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ABSTRACT

KATHLEEN MARY DIPPLE. Employing Surface Plasmon Resonances to Boost
Effectiveness of Multiple Exciton Generation in LeBdsed Quantum Dots. (Under the
direction of DR. THOMAS A. SCHMEDAKE)

Harvestinghes undés ener gy at a high efficiency
towards replacing fossil fuels. Colloidal quantum dots (QDs) are promising materials that
have great potential for solar applications due to their size dependent optical psoperti
andhigh-absrption crosssections: Leadchalcogenid€Dscan be tuned so that their
band gap is close to optimal for light absorber in a single junction solaMmekover,
these near IRbsorbingQDs can generate multiple excitcafser absorption of auitably
energetighoton,enabing external quantum efficiencies in exces4.00% EQEfor
blue and UV lighf

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 travelteach an electrode. In addition, foelis that utilize
multiple exciton generatiqiit is critical thatthey absortas mucHJV and bludight as
possible One way taboost the optical density of QD solar caedigo take dvantage of
the optical antenneffect of plasmonienetalnanoparticle§NPs) TheseNPssupport
surface plasmon resonances that generate very large local electric fields and increase
photo-absorption in nearby chromophores

The goal of this workwasto take advantage of theffect todenonstrate

increagd light absoption in QDs especiallyabove theenergythresholdfor multiple



v
exciton generatio(MEG). My principal aim has beemo unravelthe factors that control
the coupling beveen QDexcitons and plasmon resonances inN®s by controlling the
size and shape of the NPs as well as the interaction distance between NPsand QD
(Figure 1) | observed energlyansfer between NPs and Q@sngtime-resolvedand
steady statphotoluminescencstudies and,ultimately, demonstratethatAg NPscould
effectively increas€D photoabsorption for photons with energies both above and below
the MEG thresholdThis is a vital step towarenhaneg QD solar cells and boostirige
importance of MEG in mtatcoupled QD system3his research is imptant for the
development of low cost, high efficiency solar cells in addition to a wide range of

optoelectronic applications.

Glass Slide
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Figure 1: Layered approach to studying SPR effect on PbSe QD emi$kieiblue and black
lines represntthe positively and negatively charged polyrsgacerlayers, respectivelyl he red
and blue spheres represent silver nanopatrticles and lead selenide quansymesiotctively. The

doublesided arrow represents the changing of polymer spacer thicksiesse
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FIGURE 15: Zoomed out (A) and in (B) TEM image of PbSe QDs
taken 954 seconds after hot injectione®tale bar in A) and B) are
100 and 5 nm, respectively. Here, therage QD diameter is
approximately 5 nm. A) reveals the monodisperse size distribution
image B), the lattice fringes and crystallinity of t® quantum dots
are clear.

FIGURE 16: Absorbance versus wavelength, nm of PbSe QDs (bla
and near IR dye (IR1061) standard (blue). The absorbance peaks
two samples are very similar in wavelength. The IR1061 dye was t
to determine the rative quantum yield of the QDs.

FIGURE 17: Calculated quantum yield of PbSe QDs taken out at
various times after the hot injection. Thexis represents the Pb®
synthesis time in seconds. In every case, the reaction was quench
a rapid injetion of a cold solvent mixture.

FIGURE 18: Normalized absorbance of PbSe/CdSe QDs taken dur
the cation exchange reaction between lead and cadmium. The Pb!
core only sample is shown in red. The times correspond to exposu
time to the cadmium oléa solution. The increase in the reawttime
(black to light blue) means an increase in the lead and cadmium c:
exchange and thus the increase in the CdSegiosith.

FIGURE 19: Calculated relative QY versus CdSe shell growth time
625 nm ecitation (1.5EQ) as the PbSe/Cd3Bs age in air for 0
weeks (black), 1 week (blue) and 2 weeks (red). Larger CdSe shel
(longer growth times) have greater quantum vyields.

FIGURE 20: TEM and EDX elemental analysis of PbSe/CdSe
core/shell QDs (60 mishell growth). In the TEM imag¢he scale bar
is 5 nm and the yellow rectangle represents the area which the en
dispersive xray (EDX) elemental analysis was taken on. The coppe
silicon, chromium, carbon, oxygen and chlorine signals arise from
sample grid and detector.

FIGURE 21: A) Impact ionization, B) Auger recombination, C)
dynamic carrier populations following the excitation of PbSe QDs v
photon of energy > 3EFilled and open red circles represent electre
and holes, respectly. C and V represent the
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conduction and valence bands, and—x represent the fraction of the
population that generate single excitons, and undergo Il to generai
biexciton, respectively D) dynamics schematic of time resolved dai
blue trace (excitaon above MEG threshold) rechtre(excitation
belowMEG threshold. Reprinted (figure) with permission from
(Schaller, R. D.; Klimov, V. I., High efficiency carrier multiplication
PbSe nanocrystals: Implications for solar energy conversion. Phys
Review Letters 2004, 92 (18), 4.)o0Pyright (2004) by the American
Physical Society.

FIGURE 22: Incoherent multiple exciton generation model in PbSe
QDs at 3Eg excitation energy.2 Reprinted (adapted) with permissic
from (Ellingson, R. J.; Beard, M. CJohnson, J. C.; Yu, P. R;;
Micic, O. I.; Nozik, A. J.; Shabaev, A.; Efros, A. L., Highly efficien
multiple exciton generation in colloidal PbSe and PbS quantum do
Nano Letters 2005, 5 (5), 8&x1). Copyright(2005) American
Chemical Society.

FIGURE 23: MEG in PbSe nanats (red curve) and QDs (black
curve); QY versus excitation energy. The horizontal dashed line
represents where the NPs exhibit a 100 % QY. Anything above the
line represents MEG. Theomt at which the energy {axis) andhe
dotted line intersect repregs the minimum threshold energy for ME
to occur. Reprinted (adapted) with permission from (Cunningham,
D.; Boercker, J. E.; Foos, E. E.; Lumb, M. P.; Smith, A. R.; Tisct
J.G.; Melinger, J. S., Enhanced MulpExciton Generation in Quasi
OneDimensional Semiconductors. Nano Letters 2011, 11 (8),-347
3481Copyright (2011) American Chemical Society.

FIGURE 24: lllustration of a surface plasmon resonance for a sphe
nanoparticle where electron chargelisplaced. The red curve
repregnts the strong localized electric field caused by the coheren
oscillation of electrons. The grey and green spheres represent the
NP and electron cloud, respectively. Reprintadiapted) with
permission from (Kelly, KL.; Coronado, E.; Zhao, L. LSchatz, G.
C., The optical properties of metal nanoparticles: The influence of:
shape, and dielectric environment. Journal of Physical Chemistry E
2003, 107 (3), 66877). Copyridnt (2003) American Chemical
Society.

FIGURE 25: Mie theory caldated 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 strengttiReprinted (adapted) with permissic
from (Kelly, K. L.; Coronado, E.; Zhao, L. L.; Schatz, G. C., The
opticd properties of metal nanopastes: The influence of size, shape
and dielectric environment. Journal of Physical Chemistry B 2003,
(3), 668677). Copyright (2003) American Chemical Society.

