these ranges so that the scattering proportion was large at energies 

above the MEG threshold of the QDs. First, I took absorption and scattering 

measurements of the films using an integrating sphere set-up. To separate the Ag film 

extinction into absorbance and scattering, I used the integrating sphere set up shown in 
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Figure 48.

 

Figure 48: Integrating sphere set-up for direct absorption and scattering measurements, For the 

absorbance measurements, a white plug was placed behind the sample (orange rectangle). For 

the scattering, a black light trap was placed behind the sample so that only the scattering off the 

NPs were measured by the spectrometer fiber (blue port). The grey rhombus on each set up 
represents the open, entrance port for the incoming light. The white oval represents the baffle 

which prevents light coming directly off the sample into the detection fiber. 

For the scattering and absorption experiments, a black plug and white plug were 

used, respectively. The orange rectangle represents the film sample and the white oval 

represents the baffle. In each case, the incoming light came through the entrance port and 

directly onto the sample. The direct absorption data was measured with the sample in the 

back of the integrating sphere with a white plug behind it. The forward scattering of the 

samples was measured by placing the sample in the rear of the sphere with a black light 
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trap behind it. Presumably, the only light that made it to the detector was scattered by the 

sample.  

In both types of measurements, the data was corrected for with a plain glass slide 

as a control for “zero” absorbance and scattering. Figure 49 shows the scattering (black) 

and absorbance (blue) curves on an energy (eV) scale. 

 

Figure 49: Scattering (left axis, black curve) and absorbance (right axis, blue curve) versus 

energy (eV) of Ag monolayer films made of washed NPs. The single scattering peak corresponds 
to the lower energy mode of the NPs absorbance. This may be due to the coherent plasmon 

resonance. 

The scattering spectrum has two peaks and is slightly red shifted from the 

absorbance spectra. The absorbance spectrum (blue curve) shows two peaks: a bluer, 

transverse mode (≈ 3.1 eV), and a redder longitudinal mode (≈ 2.1 eV). The Ag NPs 

scattering (black curve) mainly comes from the longitudinal mode and is, as predicted by 
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Mie theory, slightly red-shifted (≈1.9 eV). Again, we were very interested in areas where 

the scattering was larger than the absorption for our application.  

Next, I studied the scattering and absorption properties of films made from 

various sizes of Ag NPs. I wanted to prove that I could control the scattering and 

absorption properties of the monolayer films by altering the sizes of the NPs, themselves. 

We expected the smaller NPs to scatter higher energy light than the larger NPs. 

Furthermore, we expected smaller NPs to generate more uniform, closely (hexagonally) 

packed films than that of larger NPs due to the more narrow size distribution. The 

relationship between the absorbance (red) and scattering (blue) lowest energy peak 

(longitudinal mode) and the Ag:NaBH4 ratio used to synthesize the particles is shown in 

Figure 50. 
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Figure 50: Lowest energy scattering (blue) and absorbance (red) peaks versus Ag:NaBH4 ratio. 

A linear fit was performed on each data set highlighting the trend, which is a red shift with 

increasing ratio and thus the NP size. 

As expected, the general trend is that the lower energy peak decreases in energy 

as the Ag:NaBH4 ratio increases. The larger synthetic ratio produces larger particles, and 

thus lower energy plasmon peaks. The scattering spectra of films made with varying 

synthetic ratios (from 2.09-5.29) are shown in Figure 51.  
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Figure 51: Scattering spectra of film series made with different sizes of Ag NPs. From black to 
yellow represents an increase in Ag:NaBH4 ratio and thus the increase in size. There is a red shift 

in scattering as the NP sizes increase. 

The curves from yellow to black represent the scattering trend as the Ag NP size 

decreases. As the NP size decreases, the monolayer films transverse scattering blue shifts. 

The longitudinal peak remains the same around 3.1 eV.  

These integrating sphere experiments proved to us that the initial NP size can be 

used tune the Ag monolayer film optical properties. This finding enabled us to tune the 

Ag NP monolayer scattering properties to be optimized at the energies above the MEG 

threshold of the QD layer. The packing and interparticle spacings can also affect the 

extinction of the NP films. The coherent plasmon resonance forms when the NPs are 

closer together. I studied this phenomenon by changing the soaking time of the films in 

the NP suspensions while keeping the particle size the same. 
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2.3.3.3 Optical SPR Dependence on Interparticle Spacing 

I studied the film soak time in the Ag NPs to see how the inter-particle spacing on 

the films affected the scattering and absorption. The same size Ag NPs for all the films 

were used and only the film soaking time was varied. I expected that the longer soaking 

times would yield more dense particle packing and thus a stronger coherent plasmon 

resonance. 

Initially, I studied the atomic force microscope (AFM) images of all the films as 

the soaking time changed (Figure 52). In tapping-mode atomic force microscopy, a high 

aspect ratio probe on a cantilever is oscillated right above the monolayer surface. A 

piezoelectric stage is moved to raster scan the probe across the surface. A laser beam is 

directed on the back of the AFM probe so that even the slightest changes in bends that the 

probe feels is detected. The repulsions the probe feels from the surface of the substrate is 

recorded and used to generate a topological map of what the probe “feels.” Since AFM is 

notorious for image distortions and false positives, extra care was always taken in 

calibrating the instrument, sample preparation, and autotuning the probe to shake off any 

particles or dust. 

 I used this data to calculate the particle density (NP/nm2) of 500 x 500 nm areas 

of the films. Each film was silanized and then soaked in the NP solution for a different 

amount of time: (Figure 52) A) 10 seconds, B) 600 seconds, and C) 2700 seconds. 
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Figure 52: Atomic Force Microscopy (AFM) images of Ag NP films with increasing soak times A) 

10 seconds B) 600 seconds and C) 2700 seconds. The AFM area for each film was 500 nm2. The 

particles in each area were counted, and then the particle density was calculated (NP/nm2). 

I counted the approximate number of particles in the same area (500 x 500 nm) of 

each film and calculated the particle density for each soaking time. Next, I plotted the 

data and compared the particle density (NP/nm2) determined by AFM, versus the film 

soak time (Figure 53).  

 

10 seconds 
78 particles 

Density = 0.163 NP/nm
2

 

600 seconds 

140 particles 

Density = 0.292 NP/nm
2

 

2700 seconds 
180 particles 

Density = 0.376 NP/nm
2

 

A) B) C) 
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Figure 53: Particle density (NP/nm2) as determined by AFM versus soaking time (seconds) of 

films with the same size NPs. As the soaking time increased, the particle density increased. 

As expected, the longer the films spent in the Ag NP solutions resulted in more 

NPs on the films. The larger particle density means smaller inter-particle spacing on the 

films. When the particles are closer together, the SPRs can interact and form a coherent 

plasmon resonance. To study the optical consequences of these interparticle interactions, 

I measured the film absorbances at different soaking times (Figure 54) using the 

aforementioned integrating sphere set-up. 



 

 

94 

 

Figure 54: Film absorbance with different NP soaking times: (black) 10 seconds (blue) 600 

seconds and (red) 2700 seconds. As the soaking time increases (from black to blue to red) the 

appearance of a higher order mode appears. This mode may be due to the formation of a 

coherent plasmon resonance as the interparticle distances decrease. 

Figure 54 shows the absorbance of films that have soaked for 10 seconds (black), 600 

seconds (blue) and 2700 seconds (red). As the soaking time and thus the particle density 

increased, the overall absorbance intensity and energy range increased. The lower energy 

peak that arises and intensifies as the soaking time increases can be attributed to the 

coherent plasmon resonance formed. Figure 55 shows the corresponding scattering 

spectra as the soaking time increased. 
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Figure 55: Film scattering with different NP soaking times: (black) 10 seconds (blue) 600 

seconds and (red) 2700 seconds. As the soaking time increases (from black to blue to red) the 

appearance of a higher order mode appears. This mode may be due to the formation of a 

coherent plasmon resonance as the interparticle distances decrease. 

The film absorbance and scattering drastically increase as the soaking time 

increased. The longitudinal peak may correspond to the coherent SPR because it appears 

after 600 seconds of soaking and increases in relation to the transverse peak after 2700 

seconds. As the particles get closer together, the coherent plasmon increases in strength. 

With this knowledge, I was able to tune the Ag NP synthesis and the monolayer film 

fabrication to optimize the film scattering properties for our application of improving the 
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QD absorption properties. After learning about the Ag NP film application and 

properties, the next step was to apply the following layer of the film: the dielectric spacer.   

 

2.3.4 Applying Dielectric Spacer and Determine Thicknesses 

The enhancement of a fluorophores absorption by a metal NP SPR is known to be 

highly dependent on the distance between them. This component of the films is extremely 

important as it determines the QD-NP distance. The dielectric spacer consists of 

alternating charged polymer layers. The polymer preparation is as follows:  

The negatively charged polymer, polystyrene sulfonate (PSS) (Figure 56) was 

prepared by combining 0.05 g of PSS with 25 mL of DI water and then sonicated for 20 

min. The sonication step was vital to ensuring the even distribution and complete 

dissolution of polymer within the solution. Figure 56 shows the molecular structure of 

PSS. The sulfonate group on the bottom of the image is responsible for the negative 

charge of the polymer. 

 

Figure 56: Structure of PSS, poly(sodium 4-styrene-sulfonate). The negatively charged sulfate 

group provides the polymer charge. The sodium ions are removed from the films by rinsing with 

water. 

The positively charged, polyallyl amine (PAA) polymer (Figure 57) was prepared by first 

adding 143 uL of PAA to approximately 15 mL of water. A pH meter was calibrated to a 
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pH of 4, 7, and 10 by using pH buffer solutions. To positively charge the polymer (from 

Figure 57 A) to B)), the pH was adjusted from about 8.5 to 5.5 with a few drops of 

concentrated hydrochloric acid (HCl). Altering the pH to 5.5 ensures the protonation of 

the polymer by HCl.  Finally, the concentration was changed by adding enough DI water 

to make the total volume 25 mL. The polymer solution was then completely mixed by 

sonication for 20 minutes. 

A) B)  

Figure 57: Structure of PAA before A) and after B) protonation by HCl. The pH of the 

polyallylamine was brought to 5.5 by the addition of HCl. The chlorine ions were washed away 

from the films by rinsing with water. 

The two charged polymer solutions were then ready to be added in alternating layers onto 

the Ag NP monolayer by a spin coater. 

Polymer Application: Each polymer layer was applied by spin coating a 300-uL aliquot 

onto a 1 x 1-inch slide (containing a monolayer of Ag nanoparticles). Between each layer 

application, the film was rinsed with two, 300-uL aliquots of milli-q water. The rinsing 

step was necessary to rinse away all of the excess ions like the sodium from the PSS 

polymer solution. The spin coater timers were set to 1.5 seconds (for ramp up) and 20 

seconds (for spinning). Both speeds were set to 6.  

 The whole purpose of the polymer layers were to control the distances between 

the Ag and QD. To approximately determine the thickness added with each polymer 
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layer, I carried out a study on 0, 2, 4, 6, 8, 10, and 12 polymer layer samples. For every 

sample, a monolayer of (2:1 ratio) Ag NPs was first applied. I took AFM images of 

scratched areas of the samples to determine the height of the samples and created a 

calibration curve.  

For the AFM step-height study, each film was scratched with a pair of clean 

tweezers and then blown off with compressed air. The number of polymer layers per 

sample ranged from 0-12 layers. I made doubles of each polymer layer thickness, and I 

performed three step height measurements per sample.  An example of an AFM step 

height measurement is shown in Figure 58. 
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Figure 58: Example of the step-height measurement with AFM. The bottom left image represents 

the top-down view of the area that was measured. Here, the dark area is where the film was 
scratched away and the light, bumpy area is the polymer coated NP film. The red and green lines 

are the areas where the step differential was measured, revealing the thickness of the film. 

In the top portion of Figure 58, a cross-sectional image of the step height 

measurement is shown. The lower left portion of the figure shows the actual AFM image 

that the step height was taken of. Notice that at this magnification, the scratch is not 

completely straight. The white spots on the non-scratched (left) side of the image 

represent the polymer coated Ag NPs. The red and green arrows show exactly where the 

height changes were measured. 

The resulting calibration curve from the study are displayed in Figure 59. For 

each measurement, I subtracted out the average height of the base, Ag NP monolayer to 
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get an average polymer film thickness. The measurements with error bars are shown in 

red. A power law fit function was used to fit the data and the fit function is shown in the 

bottom right portion of the figure.  

 

Figure 59: Average film thickness vs number of applied polymer layers. Measurements with error 

bars are shown in red and a power-law fit function was used to fit these (weighted) data. The 

gray shaded region indicates a confidence region ± one standard deviation. The fit function is 

provided in the bottom right corner. 

The shaded gray region represents a confidence interval ± one standard deviation. 

The y-axis represents the polymer heights in nanometers. The film heights had a large 

margin of error and increased with number of polymer layers. With this data, I estimated 

the polymer spacer thicknesses of films fabricated in the same exact way. The next 

portion of the project was to fabricate stable, monodispersed PbSe QDs for the top layer 

of the films. 
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2.3.5 Air-Stable PbSe QD Synthesis 

Much like Ag NPs, a common issue with core-only PbSe QDs is that they are not 

very stable in air. I followed the work of Zhang et. al. out of Los Alamos Laboratory to 

synthesize air stable QDs, which maintain their QY in air for over 30 days.175 Amazingly, 

with this procedure, they were able to fabricate PbSe QD solar cells with a record-

breaking, 6 % power conversion efficiency!  

In this method, they utilize CdSe QDs as an initial template for the PbSe QDs. 

Their work showed that the high QD stability in air results from the PbSe QDs having 

chlorine and cadmium ions passivating the QD’s surface. The passivation occurs in situ 

from the cation exchange (between the Pb2+ and Cd2+ ) and the byproduct of the 

dissolution of PbCl2. 