FIGURE 26: Configuration of SmilPurcell experimentThe lower
area represents aaging with a periodicity of D. The arrows represer
the pathofanelectron{e t r avel i ng at wvelo
across the grating. Reprinted from Haeberle Raciprocity theorem
for Smith-Purcell radiation. Optics Communications 1997, 136)
237-242. Copyright (1997), with permission from Elsevier.

FIGURE 27: Light trapping geometry of plasmonic nanoparticles (¢
sphere) in a layered (glue and orange) thin film solar cell. The arro
represent the path of the incident light. inesence of metal
nanoparticles caudan increase in optical pathlehghrough the
device. Reprinted by permission from [Atwater, H. A.; Polman,

A., Plasmonics for improved photovoltaic devices. Nature Materials
2010, 9 (3), 20213.] [COPYRIGHT] (201}

FIGURE 28: A) External quantum efficiency enhancements of Si
wafers due to the presence of 50 nm Ag nanoparticles for samples
different top layers: SiO2 on sample A, Si3N4 on sample B, and Ti
on sample C. The solid curves represent whesdmplesvere
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 plasm
Journal of Applied Physics 200905 (11)] with the permission of AIF
Publishing.

FIGURE 29: TCSPC curve of a single molecule fluorophore a) nes
metal naneshell versus b) on glass alone and corresponding
histograms of decay times-¢t). Reproduced from Fu, Y.; Zhang, J.;
Lakowicz, J.R., Large enhancement of single molecule fluorescenc
by coupling to hollow silver nanoshells. Chemical Communications
2012, 48 (78), 9726728. with permission from the Royal Society of
Chemistry.
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FIGURE 30: Comparison of silicaabsorpion (black line) to our
system (PbSe QDs and Au) and the spectral irradiance at air mass
global (green curve) versus wavelength (nm). The dark blue range
represents the range that PbSe QDs bandgap can be tuned to abs
PbSe QDs have the potatto aborb more of the solar spectrum the
conventional silicon can. The light blue range represents the enerc
that are suitable for MEG in PbSe QDs. There are plenty of photor
from the sun (green curve) with energies suitable to generation rat
exctonsin PbSe QDs. The red curve represents the Mie theorized
absorbance of 50 nm diameter silver nanoparticles. The red curve
show that the surface plasmon resonance of silver NPs can boost
absorption rates in the QDs; even above the MEG tateésh

FIGURE 31: Potential Effect of SPRs onaad h+ generation after
MEG. Number of charge carriers per absorbed photon versus
proportion of photons above MEG threshold. The red and blue cur
represent MEG in QDs alone and MEG in QDs when asarf
plasmorresonance is present, respectively.

FIGURE 32: The two approaches to employ surface plasmon
resonances to boost effectiveness of MEG in-lesskd quantum dots
one colloidal and one layered. The left portion of the figure represe
the colladal, hybrid core/shell/shell approach. There is

a metal core (red) with a wide bandgap shell (purple) and a near If
outer shell (blue). The right portion represents the layered approac
where a monolayer of silver nanoparticles is separated from PbSe
by charged polymer spacer layers of varying kiniesses.

FIGURE 33: Schematic of rationale of our hybrid Au/CdX/PbX (X =
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 MsiitGnea

IR absorption capabilities of the PbXy/&a along with the surface
plasmon resonance modes of the metal nanoparticle. The idea is t
boost the absorption and possibly MEG of the PbX layer with the £
of the metal. The wide bandgap spacer (purplEdX) was placed to
minimize energy loss into ¢hmetal.

FIGURE 34: Vital aspects to ensure that this approach worked. Th
wide bandgap spacer (purple = CdX) was placed to minimize ener
loss into the metal. We chose a repitaxial growth mechasin of the
core/shell/shell NPs taminimize the defects that act as trap states.
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FIGURE 35: TEM image of cetyltrimethylammonium chloride coate
gold nanoparticles. The scale bar is 5 nm and the image is of two |
stuck together. The atomic latticecathe &cets of the Au NPs are
clearly visible.

FIGURE 36: Absorption versus wavelength of gold nanoparticles &
growth of a 20 nm thick silver shell proceeds (red to purple). The b
curve represents the absorbance of gold nanoparticles bedore t
reacton occurs. As the Ag sherowth proceeds (red to purple) in
time, the spectrum shifts and begins to look like the characteristic
NP plasmon alone.

FIGURE 37: A) TEM and B) EDX elemental analysis of a single
Au/CdSehybrid nanopartle. In the TEM image, the scale bar is 10
nm and the yellow rectangle represents the area which the energy
dispersive xray (EDX) elemental analysis was taken on. The coppe
silicon, chromium, carbon, oxygen and chlorine signals arasa the
sample gd and detetor.

FIGURE 38: Absorbance changes versus wavelength of Au/CdS h
nanoparticles during Acation ¢
The absorbance of the initial Au/CdS nanoparticles is shown in bla
The blue ad red curves showhe absorance as the cation exchange
reaction proceeds for 4 and 15 hours, respectively.

FIGURE 39: A) TEM and B) EDX elemental analysis of Au/CdS/Pt
after 15 hr exposure to Pb oleate. In the TEM image, the scale bar
nm andthe yellow rectagle represats the area which the energy
dispersive xray (EDX) elemental analysis was taken on. The coppe
silicon, chromium, carbon, oxygen and chlorine signals arise from
sample grid and detector. The atomic % of lead and cadmiasent
in the ydlow area wee 1.84 and 4.96 %, respectively.

FIGURE 40: Absorbance changes versus wavelength of Au/@oisd

nanoparticles during fAcation ¢
with tributylphosphine as a transport agent. The absorbance of the
initial Au/CdSnanopatrticles is shown in black. The red curve show
the absorbance as the cation exchangeiogagtoceeded for 3 hours.
The grey curve shows the absorbance of the control sample (at %
intensity for clarity). The control sample was egpd to everyting
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that the (red curve) was (including heat and solvents) except lead
nitrate.

FIGURE 41 High contrast, closep TEM images revealing
polycrystalline shell of a single Au/CdSe core/shell NP. The scale |
is 10 nm. The light gray aaerepresentse shell and the dark circle
represents the Au core.

FIGURE 42 Configuration of layered system in the second approa
In this approach, a monolayer of silver nanoparticles (red spheres
glass slide) is separated from a PbSe QD rayeo (blue spéres) by
charged polymer spacer layers (blue and black lines) gingar
thicknesses.

FIGURE 43: TEM image of silver nanoparticles fabricated with a 3
Ag:NaBH; ratio. The scale bar is 100 nm.

FIGURE 44: Average silver nanopata size determed by TEM
versus the Ag:NaBHratio used in the synthesis. As tiaio increases,
the average TEM size increased too. For each ratio, there were at
60 nanoparticles diameters measured (error bars).