 The fabrication procedure is as follows: Se Precursor Preparation: A Se precursor 

solution was made by sonicating 0.3147 g elemental Se in 10 mL octadecene for 25 

minutes. CdSe QD Synthesis: The size of the CdSe QDs determines the size of the 

resulting PbSe QDs. First, 0.5123 g cadmium oxide, 3.5 mL oleic acid, and 31.6 mL 

octadecene were combined in a clean, 3-neck round bottom flask equipped with a stir bar.  

The mixture was heated to 260 °C while stirring rapidly under nitrogen for 20 

minutes. Next, the reaction was cooled to 240 °C and 5 mL of the Se precursor was 

swiftly injected. The formation of QDs caused the reaction to turn bright orange. The 

flask was then immediately removed from the heat and allowed to cool naturally to room 

temperature. The QDs were washed with equal parts ethanol, chloroform, then again with 

ethanol. The resulting CdSe QDs were redispersed in 5 mL of octadecene. 
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Pb Cation Exchange Step: A flask with 10 mL oleylamine and 0.836 g lead 

chloride was brought to 80 °C under nitrogen for 30 minutes. The mixture was then 

heated to 150 °C, and the CdSe QDs in octadecene were injected. The suspension 

immediately turned dark grey. After 20 seconds, the flask was placed in a water bath. 

Once the reaction cooled to 75 °C, 10 mL anhydrous hexanes was added. At 40 °C, 8 mL 

of oleic acid was added and stirred for an additional 15 minutes. The resulting PbSe QDs 

were washed twice with ethanol and redispersed in anhydrous hexanes for spectroscopic 

measurements. 

I first took TEM images of the PbSe QDs (Figure 60-61). The QDs had an 

average diameter of 3.306 ± 0.428 nm. Approximately 102 QDs were measured using 

imageJ. The small size and size distribution of the QDs were desirable to provide a thin, 

even layer on the Ag NP/polymer films. 
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Figure 60: TEM image of air stable PbSe QDs. The scale bar is 50 nm. From this image, the 

average PbSe QD size was determined to be 3.306 ± 0.428 nm.  

The scale bar in Figure 60 is 50 nm. This zoomed out image was captured to show 

that the QDs all had a similar size and shape. I confirmed that the particles were in fact 

QDs by taking a closer up image (Figure 61) to view the lattice fringes. 
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Figure 61: Close-up TEM image of air stable PbSe QDs. The scale bar is 10 nm. The green circle 

highlights a single QD. The lattice fringes are visible. 

The scale bar in Figure 61 is 10 nm. The lattice fringes of the QDs nanocrystals are visible 

in this figure. The PbSe QDs are uniform, crystalline and highly spatially confined. The size of 

these QDs are much smaller than the exciton-Bohr radius. The electronic confinement of these QDs 

provide a favorable condition for wavefunction leakage and consequently, better charge carrier 

transport for solar cell applications.175  

These particles were used in the film study with and without Ag NPs present. The 

monoexponential nature of the TRPL data (Figure 62) of these QDs in hexanes supports the 

monodispersity observed in the TEM. 



 

 

105 

 
Figure 62: Lifetime decay of PbSe QDs suspended in anhydrous hexanes at 1014 nm emission. 

The left and right decays are in a small (700 ns) and large (10 µs) time window, respectively. 

Figure 61 shows the lifetime data of PbSe QD emission at 1014 nm. The two curves represent 

different decay time windows. The PbSe QDs suspended in hexanes have a monoexponential 

lifetime of 2.19 µs. The next step was to assemble monolayer films of Ag NPs and QDs with 

controlled distances between them.  

2.3.6 Complete Film Series Study Example 

Many different film studies were carried out. For the sake of clarity, I am going to 

discuss one film series study. To begin this film study, I made a large batch (280 mL) of 

1.75:1 (Ag:NaBH4) Ag NPs to make 15 Ag NP monolayer films which have scattering 

that overlap well with the MEG threshold of the PbSe QDs. Of the 15 films, I studied 5 
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different polymer thicknesses in triplicate. The table below describes the layer contents of 

each film made.  

Sample Label Ag NP 

Monolayer? 

# Polymer 

Layers 

PbSe QDs 

a ✓ 0 ✓ 

b ✓ 0 ✓ 

c ✓ 0 ✓ 

d ✓ 2 ✓ 

e ✓ 2 ✓ 

f ✓ 2 ✓ 

g ✓ 4 ✓ 

h ✓ 4 ✓ 

i ✓ 4 ✓ 

j ✓ 6 ✓ 

k ✓ 6 ✓ 

l ✓ 6 ✓ 

m ✓ 8 ✓ 

n ✓ 8 ✓ 

o ✓ 8 ✓ 

p ✗ 2 ✓ 

q ✗ 4 ✓ 

r ✗ 6 ✓ 

s ✗ 0 ✓ 

t ✗ 8 ✓ 

Table 2: QD film series sample details. The sample names and corresponding layer contents are 
shown in the table. The blue sample labels represent the control samples since no silver 

monolayer is present, only PbSe QDs on glass or polymer layers. 

Five samples (shown in blue) served as controls. These samples had no Ag NP layer but 

had varying polymer thicknesses. For all samples, 120 μL of freshly sonicated PbSe QDs 

were spin coated as the final layer. 
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2.3.6.1 Integrating Sphere Experiments 

 To fully study these films, I took the absorbance and scattering at each stage of 

assembly. I started by taking the absorbance and scattering after the Ag NP application 

(Figure 63).  

 

Figure 63: Average absorbance (black) and scattering (red) versus energy (eV) of 15 different Ag 
NP films made with the same size Ag NPs before polymer and QD application. The shading 

represents ± one standard deviation. 

At this point, samples a-o should have the same optical properties. Figure 62 shows that 

all the films have slightly different absorbance (black) and scattering (red) intensities; but 

keep the same general shape. From this data, the proportion of incident light scattered 

rather than absorbed was calculated by the equation below. 

𝑆𝑐𝑎𝑡𝑡𝑒𝑟𝑖𝑛𝑔 𝑃𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 =
𝑆𝑐𝑎𝑡𝑡𝑒𝑟𝑖𝑛𝑔 𝑆𝑝𝑒𝑐𝑡𝑟𝑢𝑚

𝑆𝑐𝑎𝑡𝑡𝑒𝑟𝑖𝑛𝑔 + 𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑆𝑝𝑒𝑐𝑡𝑟𝑢𝑚
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The scattering proportion is a very important value for our work because it 

represents the area of the spectrum where the potential of metal enhanced absorption is 

the greatest. Energies where the scattering trumps the absorption will have scattering 

proportion values above 0.5.  

 Figure 64 shows the average scattering proportions of these 15 films. The light 

green shading represents the standard deviation. At this point, the scattering proportion 

also remain the same general shape. These films have excellent scattering abilities. 