FIGURE 45: Colloidal Ag NPsarmalized absdhance changes versu:
wavelength, nm with changing Ag:NaBlratio. Tre blue arrow
represents the absorbance trend as this ratio increases. The red s
show the relative nanoparticle size as this ratio changes. The decr
in absorbancel®ulder as thearticles get smaller corresponds to the
decrease in higher ordemgimon modes.

FIGURE 46: Scanning electron microscope image of a Au NP cowv«
glass slides with PAA and PSS polymer layers. The scale bar is 5(
nm.

FIGURE 47: Evdution of aphotoaging Ag NP. a) Represents the
decrease in the SPR extinction maximum as the NPs photooxidize
the presence (red) and absence (blue) of oxygen over time. b)
Represents the TEM image of the (top) 1wxidized and (bottom)
oxidized surfacel 74 Repringd (adapted) with permission from
(Grillet, N.; Manchon, D.; Cottancin, E.; Bertorelle, F.; Bonnet, C
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Broyer, M.; Lerme, J.; Pellarin, M., Phe€@xidation of Individual
Silver Nanoparticles: A Redlime Tracking of Opticaand
Morphologcal ChangesJournal of Physical Chemistry C 2013, 117
(5), 22742282.). Copyright (2013) American Chemical Society.

FIGURE 48: Integrating sphere agp for direct absorption and
scattering measurements, For the absorbance measureaehite
plug was placedehind the sample (orange rectangle). For the
scattering, a black light trap was placed behind the sample so that
the scattering off the NPs were measured by the spectrometer fibe
(blue port). The grey rhombus on each setagresents #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.

FIGURE49: Scattering (left axis, black curve) and absorbance (rigt
axis, blue curve) veus energyeV) 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 cohe
plasmon resonance.

FIGURE 50: Lowest energy scattering (blue) and absaémed)
peaks versus Ag:NaBHatio. A linear fit was performed on each dat
set highlighting the trend, which is a red shift with increasing ratio
thus the NP size.

FIGURE 51: Scattering spectra of film series made with different s
of Ag NPs From Back to yellow repres#s an increase in Ag:NaBH
ratio and thus the increase in size. There is a red shift in scattering
the NP sizes increase.

FIGURE 52: Atomic Force Microscopy (AFM) images of Ag NP filn
with increasing soak times A) Hecond B) 600 seconds and €700
seconds. The AFM area for each film was 508.riFhe particles in
each area were counted, and then the particle density was calcula
(NP/nn¥).

FIGURE 53: Particle density (NP/fjras determined by AFM versus
soaking time (seconds) of films witthe same size NPs. As the soaki
time increased, the particle density increased.
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FIGURE 54: Film absorbance with different NP soaking times: (bla
10 seconds (blue) 600 seconds and (red) 2700 seconds. As the sc
time increases (fromblack to blue to red) the appearance of a highel
order mode appears. This mode may be due to the formation of a
coherent plasmon resonance as the interparticle distances decrea:

FIGURE 55: Film scattering with different NP soadsiimes: (black)
10 seconds (blue) 600 seconds and (red) 2700 seconds. As the so
time increases (from black to blue to red) the appearance of a higlt
order mode appears. This mode may be due to the formation of a
coherent plasmon resonance as therparticle distancedecrease.

FIGURE 56: Structure of PSS, poly(sodiurst4renesulfonate). The
negatively charged sulfate group provides the polymer charge. The
sodium ions are removed from the films by rinsing with water.

FIGURE 57: Structueof PAA before A) ad after B) protonation by
HCI. The pH of the polyallylamine was brought to 5.5 by the additic
of HCI. The chlorine ions were washed away from the films by rins
with water.

FIGURE 58: Example of the stdpeight measurement withFM. The
bottom left image represents the t@wvn view of the area that was
measured. Here, the dark area is where the film was scratched aw
and the light, bumpy area is the polymer coated NP film. The red &
green lines are the areas where the siffgrentid was measured,
revealing the thickness of the film.

FIGURE 59: Average film thickness vs number of applied polymer
layers. Measurements with error bars are shown in red and a-fzow:
fit function was used to fit these (weighted) datiae Gray shded
region indicates a confidence region + one standard deviation. The
function is provided in the bottom right corner.

FIGURE 60: TEM image of air stable PbSe QDs. The scale bar is
nm. From this image, the average PbSe QD sizedetesminedo be
3.306 + 0.428 nm.
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FIGURE 61: Closaup TEM image of air stable PbSe QDs. The scal
bar is 10 nm. The green circle highlights a single QD. The lattice
fringes are visible.

FIGURE 62: Lifetime decay of PbS$gDs suspended in aydirous
hexanes at 1014 nm emission. The left and right decays are ina s
(700 ns) and large (10 us) time window, respectively.

FIGURE 63: Average absorbance (black) and scattering (red) vers
energy (eV) of 15 different Ag Rl films made with ta same size Ag
NPs before polymer and QD application. The shading represents A
standard deviation.

FIGURE 64: Scattering proportion versus energy (eV) of Ag NP filr
before polymer and QD application. The shading represemte +
standard devian. The areas at which the scattering proportion are
greater than 0.5 mean that light at those energies is more likely to
scattered than absorbed by the Ag NPs.

FIGURE 65: Average absorbance (black) and scattering (blue) ver
energy (eV) of @in pdymer films of varying thicknesses. The shadi
represents * one standard deviation.

FIGURE 66: Average absorption (dark) and scattering (light) befor
(light and dark pink) and after (dark and light blue) two polylagers
added (in triplicée). The shading represents + one standard deviatic

FIGURE 67: Average scattering proportion changes upon two poly
layer additions. The black curve represents the scattering proportic
before polymers were added and lihee curve representseh
scatteing proportion after 2 polymer layers were added. The shadit
represents * one standard deviation. The change in scattering
proportions can be attributed to the change in the NPs surrounding
dielectric environment.

FIGURE 68: Average scatiag proprtion of films with different # of
polymer layers. The black curve represents the scattering proportic
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the Ag NP film before polymer addition. The curves from light blue
pink represent an increase in number of polylagers.

FIGURE69: Averaye absorbance (purple) and scattering (black) ve
energy (eV) of QD control films (on 0, 2, 4, 6, and 8 polymer layers
The shading represents + one standard deviation.

FIGURE 70: Mie theorized extinction versus energy (eV) of 20 nm
diameter Ag WPs in the presence of air (black) PAA and PSS polyrr
layers (purple) and PbSe QDs (light blue).

FIGURE 71: Theoretical absorption changes of Ag NPs in the pres
of PbS @s. Each trace represents a different Ag NP concentratior
andthus diffeent QDNP distances. The C values A%epresent area
densities of 2 %, respectively. The insets show the respective
calculated gain. 176 fE Kbestasatog,!t
G., Absorption Enhancement in Solution ProcessethMe
Semicondctor Nanocomposites. [2011] Optical Society of America

FIGURE 72: Calculated scattering gain versus energy. From black
light blue represents an increase in-@P distarce. The red curve
corresponds to the right axis and represdmsaverage AP
scattering.

FIGURE 73: Calculated absorbance gain versus energy. From bla
light blue represents an increase in@P distance. The red curve
corresponds to the rigjlaxis and represents the average Ag NP
scattering.

FIGURE 74: Changenifilm scattering versus energy (eV) with
increasing polymer spacer thickness. The red curve corresponds t
right axis and represents the average Ag NP scatteringblatie dark
blue, and light blue curves represent 0, 4, and 8 polgpeer layers
between QD and NP, respectively.

FIGURE 75: Change in film absorbance versus energy (eV) with
increasing polymer spacer thickness. The black and dark blue cun
represent O and 8 polymer spacer layers between QD and NP,
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respectivelyThe red curve @responds to the right axis and represe
the average PbSe QD absorbance.

FIGURE 76: Change in film absorbance versus energy (eV) with
increasing polymer spacer ¢tkness. The black and dark blue curves
represent 0 and 8 polymerager layers betven QD and NP,
respectively. The red curve corresponds to the right axis and repre
the average Ag NP absorbance.

FIGURE 77: Scattering proportion versus energy) (@f total films as
the QDNP distances get smaller (light blwellack). The redurve
corresponds to the right axis and represents the average Ag NP
scattering proportion.

FIGURE 78: Steady state emission of Pl films in the absence
(black) and presence (blue) of Ag NPs. The dashed curves represi
regective PL when exied at energies below the MEG threshold (5¢
nm), while the solid curves represent the PL when excited at ener
above the MEG threshb(410 nm, capable of generating multiple
excitons).

FIGURE 79: PLE of QD films in the absea(black) and presee
(blue) of Ag NPs. The dark blue curve represents-palgmer layer
QD-NP distance and the light blue curve represents a shotter, 2
polymer layer distance.

FIGURE 80: Normalized PLE of QD films in the absence (black) ai
preence (blue) of Ag NRsThe dark blue curve represents an 8
polymer layer QBENP distance and the light blue curve represents &
shorter, 2polymer layer distancél he red curve corresponds to the
right axis and represents the average Ag NP scattering piooport

FIGURE 81:[PLE of QDs with Ag/PLE of QDs alone] The curves
from black to light blue represent an increase iR@g spacing. The
PLE ratio data wersmoothed with a boxcar width of 5 and the
background was subtracted for clarity purpose. THecteve
corresponds tthe right axis and represents the Ag NP scattering
proportion.
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FIGURE 82: Comparison of PL enhancement versus photon enerc
(eV) in triplicate) of different AgQD distances: 0 (light blue), 2
(medium blue), 4 (dark blue), 6yple) and 8 layers (pk). Ratio
values above 1 would be indicative of enhancement. These values
all less than 1 because the energy transfer fromi@bshe metal
have not been accounted for.

FIGURE 83: Comparison average PL enhancement gesraf
different AgQD distances: O (light blue), 2 (medium blue), 4 (dark
blue), 6 (purple) and 8 layers (pink). For clarity, the number of poly
layersare next to the respective curves. Ratio values above 1 woul
indicative of enhancement. Thesdues are all less thanldecause the
energy transfer from QDs into the metal have not been accounted

FIGURE 84: Distancelependent time resolvguhotoluminescence
decays of NFQD films. The blue curves represent the lifetimes of
PbSe QDs on pgimer alone, and the rediwves represent different
polymer spacings between QD and NP. The shortness of lifetime v
increasing proximity from QENP correponds to more energy transfe
into the metal.

FIGURE 85: Fluorescence lifetime of QDs verslisgtance between NI
and QD(red) and QDs alone (blue). The shortness of lifetime with

increasing proximity from QENP corresponds to more eneitggnsfer

into the metal.

FIGURE 86: Calculated excitation enhancement vs energy of O (lic
blue), 2 (blie), 4 (dark blue), 6 (pulg) and 8 (pink) layers of polymer
between QD and NP. If there is no excitation enhancement, the va
for excitation @hancement is 1. If the value on thaxis is greater
than one, then there is an absorption enhancementichyske
presence of Ag NPs

FIGURE 87: Calculated average excitation enhancement vs energ
(light blue), 2 (blue), 4 (darklue), 6 (purple) and 8 (pink) layers of
polymer between QD and NP. For clarity, the number of polymer
layers is next t@ach respective curve. Hedre is no excitation
enhancement, the value for excitation enhancement is 1. If the val
the yaxis isgreater than one, then there is an absorption enhancer
caused by the presence of Ag NPs.
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FIGURE 88: Excitatiorenhancement values versumfthickness 141
(nm). The enhancement values were taken at different excitation

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

(blue). The MEG threshold for the QDs is around 2.75 eV.

FIGURE 89: An examle of multi pulse timgesohed fluorescence 145
decays (CdSe QDs).180 Reprinted (adapted) with permission fromnr

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

Resolved Fluorescence Method for Probing Sed0rakr

Recombination Dynamics i@olloidal Quantum Dots. Jouahof

Physical Chemistry C 2014, 118 (26), 1468%702.). Copyright

(2014) American Chemical Society.
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SECTIONI INTRODUCTION

Theoverallaim of the proposedesearch iso examine the potential of suréac
plasmon resonancéSPR)to boost the effectiveness milltiple exciton generation
(MEG) by increasing absorption rates above the MEG energy thresshodgrinfrared
(NIR) quantum dots (QDsY his exciton-plasmon couling could be a general strategy
for increasing absorption ratessalar cells, enabling thinner and cheagevicesThis
investigation proposed relevantfor the development afheap,Jow cost,andhighly
efficient devicesat creating eldcicity from solar energy

In this chapterl am going discuss the motivations and background for my
research. | will talk about the latest solar energy technologies and highlight their
advantages and disadvantages. | will then focus on QD solar celiieseribe som of
their specific properties ambtential for efficiency improvements. OreeMEG, which
promised to revol ut i techinolbgy buhdskufferedl sogve ner at i o
setbacks with lower efficiencies than many hoped. This researadtptakes alightly
differentapproachinstea 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. | wilistussthe use of surface plasms in metal

nanoparticles as a potaily attractive way to do this.



CHAPTER1.1WHY RESEARCH SOLAR ENERGY?

The research and development of novel solar energy technologigseisiive
for a variety of reasonacluding environmental preservation and boosthgeconomy
In a mere hour, theres mor e harvestable solar energy F
humansconsumen a year: Solar energy can be used for many applications ranging from
seawater desalination to photovoltaic cells, where photons are used to generate
electricity®

Aside from the exquisitenvironmental benefits, solar has the potentigireatly
improve our economy whilsubsequently decreasing our dependency on Middle Eastern
oil. Doubled from 2010, there are approximately 209 K Americans that work in the solar
industry’ This number is expected tearly doubléby 2021.” Needlesso say, efforts
toward the advancement of solar technology will not be in Viarplaceour proposed
research toward a novel photovoltaic device into context, the turrei ®ftthe-d et 0
will be discussed.

1.1.1 CurrentStateof-the-Art

First, the top curent solar cells/modules (2018hould be noted.