 

Figure 64: Scattering proportion versus energy (eV) of Ag NP films before polymer and QD 
application. The shading represents ± one standard deviation. The areas at which the scattering 

proportion are greater than 0.5 mean that light at those energies is more likely to be scattered 

than absorbed by the Ag NPs.  

Figure 64 show that the peak scattering proportion is approximately at 1.9 eV. At 

this energy, 60 % of the light extincted by the film is scattered, not absorbed. We aim to 
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tailor this system to create films that scatter more light into the QD layer to boost 

photoabsorption. Moreover, the scattering properties of these films can be tailored for 

metal enhanced absorption or metal enhanced fluorescence for just about any 

fluorophore. 

Next, I applied the dielectric spacer polymer layers according to Table 2. I studied 

the absorbance and scattering properties of the 5 different polymer thicknesses on glass 

alone (Figure 65). I took these measurements to prove to myself that the polymer optical 

properties alone are negligible and any changes it may bring to the Ag monolayer are due 

to the change in dielectric constant of the surrounding media (as predicted by Mie 

theory). Since these films had optical properties that did not have a trend or vary in shape, 

I plotted the average absorption (black) and scattering (blue) in Figure 65. The shading 

represents the standard deviation. 
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Figure 65: Average absorbance (black) and scattering (blue) versus energy (eV) of plain polymer 

films of varying thicknesses. The shading represents ± one standard deviation. 

Overall, the scattering and absorption of polymer-only film are very small. Most 

of the scattering measurements of these films was at/below zero. There is a slight feature 

in all the scattering spectra around 1.88 eV, while the absorbance remains flat. Though 

presence of polymer alone does not affect the optical properties much; Mie theory 

predicts that it should affect the Ag NP films because it will change the surrounding 

dielectric constant. The effects upon addition of 2 polymer layers are shown in Figure 66. 
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Figure 66: Average absorption (dark) and scattering (light) before (light and dark pink) and after 

(dark and light blue) two polymer layers added (in triplicate). The shading represents ± one 

standard deviation. 

In Figure 66, the dark pink and light pink curves are the absorbance and scattering 

of the films before polymer addition, respectively. The dark blue and light blue curves are 

the absorbance and scattering of the films after 2 polymer layers were added, 

respectively. The shape of both the average absorbance and scattering of the films 

changes upon the polymer addition. The two peaks broaden, come closer together, and 

are shifted to greater energies. A clearer picture of the implications of the polymer 

addition in terms of our needs is shown in Figure 67. The average changes in scattering 

proportion from before (black) to after (blue) two layers of polymer were added are 

shown here. The shading represents the standard deviation. 
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Figure 67: Average scattering proportion changes upon two polymer layer additions. The black 

curve represents the scattering proportion before polymers were added and the blue curve 
represents the scattering proportion after 2 polymer layers were added. The shading represents ± 

one standard deviation. The change in scattering proportions can be attributed to the change in 

the NPs surrounding dielectric environment.  

After two polymer layers were added, the films scattered less incident light at low 

energies (0.75 – 2.1 eV) and more light at greater energies (2.1 – 3.5 eV). This effect is 

great for our application because the MEG threshold (2.5Eg) of the PbSe QDs is 

approximately 2.8 eV. A similar effect can be seen upon the addition of 4, 6, and 8 

polymer layers. A “zoomed in” image illustrating this effect is shown in Figure 68. The 
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shading represents the respective standard deviations. 

 

Figure 68: Average scattering proportion of films with different # of polymer layers. The black 
curve represents the scattering proportion of the Ag NP film before polymer addition. The curves 

from light blue to pink represent an increase in number of polymer layers. 

It is interesting to point out that 2 polymer layer Ag films scatter very well in the 

red, while 4, 6, and 8 polymer layers scatter better in the blue. Again, as more polymer 

layers are added, the better the scattering proportion at greater energies. For all samples, 

the scattering proportion values showed excellent promise for enhancing QD absorption. 

I spin coated QDs on slides without Ag NPs to see how the QDs alone scatter and absorb 

light. 
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Figure 69: Average absorbance (purple) and scattering (black) versus energy (eV) of QD control 

films (on 0, 2, 4, 6, and 8 polymer layers). The shading represents ± one standard deviation. 

Figure 69 shows the average absorbance and scattering properties of the control 

films consisting of QDs spin coated on 0, 2, 4, 6, and 8 polymer layers. The shading 

represents one standard deviation. There is a small absorption and scattering peak at 3.15 

eV. These optical properties are relatively minimal and there are no major spectral 

differences between the films. The slight variations between films can be attributed to 

QD loading differences. I was curious to see if there were any synergistic effects when 

the QDs were couples to the metal NPs. 

First, we must take into consideration the change in dielectric constant caused by 

the QDs on the Ag monolayer. Based on the TEM calibration curve, the synthetic ratio I 

used should yield approximately 20 nm in diameter Ag NPs. I plugged the radius and 
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refractive indices of the surrounding media to the Mie equation to the expected spectral 

changes due to the surroundings (Figure 70). 

 

Figure 70: Mie theorized extinction versus energy (eV) of 20 nm diameter Ag NPs in the presence 

of air (black) PAA and PSS polymer layers (purple) and PbSe QDs (light blue). 

Figure 70 shows the theorized extinction of 20 nm diameter Ag NPs in the 

presence of air (black) PAA and PSS polymer layers (purple) and PbSe QDs (light blue). 

I did this rough calculation to estimate the spectral shifts that I may observe due to the 

dielectric constant, not interparticle distances. The data shows that I should expect a 

strong red shift after the application of (3 nm diameter) PbSe QDs, which have a large 

dielectric constant. 

A synergistic effect due to near-field coupling between NIR QDs and Ag NPs has 

been seen in the theoretical work of Pelayo Garcia de Arquer et. al. They modeled the 

extinction enhancement of PbS QDs in the presence of varying concentrations of Ag 
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NPs.176 Their work is relevant to ours because they predicted the absorption enhancement 

NIR QDs caused by a nearby SPR. They calculated and compared the “gain” in 

absorption of PbS QDs blended in polymer and varying concentrations of Ag NPs as a 

function of wavelength.176 The spectral gain was defined as follows: 

𝐺𝑎𝑖𝑛(𝜆) =
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒𝑤𝑖𝑡ℎ 𝑁𝑃𝑠

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑁𝑃𝑠
 

 The Ag NPs were within the near field of the QDs (5-10 nm) and were sensitive 

to concentration changes thus distance. The absorption changes a) and the changes in 

gain (inset) of Figure 71 shows this effect. 

 

Figure 71: Theoretical absorption changes of Ag NPs in the presence of PbS QDs. Each trace 
represents a different Ag NP concentration (C) and thus different QD-NP distances. The C values 

1.5-4 represent area densities of 20-5 %, respectively. The insets show the respective calculated 

gain.176 “© de Arquer, F. P. G.;  Beck, F. J.; Konstantatos, G., Absorption Enhancement in 

Solution Processed Metal-Semiconductor Nanocomposites. [2011] Optical Society of America. 