Tablel highlights thetop power conversion efficiencies (PCE) of samh¢he top
classes of solar celteportedo date? It includes the test center, date of acquisition, and

a brief description of the device.
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Tablel: Some of the ost recent(2019) reportedsinglejunctionsolar cell/module #iciencies
measured under the globalairmass 5 spectrgmat i @®0.AUmM

Classification Efficiency (%) Test Center Description
(date)
Si (crystalline) 26.7N O . AIST (3/17) UNSW ptype PERC

top/rear contacts

GalnP 21. 4 N| NREL(9/16) | LG Electronicshigh
bandgap
CIGS (thin-film) 22.6 N| FhGISE(5/16) ZSWonglass
CdTe (thinfilm) 2 2. 1 N| Newport (11/15)| First Solar on glass
Perovskite (thirfilm) 23. 7 N| Newport (9/18) ISCAS, Beijing

Closely followingSiin PCE areGalnP solar cells anthin film solar cells made
up of CIGS, CdTe, and perovslgtdt should be noted that the PCE®dInP, CdTe, and
Si PV is approachinthe theoretical limitvith respect to their & Reported in March of
2017, crystalline Si solar cells still have the tBEE to date 026.7N 048 Bext, some
of these top varieties of solar cells will be brieflgaissed along with their pros and

cons.

1.1.1.2Silicon Solar Cells
The photovoltaic (PV) cell that is currently dominating commelscial
comprised of crystalline silicon (Si) wafesten doped with impurities like phosphorus

for increased conductivitysi PV is commercially available at a relatively low cost. Solar
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plants and farms are comprised of many Si Smdenels, whictare mae 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 scales There
currently enough Si PV installed in theS. to decrease the amountlodé ozone
damaging greenhouse g&,, emission by 1.million metric tons per yeaf!
Cons:Some of the current issues with Si involve its low absorption coefficient,
indirect K, high costThough pries ofSi PV have droppe®2 % snce 2011, irorder for
solar energy to actually compete will fossil fultk® coal the cost needo dropabout
three fold? Much of the decrease in priceas achieved by reducings oft cost so s
laborand overhead cost§heraw cost and intricate processing of the thiéki80-300
um) crystallineSi wafers will be much harder prices to sldsh.
Current ResearchPer Webof8§i ence, there are 105 publica
solaro so far in 2017.
Much of this research (2017) involves the utilizatiomahastructures to enhance
Si PV light trapping and absorptioncsuas: Si QD layers on the pyramidal texttfjehe
direct etching of nanostructurés? anodic aluminum oxide (AAO)ano-gratings for
enhanced infrared respof$enanctexturing with SiQ/SkN4*, Si nanowire
homojunction solar cis>’, resonant waveguide gratings of S#hd TiG!®, and Si
nanecore arrays® Other research is geared toward enhancing the thermal and electrical
properties of Si PV by adding features to the surface like: singledvedirbon

nanotube? or ultrathin SiQ; layers?! 22Unfortunately we cannot hope to exceed the
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ShockleyQueisser limit of PCE in Si PV. Nexahot, third generation solar cell material,
peroskites will be discussed.
1.1.1.3Perovskite Solar Cells
Perovskite solar cells (PSCs) are made up of orgaarganic hybrid materials
most commoniCH3NH3sPbXs, (X = I, Br, Cl) and have a perovskite crystal structure.
Much like Si PV,PSCshave the abity to generate free charges rapidly after absorbing

photons, without a need for an exciton dissociation interféiceife2).%

sunlight

Figure 2: Schematic of the highly efficient Perovskite solar. ddie grey, light green, and dark
green spheres represent lead atoms, methylaniumions and iodine atms, respectivelyl he
arrows represent thenestepcharge carriergeneratiorn?® From [Collavini, S.; Volker, S. F.;
Delgado, J. L., eUnderstanding the Outstanding Power Conversion Efficiency of Perovskite
Based Solar Cells. Angewandte Chemnternational Edition 2015, 54 (34), 978759]
Reprinted with permission frodohn Wiley and Sons.

Pros: Due to their high conductivitypower conversioefficiency, and low cost
perovskitebased solar cellsrethe fastest developing solar technologies thu$fahey
are solution processable, which mediney can be cheaply prepared on a large scale.
The material can bgrocessednto ametatoxide surface in one step by mixing Pbxnd

CHsNH3X in air.2* The efficient charge extraction BSCscan be atthuted to the
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notoriously long diffusn lengths Triiodide and mixed halide perovskitesveareported
diffusion lengths of 100 nm and of over a mic(an order of magnitude greater than the

absorption depthyespectively?®

- i
40ev  4.0eV

Au

spiro=O NejlVAD),

53 eV
Perovskite  Spiro-OMeTAD  Au

Per
IT(D/PElf .L_

ITO/PEI Y:TiO,

Figure 3: Perovskite device with:al9 % power conversion efficiendy) labeledSEM cross
section of perovskite solar device B) Energy level diagram (relative to vacuum) of each layer of
devic&® From [Zhou, H. P.; Chen, Q.; Li, G.; Luo, SSong, T. B.; Duan, H. S.; Hong, Z. R.;
You, J. B.; Liu, YS.; Yang, Y., Interface engineering of highly efficient perovskite solar cells.
Science 2014, 345 (6196), 5826] Reprinted with permission from ASA

The 19 % PCHkperovskite devicgFigure3) consists of an electron transport layer such as
yttrium-dopedTiO2 andcobalt and lithium calopedSpiroOMeTAD as the hole
transport layer sandwiching the perovskite matéfi@he 1TO layer was treated with a
PEIE polymer to lower the workinction and improve electron transpéit.

Cons:A common, important concern in the PSC realm is the dekerenal and
moisturestability. A curremvoltage plot in the forward and reverse bias direction of the

19 % efficient PSC (imaged Figure3) is shown inFigure4.
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Figure 4: Hysteresis ircurrent density versus voltagarve of planar heterojunction peroviki
solar cell (shown in Figure)2under AM 1.5, 100 mWchThe Back and red curverepresent
the forward and reverse directions, respectiv&l{rom [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 solaells. Science 201448 (6196), 54546] Reprinted with
permission from AAS.

Thedrastic changes in the\Mcurve between the forward (black) and reverse (red)
direction indicateshe devicé s  ptability. The PSC sensitivity to the surroundings
cancause conformationahanges. A study of PCE performance retention over 6 days
wasperformedfor devices in ambient air, dry air, and &tmosphergFigure5).

Due tomoisture, the cells stored in ambient air severely degraded/dissolved after
only 24 tours. The cells stored in dry air and dhly retained 5% of the original
performance after 6 day8Thermal stability is also an issue @slsNHsPW 3 experiences
a tetragonal to cubic pka transition at 5%C, which can easily occur under direct

sunlight?’ Clearly, better stability needs to be achieved in PSCs to be used for practical

purposes.
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Figure 5: Perovskite mbility study ofhonencapsulategerovskite solar cells in ambientradry
air, and N atmosphere (10 devices were studied per condition) over 6 Bagdlack, red, and
blue curves represent devices in ambientdry air, and nitrogen gas, respectivelfrom
[Zhou, H. P.; Chen, Q.; Li, G.; Luo, S.; Song, T. B.; Duan, H. S.;gHorR.; You, J. B;
Liu, Y. S.; Yang, Y., Interface engineering of highly efficient perovskite solar cells. Science 2014,
345 (6196), 54546] Reprinted with permission from ASA

Current ResearchPerweb of science, there are 81 publications withttipc
Aper ovskit esOfths workf thkere isésearcl2t0 ilnprove SCthermal
stability such asperovskitenanorod?’, novel sequential deposition processfhagnd
passivation of with SngZnO nanorod$® Some recent efforts to decrease R@isture
sensitivityinclude high-pressure anneatinfor film recrystalliztiori®, andcobalt doped
tin based PSC¥ Most of the recently publishditerature in PCSs had aims lafher
power conersion efficiency. Efforts includenterfacial trap state passivation with ionic
liquid, MATS??, improving thehole extractiorayers>3¢, improving the electron
transport laye¥*, and even developingindem PSG$?

Though the research effsrto improve the stalitiy and efficiency of PSCs look

promisingto improve the beautiful simplicity and solution processibility of PSCs will



inevitablybe lost.Next, some polycrystalline thin film solar cells will be briefly
introduced.

1.1.14 PolycrystallineThin Film Solar Cells
Polycrystalline thin film solar cells ameade up of materials with high absorption cross
sectionsand are onlyl-2 pm thick.

Pros: Thin film solar cellscan befabricated cheaply via retb-roll processingpn
inexpensive gbstrates likdlexible plastic Thin solar cells use much less material, and
have lower recombination loss&sThe absorbing layer can be made up of anything from
organic porphyrins to inorgangopper indium galimdiselenide (CIGS)

Cadmium Telluride (CdTe) Solar CelSdTethin films havebeen of interest for
the past 30 years due to the@arly perfetEg, highabsorptionand theoretical
maximum PCE of 27 % Technically, a CdTe film of only Rm is necessary to absorb
100 % of incident solar irradiatid®.Films of 10 um have reackd over 16 % in the
laboratory?® A research groufrom the Tokyolnstitute of Techology have claimed to
have fabricated an 11.2 % efficient CdTe thin film of only 1 micron thickd quickly
and efficiently fabricatehin film cells,a common technique for CdTe depimsi is by
closespace sublimatioCSS)#* Many groups have added astonducting layer of CdS

to createa depletion region with CdT&>?
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T\ P ik Contct
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<= Cadmium Sulfide
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Figure 6: Schematiof alayered,CdS/CdTe thi film solar cell*> Reprinted fronSolar Energy

2004, 77 (6)Ferekides, C. S.; Balabramanian, U.; Mamazza, R.; Viswanathan, V.; Zhao,

H.; Morel, D. L.,CdTethin film solar cells: device and technology issu8#3-830 Copyright
(2004), with permissions from Elsevier.

The thin CdS layer also acts as a window to allow green lighet€tTe®®
Typically, as shown irFigure6, the front contacis sputteredSnQ, and the back contact
is CuTe?® CdSCdTe thin film solar cells PCEwe approadhg their theoretical limit of
29 % reachingefficiencies as high as 21 % in the laboratSry.

Copper indium gallium diselenide (CIGS) solar celi$GS are another
commonly used material for thin film PV due to their optifBgland high absorptio??
Films made by three gieelectrodeposition had PCEs of 10.9 % as compared to the
expensive vapor depition method* Employing a tandem thin film has great@atial
for thin cells with high PCE® Elbae et. al. found th&#GSCIG tandem cells have
simulated efficiencies of 26.21 % when each layer is Qrh9°

Cons:A feat to overcome with thifilm technology is trapping as much light as
crystalline Si by ,0a pwpheiasgordens @f magnifude ithaeein!| y
issue that has risen in thin CdTe PV ie fitesence of pinholes at a minimum thickness
of approximately 21m.*® These deep defecsst as trap stas andstrongly affect the
cells performance® Without an extra cleaning stepside formation on CdTewhich
decreaseperformancé?® CIGS solar cells suffer from complicated fabrication and

relatively low PCE

t

hi
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Current Research in thin film&erweb of sciace, there are A3publications
with the topic At hiQfthié redearch, grodpahave wakedohar i n
thin film stability anddegradatiorin tropical climate¥ Some groups are working on
enhancing thin cell performance CIGSMost of the recent publicatioms thin films
focuses on new materials such as: CdS dgpedphate glas$ MgznG®, and
CwZnSnS.%® 61 ©25omeof the top current solar\Pdevices have now been discussed.
One maynow pondemwhere solar research is heading.

1.1.1.5 Why are we interested in QDs for solar cells?

Nanobased slar devices are a promising alternative téb&sed PV due their
attractive qualities for harvesting solar energy such as their size tunable optical
propeties, high absorption cross sections, and catalytic behakiathermore, QDs
make excellent sensitizers due to their ssiak, low cost, solution processability, and
high efficiency®®

Pros: QDs have been often incorporated to exg solar cell technologies to
enhance performance. When added to polymer solar cells (PSCSE&ZmS QDs
increased the deviceds power cY@omparedtbon e f
the control, adimhg these QDs to PSCs led to better light trapping, exciton dissociation,
and overall charge transpéftFor a ealistic approach, the issues that come with
nanomaterials should be noted.

Cons with nanomaterial$lanomaterials are dominating in research areas
including solar, wind, biomass, hydrogen, and tidal enérjipng with the unique

properties of nanomaterials, come weghallenges. 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). Bergetically, these states reside within the NP band gap and lead to non
radiative decay of the exoih due to a decrease in the wave function ovépl&fficient
passivation of trap states with ligands or inorganic shells can help relieve thislissue.
gain an idea of the trajectooy certain solar research topics, a literature search of the past
10 years was conducted and plotted.
1.1.2Research in the Past 1@fs

To highlight the current trends in solar researhb,tumber of articles published
in various topics in solar over the past 10 years are plottégjume7. From 2006 to
approximately 2014 esearch in silicon, polymer, and quantum dot solar cebsliye
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 solascells
most chemisly labs already have the materials to make perovskites &mgnd 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)he blue, black, red, yellow, green, and purple cairepresent the number

of publication records in silicon,u@ntum 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 withw be discussed, beginning whibw to absorb

more solar eergy. Since many nanomaterials have-sizgble optical properties, how

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

As aforementioned, current Si PV technology cantibz@ 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
absorptionCurrent Si PV can only absorb sunlight with wavelength®upl00 nm.
Figure8 illustrates that simply slimming down crystalline Si solar cells (for2 is not
the most efficient solution to the raw cost prablef currentsola cell technologyThe
Si wafer is thinner both physically and optically as most of the sunlight from aboit 600

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

16} Blue Green Red

Y

AMLS solar

rr]rﬁ spectrum
2-um-thick Ml M
Siwafer r_\ ” w

400 600 800 1,000 1,200
Free-space wavelength {nm)