This theoretical work showed that there is a broadband absorption enhancement 

of the PbS QDs due to the SPRs in the near field because the gain was observed in 

energies outside of the SPR, alone. However, the maximum enhancement was found at 
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energies of the SPR resonance.176 As expected, this near field coupling absorption 

enhancement was distance dependent. As the distances became shorter between the QD 

and NP (C = 4-1.5), the gain factors increased.  

With our system, we have a more precise control over the NP and QD distance by 

changing the number of polymer layers between the PbSe QD and Ag NP monolayers. 

Furthermore, we can separate the extinction gain into absorption and scattering gain. If 

the SPRs were enhancing the QD absorption, we would expect to see a large gain. We 

also expect to see a change in gain with respect to QD-NP distances. I calculated the gain 

in scattering of the films and plotted them in Figure 72 to compare. The dashed red curve 

corresponds to the red axis on the right and represents the average Ag NP scattering. 

 

Figure 72: Calculated scattering gain versus energy. From black to light blue represents an 
increase in NP-QD distance. The red curve corresponds to the right axis and represents the 

average Ag NP scattering. 
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Just as the theoretical work on PbS QDs showed, we found an increase in the 

scattering gain as the QD-NP distance increased (black curve to light blue). The black 

curve represents a film without any spacer between the Ag and QD monolayers. This 

showed the greatest scattering gain. Since we are most interested in the absorption 

enhancement, I also calculated the absorption gain (Figure 73). Here, I show only 0, 2, 

and 8 polymer spacings for clarity purposes. 

 

 Figure 73: Calculated absorbance gain versus energy. From black to light blue represents an 

increase in NP-QD distance. The red curve corresponds to the right axis and represents the 

average Ag NP scattering. 

As the spacing between the QD and NP increases (black curve to light blue), the 

absorption gain decreases. The gain for the zero spacing (black curve) clearly shows a 

peak corresponding to the Ag NP scattering peak. The red shift is due to inter-particle 
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interactions and the change in dielectric constant. The signature of the Ag NPs in the 

absorption gain seems to diminish as the spacings become large (light blue). 

From these data, I also calculated the “QD contribution” by subtracting the [ Ag + 

polymer] spectra from the corresponding [Ag + polymer + QD] spectra. If there were no 

synergistic effects, then the resulting spectra should look just like the QDs alone in 

Figure 68. The calculation was performed to observe possibly coupling trends and is 

described again below. 

𝑞𝑑 𝑐𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛𝑎𝑏𝑠 = (𝐴𝑔 + 𝑃𝑜𝑙𝑦𝑚𝑒𝑟 + 𝑄𝐷)𝑎𝑏𝑠 − (𝐴𝑔 + 𝑃𝑜𝑙𝑦𝑚𝑒𝑟)𝑎𝑏𝑠 

Figures 74 and 75 show the resulting QD contribution to the film scattering and 

absorbance, respectively. Right away, it is apparent that the spectra in Figure 74 look 

nothing like the QDs alone. I plotted the average Ag NP scattering (red curve) which 

corresponds to the right axis to compare the curve shapes. 
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Figure 74: Change in film scattering versus energy (eV) with increasing polymer spacer 

thickness. The red curve corresponds to the right axis and represents the average Ag NP 

scattering. The black, dark blue, and light blue curves represent 0, 4, and 8 polymer spacer 

layers between QD and NP, respectively. 

Figure 74 shows the scattering contribution from the QD-NP interactions. The 

closer the QDs are to the Ag layer (from light blue curve to the black), the more the 

spectral shape resembles the average Ag NP scattering alone (red curve). This suggests 

that the Ag NP scattering is “enhanced” by the presence of QDs; possibly due to near 

field coupling. The red shift in the peaks seen from the red to the black curve was 

predicted due to the changes in dielectric constant brought on by the presence of PbSe 

QDs This synergistic effect suggests that there is more coupling via scattering between 

QD and NP when they are closer together.  

The same analysis was done on the absorbance contribution and is shown in 

Figure 75. The red curve represents the average PbSe QD absorbance and corresponds to 

the red axis. The other two curves represent the change in Ag NP absorbance brought on 
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by the presence of QDs when there is no spacing (black) and when there is great spacing 

(blue). 

 

Figure 75: Change in film absorbance versus energy (eV) with increasing polymer spacer 

thickness. The black and dark blue curves represent 0 and 8 polymer spacer layers between QD 

and NP, respectively. The red curve corresponds to the right axis and represents the average 

PbSe QD absorbance. 

I plotted the average PbSe QD absorbance (red) to point out that as the spacings 

get far apart between the Ag NP and QD (blue curve), the change in absorbance due to 

QDs look just like the QDs alone. This told us that there is little to no near field coupling 

when the two layers are far apart. This makes sense because 8 polymer layers represents a 

spacing of approximately 14 nm; which is out of the near field.  

In contrast, change in absorbance due to the presence of QDs when there is no 

particle spacings (black curve) shows some near-field coupling effects. To show this, I 

plotted the same change in absorption data, but this time with the average Ag NP 

absorption (red) on the right axis in Figure 76. 
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Figure 76: Change in film absorbance versus energy (eV) with increasing polymer spacer 
thickness. The black and dark blue curves represent 0 and 8 polymer spacer layers between QD 

and NP, respectively. The red curve corresponds to the right axis and represents the average Ag 

NP absorbance. 

Figure 76 shows that the QD contribution to the absorbance broadens and looks 

more like the Ag NP absorbance alone as QDs are closer to the Ag layer. The two peaks 

are red shifted due to the change in dielectric constant of the surrounding media due to 

the PbSe QDs. Figure 77 shows the trend in scattering proportion of the films when there 

is no spacing (black) 4 polymer layer spacing (dark blue) and 8 polymer layer spacing 

(light blue) between the QDs and NPs. 
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Figure 77: Scattering proportion versus energy (eV) of total films as the QD-NP distances get 

smaller (light blue to black). The red curve corresponds to the right axis and represents the 

average Ag NP scattering proportion. 

Figure 77 shows that the overall scattering proportion of the films increase as the 

NP-QD spacings decrease. This may be due to the near field coupling between the two 

layers. Furthermore, there is an appearance of more scattering proportion peaks as the 

layers get closer (black). I plotted the average Ag NP scattering proportion in red 

(corresponds to the red axis).  

The data in Figures 75-77 suggest that there is a synergistic, coupling effect 

between the metal NPs and QDs. This effect gets progressively more pronounced the 

closer the layers get together. We can already see absorption and scattering enhancement 

of the total films because the NP and QD coupling. This is a very interesting finding 
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because we only expected to see NP-QD coupling through the fluorescence of the QDs, 

not merely the extinction of the Ag NPs. The next step was to determine the 

photoluminescence excitation changes of the QDs in the presence of Ag NPs. 

2.3.6.2 Steady State Emission 

Steady state emission studies of the PbSe QDs give information on the QD 

bandgap energy (Eg). The MEG threshold, or the minimum energy needed to generate 

multiple excitons, can be determined by multiplying the bandgap energy by 2.5. To see 

possible changes in intensity and shape, these studies were carried out on PbSe QD films 

with and without the presence of Ag monolayers. I studied the photoluminescence at 

excitation energies above (410 nm) and below (565 nm) the MEG threshold (>2.5Eg = 

450nm) of the QDs. This means that PbSe QD excitations at energies above 450 nm can 

generate multiple excited states per one photon absorbed. The at both excitation energies, 

the emission peak of the QDs on glass lies at 1.1 eV.  
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Figure 78: Steady state emission of PbSe QD films in the absence (black) and presence (blue) of 
Ag NPs. The dashed curves represent the respective PL when excited at energies below the MEG 

threshold (565 nm), while the solid curves represent the PL when excited at energies above the 

MEG threshold (410 nm, capable of generating multiple excitons). 

Figure 78 shows the steady state PL of PbSe QD films in the absence (black) and 

presence (blue) of Ag NPs. The dashed curves represent the respective PL when excited 

at energies below the MEG threshold, while the solid curves represent the PL when 

excited at energies above the MEG threshold (410 nm). The “0 layer” data means that no 

spacer layer between the Ag and PbSe QDs was implemented. Right away, it is apparent 

that the change in dielectric constant caused by the Ag NPS causes a slight blue shift in 

emission energies (comparing the blue vs black). This means that the strong electric field 

caused by the Ag NPs SPR is affecting the excitonic transitions in the PbSe QDs. It is 

important to note that according to the radiating plasmon model, metal enhanced 
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fluorescence should not occur because there is no overlap between the metal NP SPR and 

the QD emission.151 

Since the QDs absorb more at 410 as compared to 565 nm, one cannot deduce 

anything about MEG from this data alone. Other optical studies like PLE and time 

resolved photoluminescence studies were needed to observe absorption enhancement in 

the QDs. 

2.3.6.3 Photoluminescence Excitation Studies 

To demonstrate absorption enhancement in these QDs I studied the PbSe PLE 

spectra with and without the Ag NPs. The scattering of the Ag NPs is strong and would 

add to the absorbance spectra regardless of QD absorption enhancement. For this reason, 

we also looked at the presence and intensity of the Ag plasmon peak in the excitation 

spectrum of the NIR QD emission. The PbSe QD PLE at 1175 nm emission without 

(black) and with (blue) the presence of Ag NPs is shown in Figure 79. Dark blue to light 

blue curves represent an increase in polymer spacing. 
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Figure 79: PLE of QD films in the absence (black) and presence (blue) of Ag NPs. The dark blue 

curve represents an 8-polymer layer QD-NP distance and the light blue curve represents a 

shorter, 2-polymer layer distance.  

Figure 79 shows that no matter the polymer spacing, the QD PLE at 1075 nm is 

drastically quenched due to the presence of Ag NPs. This may be due to the energy 

transfer from QD to the metal this also may be due to MEG (which is an extremely fast 

process). The quenching is to a lesser degree as the QD-NP spacings increase (from dark 

to light blue). To see the spectral shape differences due to the presence of Ag NPs, I 

normalized the PLE data to a peak at 1.8 eV (Figure 80). I also plotted the average Ag NP 

scattering proportion (red) on the right axis to see if there were any similarities present. 
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Figure 80: Normalized PLE of QD films in the absence (black) and presence (blue) of Ag NPs. 

The dark blue curve represents an 8-polymer layer QD-NP distance and the light blue curve 

represents a shorter, 2-polymer layer distance. The red curve corresponds to the right axis and 

represents the average Ag NP scattering proportion. 

The normalized data in Figure 80 shows that in the presence of NPs (blue curves) 

compared to without (black) the relative PLE at the scattering proportion maximum 

(around 2 eV). In this region, the relative QD PLE is greater in the presence compared to 

other areas of the spectrum. This suggests that although there is quenching/energy 

transfer into the metal; there is a positive affect on the PLE by the metal in the regions of 

interest.  

To make this effect clearer, the data in the presence of Ag NPs was divided by the 

data without. To really see how the PLE is changing due to Ag NPs, I performed the 

calculation below. 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐶𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 𝑜𝑓 𝐴𝑔 𝑁𝑃𝑠 𝑡𝑜 𝑄𝐷 𝑃𝐿𝐸 =
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑃𝐿𝐸 𝑜𝑓 𝑄𝐷𝑠 𝑤𝑖𝑡ℎ 𝐴𝑔

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑃𝐿𝐸 𝑜𝑓 𝑄𝐷𝑠 𝑜𝑛 𝑔𝑙𝑎𝑠𝑠
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I generated Figure 81 to possibly see a correlation of the Average PLE contribution and 

the Ag film scattering proportion. On the right axis (red), I plotted the average Ag NP 

scattering proportion for comparison. A signature would prove that the Ag NP film was 

affecting the emission of the QDs.  

 

Figure 81: [PLE of QDs with Ag/PLE of QDs alone] The curves from black to light blue 

represent an increase in Ag-QD spacing. The PLE ratio data were smoothed with a boxcar width 
of 5 and the background was subtracted for clarity purpose. The red curve corresponds to the 

right axis and represents the Ag NP scattering proportion. 

In each of PLE ratios, there is a slight shoulder from 1.7-2.6 eV. Interestingly, 

these shoulders appear to correspond to the Ag NP scattering proportion peak at the same 

energies. This further suggests that there is an absorption enhancement caused by the Ag 

NP monolayer scattering properties. For completeness, non-averaged PLE data for each 

polymer thickness (with the same scale) are shown in Figure 82. 



 

 

130 

 

 

Figure 82: Comparison of PL enhancement versus photon energy (eV) in triplicate) of different 

Ag-QD distances: 0 (light blue), 2 (medium blue), 4 (dark blue), 6 (purple) and 8 layers (pink). 
Ratio values above 1 would be indicative of enhancement. These values are all less than 1 

because the energy transfer from QDs into the metal have not been accounted for. 

Figure 82 shows the PLE ratio as the number of polymer layers increase. The 6 

polymer layer data set appears to have an outlier with a very large PLE enhancement due 
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to the Ag NPs.  All of the ratios are less than one, so there is no apparent PLE 

enhancement due to Ag. The enhancement does show a distance dependence, rising at 4, 

6, and 8 polymer layers. 

 

Figure 83: Comparison average PL enhancement averages of different Ag-QD distances: 0 (light 
blue), 2 (medium blue), 4 (dark blue), 6 (purple) and 8 layers (pink). For clarity, the number of 

polymer layers are next to the respective curves. Ratio values above 1 would be indicative of 

enhancement. These values are all less than 1 because the energy transfer from QDs into the 

metal have not been accounted for. 