04

Spectral intensity (W m? nm™)

Figure 8: Solar energy absorbed (rgby a 2um thickSi wafer (assuming no reflection) versus
solar spectrum atir massl.5 (blue)The inset reveals the relative depth that certain colors of
light make it through a Si devié&eprinted by permission fromfwater, H. A.; Polman, A.,

Plasmonics for improved photaitaic devices. Nature Matieds 2010, 9 (3)205213]
[COPYRIGHT] (2010)
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Near infrared QDs can utilize long wavelength light to generate Couleattibacted
electronhole pairs, or excitons.
1.21 NearlInfraredQuantum DotgNear IR QDs)

Near IRabsorbing/emittingdDsare especié} hot in the QDrealm due to their
great potential in avide range of applications. Infrared QD photodetector dewceiEh
uselnAs QDs, are replacindraditionalquantum well photodetectobecause thelave;
intrabard absorption due to their normatident responsdower dark currents, and
longer excited state lifetimes which increases the devices respofi$ivitgseQDs are
of interest in biologicatesearch becauskdy absorb and emit wavelengths of light that
allows light to travel deeply into tissaad their large surface provides a template for
targeting moleculesNovel nanoprobes, which arear IR QDs loadedhto micelles
have showrhe abilty to target, trat, and brightly imageancer cells, even in the early
stage®’ A very commonly implemented near IR QD for ligielated research is Bb.

1.22 Lead Selenide Quantum BofPbSe QDs)

PbSeQDs 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 absorbeghtenergy photon at relatively higlields®® PbSeis a
IV-VI semiconduabr with arock-sdt crystal structurand a direct, bulk £of 0.27 eV
(4592 nm)at RTat four equivalent tpoints in the first Brillouin zon&® PbSe exhibits
guantum confinement effects atvery large size as it has a large excibomr radius of

46 nm which isnearly 8X the size of CdSe (6 yirf? The electron and hole radii are both
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23 nm/* A normalized absorbance (solid black line), emission (dashed line), and lifetime

measurement (insetf a Pb& QD sample is shown Figure.

Fluorescence Intensity

T IR
0 2 4 6 8
Time (us)

Absorbance, Fluorescence (arb. units)

Energy (eV)

Figure 9: Absorbane (solid),steadystateemission (dashed), aniine resolvedifetime decay
(inset) of PbSe QD£{= 0.88us)’? Repinted (adapted) with permission from/éhrenberg, B.
L.; Wang, C. J.; GuyeSionnest, P., Interband and intraband optical studies of PbSe colloidal
quantum dots. Journal of Physical &histry B 2002,06 (41), 10634.0640). Copyright 2002
American Chmical Society.

There is a small Stokes shift of these nart@ndgapsk (0.85 eV). PbSe lifetimes have
a characteristic single exponential dedae also propose to work with PbS QDsai
similar way b PbSe.
1.23Lead Sulfide Quantum Do{®bS QDs)

Lead sulfide is a I¥VI semiconductor with a roekalt crystal structure and a
direct, bulk Eof 0.41 eV at four equivalent-points in the first Brillouin zon&® PbShas
a large exd¢bn Bohr radius of 18 nthThe absorbace spectra of a series of PbS aliquots
taken at various syhesis times is shown ifrigure10. This image illustrates PbS a

tunable absorption band edge péallowed by a brad strong absorption at slower
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energies. The absorbance spectra included of this PbS series demonstratasghe s
absorbance across the solar spectrum along with theitusiadility.

Tight binding calculations and experimental dataengsed to devefpthe
bandgap versus PbS QD size plot showhRigurell. The Moreels group used the fit
(blue line) inFigurellto generate an equation to easily detaerthe PbS partie
diameter from the Ej

: p
© napnéitctﬂc g Yo

In this equation, kis the bandgap and d represents the particle diameter.
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Figure 10: Normalized absorbance spectraalPbS QD seges with Eg raning from 9761740
nm (red-black curves).There is an absorbance peak red shift with increasing QD size due to the
quantum confinement effeétReprinted (adapted) with permissirom (Moreels, |.; Lambert,
K.; Smeets, D.De Muynck, D.;Nollet, T.; Martins, J. C.; Vanhaecke, F.; Vantomme, A.;
Delerue, C.; Allan, G.; Hens, Z., Sibependent Optical Properties of Colloidal PbS Quantum
Dots. Acs Nano 2009, 3 (10), 3603330.) Copyright 009) 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*Ree¥ihted
(adapted) with perission 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 @®), 30
3030) Copyright (2009) American Cheimal Society

We can utilize this relationship predict the PbS QD diameter from the first
absorption peak energyithout the necessity of expensive, time consuming TEM for
every sampleSince we plan on using boBbSe and PbS QD& is important to pimt
out the differences between the two materials.

1.24 PbSe QDs versus PbS QDs

PbSe and PbS QDs have similar physical (rock salt crystal structure) and optical
gualities. Both types of QDs have the abilities tdqren MEG, absortNIR light, and are
optically size tunable. There are slight differences in oscillator strength due to the

elemental difference@-igurel?2).
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Figure 12: Calculated (solid markers) and esqmental (open @rkers) relationship between
oscillator strength and patrticle size of PbS (black) versus PbSe @edjall, lead selenide QDs
have a greater oscillator strength than lead sulfiReprinted (adapted) with permission from
(Moreels, I.; Lanbert, K.; Smeets, D.; De Muynck, D.; Nollet, T.; Martins, J. C.; Vanhaecke,
F.; Vantomme, A.Delerue, C.; Allan, G.; Hens, Z., Sibependent Optical Properties of
Colloidal PbS Quantum Dots. Acs Nano 2009, 3 (10), 3230) Caopyright 2009) Anmerican
Chemical Society

In bothcasesthere is a linear relationship between oscillator strengtbus size, which
agree well with the tight binding calculatioh@n average, PbSe exhib#songer
oscillator strength t#n PbS QDs.

Thelong-term stability and quantum yield of these ldsmsed QDs can be greatly
enhanced if the outemyer is well passivated. Surface passivation with ligand exchange is
a less fruitful method due to the high mobility of ligands. A great @fgpassivatinghe

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

It is highly common to passivate QD surface trap statied improve stability
with an inorganic shell, yielding a core/shell stuwe.”>’’ Non-epitaxial shelling via
cation exchange vyields core/shell QDs with even lower interfacial defects, higher
quantum yields, and better synthetic control of the bandgaghan epitaxial growti®
80 An illustration paired with correspondingh& wavefunction distributionsf a core

only, core/shell, and core/alleshell systenare included irFigure13.

core/shell core/alloy-shell
core quasi-type-II  quasi-type-II

O @ »

I R W

Figure 13: Types of ce/shell heterostructures with the corresponding electron and hole-wave
function distributions belowThe quastypell core/shell structures have wavefunctions more
promising for charge separatidfiReprinted (adapted) with permission frofaiats, G.;
Yanover, D.; Vaxenburg, R.; Tilchin, J.; Sashchiuk, A.; Lifshitz, E.,-BaSed Colloidal
Core/Shell Heterostructures for @lectonic Applications. Materials 2@, 7 (11), 72437275)
Copyright 014 MDPI.