In general, as the polymer layers increase there is an observed feature that appears 

in the 1.8-2.5 eV region, which corresponds to the Ag NP scattering proportion. When 

the Ag NPs are very close to the QDs (0 and 2 layers) the PL enhancement is very low 

and flat at high energies. Conversely, when the QDs are further from the Ag NPs (4, 6, 

and 8 layers) there is a rise in PL at high excitation energies. This is very interesting 
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because this rise begins at around the MEG threshold (2.5Eg = 2.75 eV). This rise could 

be an indication of MEG, but more studies need to be done. 

Since the observed PbSe QD PLE quenching due to the Ag NPs suggested energy 

transfer from the QD to NP, we wanted to look at the excited state dynamics through time 

resolved photoluminescence studies. 

2.3.6.4 Time Resolved Photoluminescence Studies 

The charge carrier dynamics of the PbSe QDs are expected to change in the 

presence of a SPR. In this study, the films were excited by 410 nm light and the emission 

wavelength probed was 1075 nm. The distance dependence of the fluorescence lifetime is 

shows in Figure 84. 

 

Figure 84: Distance-dependent time resolved photoluminescence decays of NP-QD films. The 

blue curves represent the lifetimes of PbSe QDs on polymer alone, and the red curves represent 

different polymer spacings between QD and NP. The shortness of lifetime with increasing 

proximity from QD-NP corresponds to more energy transfer into the metal. 

When no NPs are present (blue curve), the decay is very long (around 800 ns) and 

appears close to monoexponential. As the QDs get closer to the metal NP (from light pink 
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to dark red), the lifetime shortens drastically and begins to appear multiexponential. This 

provides further evidence that the QD and NP are coupled to a greater degree as they get 

closer in proximity. The shortness is lifetime may be a result of the energy transfer to the 

NP. The plasmons then cannot radiate that energy due to wave vector mismatching at the 

monolayer interface, so the energy is then lost as heat.151 To explore this trend further, 

Figure 85 shows the lifetimes (sec) versus polymer layers. 

 

Figure 85: Fluorescence lifetime of QDs versus distance between NP and QD (red) and QDs 

alone (blue). The shortness of lifetime with increasing proximity from QD-NP corresponds to 

more energy transfer into the metal. 
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The lifetime trend appears to exponential increase as the polymer spacer 

increases. It should be noted that the y axis is on a logarithmic scale. The closer the QD is 

to the plasmon, the easier that the plasmon can couple into non-radiative pathways of the 

QDs. This shortness of lifetime can possibly result in longer lasting films due to less 

chances for photooxidation to occur. 

2.3.7 Excitation Enhancement Calculations 

An important goal of this work was to show that silver NP films induce an 

excitation enhancement into the PbSe QDs. The problem is, we have relied on the 

photoluminescence excitation (PLE) data to monitor this enhancement. This is a problem 

because the photoluminescence (PL) yield drops as the particles get close to the Ag NPs 

due to energy transfer into the Ag films. So, in order to estimate absorption enhancement, 

we corrected the PL intensities for distance-dependent non-radiative losses. We did this 

by measuring the PL lifetimes as a function of the distance between NPs and QDs 

(section 2.3.6.4). 

In the absence of the metals, the PL quantum yield, 𝜙, is given by: 

𝜙𝑄𝐷 =
𝑘𝑟

𝑘𝑟 + 𝑘𝑛𝑟
 

Where 𝑘𝑟 and 𝑘𝑛𝑟 are the radiative and non-radiative exciton recombination rates. When 

the QDs are near silver, an additional non-radiative decay channel, 𝑘𝐴𝑔, appears. The PL 

quantum yield is now given by: 

𝜙𝑄𝐷+𝐴𝑔 =
𝑘𝑟

𝑘𝑟 + 𝑘𝑛𝑟 + 𝑘𝐴𝑔
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The quantum dot emission rates, 𝑘𝑄𝐷  and 𝑘𝑄𝐷+𝐴𝑔  are given by: 

𝑘𝑄𝐷 = 𝑘𝑟 + 𝑘𝑛𝑟 

𝑘𝑄𝐷+𝐴𝑔 = 𝑘𝑟 + 𝑘𝑛𝑟 + 𝑘𝐴𝑔 

So, the quantum yields in the presence and absence of Ag NPs can be rewritten as: 

𝜙𝑄𝐷 =
𝑘𝑟

𝑘𝑄𝐷
 

𝜙𝑄𝐷+𝐴𝑔 =
𝑘𝑟

𝑘𝑄𝐷+𝐴𝑔
 

The ratio of emission intensities, 𝐼𝑄𝐷+𝐴𝑔/𝐼𝑄𝐷  measured with and without Ag NPs is given 

by the quantum yield ratios 

𝐼𝑄𝐷+𝐴𝑔

𝐼𝑄𝐷
=

𝜙𝑄𝐷+𝐴𝑔

𝜙𝑄𝐷
=

𝑘𝑟

𝑘𝑄𝐷+𝐴𝑔

𝑘𝑟

𝑘𝑄𝐷

=
𝑘𝑄𝐷

𝑘𝑄𝐷+𝐴𝑔
 

The following equation is expressing the ratio of emission intensities in terms of PL 

lifetimes: 

𝐼𝑄𝐷+𝐴𝑔

𝐼𝑄𝐷
=

𝜏𝑄𝐷+𝐴𝑔

𝜏𝑄𝐷
 

So, we can write a lifetime-normalized PL ratio, 𝑅, which we equate to the excitation 

enhancement: 

𝑅 =
𝐼𝑄𝐷+𝐴𝑔

𝐼𝑄𝐷

𝜏𝑄𝐷

𝜏𝑄𝐷+𝐴𝑔
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If there is no excitation enhancement then 𝑅 = 1, but if 𝑅 > 1 then the Ag NPs cause 

increased photoabsorption in the PbSe QDs.   

Figure 86 shows the calculated excitation enhancement vs energy of 0 (light 

blue), 2 (blue), 4 (dark blue), 6 (purple) and 8 (pink) layers of polymer between QD and 

NP. If there is no excitation enhancement, the value for excitation enhancement is 1. If 

the value on the y-axis is greater than one, then there is an absorption enhancement 

caused by the presence of Ag NPs. Each curve shows at least some excitation 

enhancement (least of all when the Ag NPs are close to the QDs.) 
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Figure 86: Calculated excitation enhancement vs energy of 0 (light blue), 2 (blue), 4 (dark blue), 

6 (purple) and 8 (pink) layers of polymer between QD and NP. If there is no excitation 
enhancement, the value for excitation enhancement is 1. If the value on the y-axis is greater than 

one, then there is an absorption enhancement caused by the presence of Ag NPs. 

The MEG threshold for the QDs is 2.75 eV. It is interesting that around that 

energy and above (in the 4, 6, and 8 layer spacing cases), a slight rise in excitation 

enhancement is observed. The same trend was observed in the PL enhancement. Figure 
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87 shows the same data, but each thickness was averaged on the same plot for 

comparison. For clarity, the number of polymer layers is next to each respective curve.  

 

Figure 87: Calculated average excitation enhancement vs energy of 0 (light blue), 2 (blue), 4 
(dark blue), 6 (purple) and 8 (pink) layers of polymer between QD and NP. For clarity, the 

number of polymer layers is next to each respective curve. If there is no excitation enhancement, 

the value for excitation enhancement is 1. If the value on the y-axis is greater than one, then there 

is an absorption enhancement caused by the presence of Ag NPs. 

Figure 87 shows that when the spacings between the Ag and NP are above 4, 

there is a broadband excitation enhancement in the QDs. It is important to note that in 

these curves (pink, purple, and blue) there is a drastic rise in enhancement at excitation 

energies above the MEG threshold of the QDs (2.75 eV).   

These results agree with the theoretical work of Lee et. al. on the origin of 

enhanced optical absorption in solar cells.177 They found that the enhancement arose from 
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the metal NP scattering and the enhanced optical fields caused from the SPR. Just like we 

observed experimentally, their work predicted absorption enhancement at wavelengths 

over a broad optical range, longer than the SPR wavelengths, due to the absorption of 

light scattered by the NPs.177 More recent work has also found that metal NPs enhance 

absorption at long wavelengths due to the increased electromagnetic field and the 

scattering by the metal NPs.178 

The same data is shown in a different way to highlight and compare the 

absorption enhancement at different polymer thicknesses and excitation energies in 

Figure 88. This shows the excitation enhancement values versus film thickness (nm). The 

enhancement values were taken at different excitation energies: 2.0 eV (red), 2.5 eV 

(yellow), 3.0 eV (green), and 3.5 eV (blue).  

 

 

Figure 88: Excitation enhancement values versus film thickness (nm). The enhancement values 

were taken at different excitation energies: 2.0 eV (red), 2.5 eV (yellow), 3.0 eV (green), and 3.5 

eV (blue). The MEG threshold for the QDs is around 2.75 eV. 
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Figure 88 shows that the excitation enhancement has a distance and frequency 

dependence. At all excitation energies, the greatest excitation enhancement was observed 

when the Ag NPs were 6 polymer spacings, or approximately 8 nm away from the QDs. 

This optimal QD-NP thickness agrees with Tobias et. al. where they looked at metal 

enhanced fluorescence in CdSe QDs.179 The first two points in each plot flatten out. This 

may be because the scattering proportion of the QDs with 2 polymer layers scatters best 

in the red, not the blue. This is not surprising because near field coupling enhancement is 

notoriously distance dependent.  

It is also very interesting that from the green curve to blue (excitation energies at 

3-3.5 eV) there is an increase in excitation enhancement at polymer thicknesses greater 

than 2. This could possibly be due to MEG. Though MEG happens very quickly in QDs 

alone, Sharonda LeBlanc et. al. found that they could measure biexciton emission in 

CdSe QDs coupled to Ag films.159 
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CHAPTER 2.4 SUMMARY/CONCLUSIONS 

 

 

 

We are interested in the development of novel, more efficient, cheaper, and 

thinner solar devices than the current state-of-the-art. The advantages and disadvantages 

of the latest solar energy technologies have been highlighted. Lead-based QDs have 

specific properties and potential for efficiency improvements in solar cells such as MEG. 

To increase the quantum yield, long term stability, and charge separation in these QDs; 

we will implement a synthetic approach to yield highly passivated QDs by chlorine and 

cadmium. 

Instead of trying to improve the efficiency of MEG, we wanted to find a way to 

maximize the utility of MEG by increasing the amount of light absorption above the 

MEG threshold. We were able to achieve this by placing surface plasmons in metal 

nanoparticles near our QDs. Our scattering, absorption, photoluminescence excitation and 

lifetime data supported that we increase the light absorption above the MEG threshold in 

the lead-based semiconductors. We were able to achieve this by using the light 

concentration and scattering abilities of surface plasmon resonances in colloidal silver 

nanoparticles. 

This research will add to our understanding of interactions between metal SPRs 

and QD excitons. If we could develop a way to enhance the absorption rates of the QDs 

above the MEG threshold then this project could also act as a stepping-stone to more 

efficient solar cells. Furthermore, exciton-plasmon coupling could be a general strategy 

for increasing absorption rates in solar cells, enabling thinner (and cheaper) devices. This 
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research is important for the development of low cost, high efficiency solar cells in 

addition to a wide range of optoelectronic applications. 
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CHAPTER 2.5 FUTURE WORK 

 

 

 

Future directions of this research can involve different metals for the SPR (like 

higher energy Ag NPs) and even different shapes of the metal SPR. Metallic nanorods 

have longitudinal and transverse modes that we can possibly use to push more light at the 

direct band edge and above the MEG threshold, simultaneously! Specific experiments 

that could directly support our work include the measurement of biexciton lifetimes. 

2.5.1 Measure Biexciton Lifetimes 

In order to learn about the effects of SPRs on MEG in PbSe QDs, time-resolved 

fluorescence at the single particle and ensemble level should be recorded. Then, we can 

distinguish biexciton PL using photon-correlation spectroscopy for single particles and 

multi-pulse time resolved PL (developed in the Jones group) for ensemble samples.  

 

Figure 89: An example of multi pulse time-resolved fluorescence decays (CdSe QDs).180 
Reprinted (adapted) with permission from (Singh, G.;  Guericke, M. A.;  Song, Q.; Jones, M., A 

Multipulse Time-Resolved Fluorescence Method for Probing Second-Order Recombination 

Dynamics in Colloidal Quantum Dots. Journal of Physical Chemistry C 2014, 118 (26), 14692-

14702.). Copyright (2014) American Chemical Society. 
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This multi-pulse technique (Figure 89) allows us to selectively resolve and 

characterize PL from multiply excited states in ensemble QD samples.180 Analyzing the 

data built up from the multipulse time resolved PL can be used to model processes like 

QD charging. This specific technique operates on the 80 GHz laser pulses, which are 12 

ns apart.  

Unfortunately, that means any process that happens within this time period cannot 

be probed. By shortening and controlling the time between two pulses using a mechanical 

delay line on the laser table, we can perform two-pulse TRPL experiments. 

Two-Pulse time resolved photoluminescence lifetimes 

We can perform 2-pulse lifetime experiments to pump and probe the samples 

much like transient absorption. After the laser light comes through the second modulator, 

it is split into two paths using a beam splitter. One path goes to the sample, while the 

other goes through an electronically controlled delay stage.  

By varying the time between pulses, we can to look for a biexciton decay 

signature in the TRPL and eventually model biexiton lifetimes. The Jones laser table is 

already set up and aligned for this 2-pulse experiment with a beam splitter, two paths, and 

a delay line.  

Once the biexciton lifetimes are modeled within our samples, we can observe any 

differences, or enhancements of biexciton lifetimes caused by the presence of the Ag 

SPR. Eventually with this technique, we may be able to answer questions like: How does 

the excited state (exciton, biexciton, trion, etc) on QD affect coupling strength? 
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These spectroscopic experiments will allow us to determine if we can use the SPR of Ag 

to act as an antenna to push more light above the MEG threshold in near IR absorbing 

PbX QDs.  
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