In the coreonly situation, the electron and hole wavefuncoedelocalizd

across the entire structure with a highest probability of residing at the CEmer.
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similaritiesin wavefunctions of the electr@nd holes may be indicative of higher
instances of recombination rather than charge extraction.

In quasitypell core/shelland corealloy shell structure@epending on bard
edge offet)one carrier is confined to the eowith the other delocalized asothe entire
NP. This causes partial charge separativhich can be ideal for optoelectronic purposes
The alloyshell allovs for slightly better confinement of the carrier in the core, higher
spectral stability, and lowenterfacial defects.

In contrast to the core/shell casehiigurel13, the hole is confined to the core and
the electron is delocalized across PbSe/CdSe QDs, possibly allowing better charge
extraction in a devic This is the type of confinement that we are interested in for PV
device purposes.

1.31PbSe/CdS€ore/ShelQDs

PbSe/CdSe core/shell QDs are not new, as they have been studiedtihofor

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

with respect to radial coordinate is showrFigure14.8°
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Figure 14: Effective electrorfblack)and hole(red) masses and energy bands versus radial
coordinate in PbSe/Cdse core/shell Qignerated by using the FEA softwd@OMSOL) The
valence and conduoin band energies change from the core to the §hBlkprinted (adapted)

with permission from4aiats, G.; Yanover, D.; Vaxenbufg,; Tilchin, J.; Sashchiuk, A.;
Lifshitz, E., PbS®8ased Colloidal Core/Shell Heterostructures for Optoelectronic Application

Materials 2014, 7 (11), 7243275) Copyright 014 MDPI.

In this figure the holé effective mass changesuch morarastially than the
e | e c tagtle mdrdinate gets into the CdSe shé&te probability of a hole residing in
the CdSe shell beingero would indicate an optimal shell thicknésischarge extractian
The reduced carrier overlapping in thiskelled, quastiype-ll QDs like PbSe/CdSe
allows r improved multiple exciton generatigMEG).8? Pandey and GuyeBionrest
showed control of electron cooling rates from 6 ps to 1 ns with changing the shell
thickness of CdSe/ZnSe QB%This control can be utilized to suppress Auger
recombination and further improve ME&hich can geatly enhance PCE in these QDs
We should keep in mind the fact that charge extraction in thikelted QDs is much
harder compared to their thin counterpaditaie cannot efficiently extract charges from

our device, then the power conversion efficiendll suffer.
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1.3.1.1Fabricatig PbSe/CdSe QDs
Step 1: Synthesize PbSe QDs
The PbSe nanoparticles shown in the dalave were synthesized via hot
injection of TOPSe into a lead oleate solution according to Murray ¥tTdie size of the
QDs increasd as the colloidal suspension was allowed to ripen and grow after the hot

injection. TEM of PbSe QDs taken 954 seconds after injection are shokigure 15

Figure 15: Zoomed out (A) anith (B) TEMimageof PbSe QDs take954 seconds after hot
injection The scale bar in A) and B) are 100 and 5 nm, retspadg. 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 twguantum dots are clear.

Figure15B r eveal s t hat the PbSeadagta. ParteArisea f or me
more zoomed out image that shows the particles were highly monodispersed. The
absorbance of these PbSe QDs and a standard near IR dye is skayunaril6 These

QDs are able tabsorb most of the solar spectrum.

049 — [R1061 Dye
— PbSe QDs

Absorbance

400 600 800 1000 1200
Wavelength, nm

Figure 16. Absorbanceversus wavelength, naf PbSe QDs (black) and near IR die1061)
standard (blue)The absorbance peaks of the two samples are very similar in wavelength. The
IR1061 dye @as used to determine the relative quantum yietti®QDs.

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

times.Figure I7 shows the calculated relative QY versus PbSe reaction time.
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Figure 17: Calculatedquantum yield of PbSe QDs taken atvarious times after the hot
injection The xaxis 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 he QDs were synthesized, the higher the relativer@¥. 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 expodiegRtbSe QDs to a cadmium oleate

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

shown inFigure 18
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Figure 18: Normalized absorbance of PBEdSe QDs taken durilge cation exchange reaction
between lead and cadmiuifhe PbSeore onlysample is shown in re@he times correspond to
exposure time to the cadmium oleate 8otu The increase in the reaction tinfldack to light
blue) means airincrease in the lead and cadmium cation exchangetamsithencrease in the
CdSe shell growth.

After merely 30 seconds (black) of the cation exchange there is ad#§6,nm
blue shift from the core only peak (red), which is attributed to the straogdéinement.
The cation exchange starts at the stefaf thePbSe QD anavorks its wayinward So,
over time, theeffective PbSe core radius shrirdssthe reaction proceeds
Furthermore(black to light blue) there is a gradual +glifting due to the
increase in symmetry of the shdiiitially, the caton exchange process does not affect
the QD evenly. It occurs in sections and takes time to even out. The increase in symmetry
causes thebserved slight red shift and narrowing in the spectrum (from black to light

blue).
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1.3.1.1.1 Determining the@mal CdSe Shell Tiickness
To determine the optimum shell thickness of our QDs for our films, aging studies
of the core shell nanoparticles wgrverformed. First, the relative QY versus shell growth

time was observed over the course of two weElgufe 19.
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Figure 19: CalculatedrelativeQY \ersus CdSehll growth time at 625 nnexcitation (1.5E) as
the PbSe/CdSe Qlgein air for 0 weeks (black), 1 week (blue) and 2 weeks (red). Larger CdSe
shells (longer growth times) have greatgrantum yields.

There was an unexpected overall increase in the QY over time. This can be
attributed to an alloying between the corellsbarrier, which would reduce trap states.
TEM and EDX were taken of PbSe/CdSe samples with-mié0te shell growthitne
(Figure 20. The TEM reveals the monocrystalline nature of the PbSe/CdSe QDs, which
supports our hypothesis that there is core/stielying 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
CK 32179 369 2.208 1.000 70.26 0.38 83.13
OK 6270 156 1.810 1.000 11.23 0.27 9.97
SiK 10671 182 1.000 1.000 10.55 0.19 5.34
CIK 516 61 0.964 1.000 0.49 0.06 0.20
CrK 148 36 1.100 1.000 0.16 0.04 0.04
CuK 3757 105 1.366 1.000 5.07 0.14 1.13
CdL 278 65 1.769 1.000 0.49 0.11 0.06
Pb L 636 62 2775 1000 1.75 0.17 0.12
Totals 100.00

Figure 20: TEM andEDX elemental analysief PbSe/CdSe core/shell QDs (60 min shell
growth). In the TEM image, the scale bar is 5 nm and the yakatangle represents the area
which the energy dispersiveray (EDX) elemental analysis was taken on. The copper, silicon,

chromium, carbon, oxygemd chlorine signals arise from the sample grid and detector.



