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Copper containing semiconductors such as copper-doped ZnS and CulnS, are classic
phosphors materials that have had wide general use for decades. The photophysical
processes of these bulk materials have been well studied. Recent application of these
materials on the nanoscale has led to unique properties that are not exhibited in
the bulk regime. Several properties, such as the large Stokes shift, tunable emission
energy, and broad emission bandwidths have increased the general interest in copper
containing nanomaterials. This thesis will reveal several remarkable photophysical
aspects of these phosphors through studies of the ensemble, single particle, and time
resolved luminescence to better understand new aspects of these materials that emerge
on the nanoscale. Most notably, the homogeneous bandwidths, fluorescence blinking,
and delayed luminescence were measured. The mechanistic implications of these
properties and broader impact on the understanding of nanocrystal photophysics will

be explained.
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Chapter 1

INTRODUCTION
1.1 Overview

Doped semiconductor materials are a classic group of phosphors that have been
widely used in commercial applications for decades.!? The properties of these bulk
materials have been well characterized and their photophysics have been widely stud-
ied. Recent adaptation of these classic phosphors to the nanoscale has led to new and
interesting properties that are not as well characterized. Recent investigations of the
photophysics of these nanomaterials has been undertaken employing a broad range
of methods, and investigating these materials employing both ensemble and single
particle spectroscopic techniques. Luminescence studies have led to two interesting
phenomena that occur in both undoped and doped nanocrystals, i.e. delayed lumines-
cence and photoluminescence intermittency (PI), commonly referred to as blinking.
Studies of doped, undoped and dopant-like nanocrystals have provided new insights
that appear broadly applicable to all colloidal semiconductor nanocrystals. This in-
troduction outlines the general background of the field of single particle spectroscopy
with particular interest towards studies of dopant PL in nanocrystals, observations
of PL blinking in doped nanocrystals and the relationship with delayed luminescence
that has been aided by the study of dopant blinking.

Impurity doped semiconductor phosphors have been commercially important ma-
terials for the past 100 years.!3* Crystals such as ZnS doped with manganese, silver,
or copper have been used in electroluminescence devices for monochromatic displays
in automobiles, watches, oscilloscopes, and other technical devices. 356 ZnS and ZnSe

doped with silver or tellurium have been used as scintillator materials for alpha par-



ticle detectors and recently in combination with SLiF salts and °B,O3 glasses for
neutron detection.? Insertion of dopant ions such as Mn?", Cu®, Ag", Te* can in-
troduce new electro-optical properties to the host materials, for example additional
optical transitions and visible luminescence, allowing some tunability to the emission

spectrum of the material.

Semiconductor nanocrystals have been studied for the last 30 years, with the
"nanoscaling" of phosphors having many interesting applications. For nanocrystals
smaller than the Bohr exciton radius of the semiconductor material, the band gap
and optical transitions can be tuned by changing the size of the particle. This has
led to exciting new applications due to the color tunability of both absorbance and
luminescence across the entire visible spectrum. Recently CdSe nanocrystals have

been incorporated into LED TVs due to their high color purity.

There has also been significant interest in luminescence from impurity doped semi-
conductor nanocrystals. These materials can wildly differ from their undoped coun-
terparts depending on the nature of the dopant. Impurity dopants can introduce
new electronic transitions that are lower in energy than the intrinsic band gap of the
host material, thus providing broader color tunability to a wider band gap material,
such as in the case of ZnSe. ZnSe is a relatively wide bandgap material whose PL is
tunable from the near UV to deep blue, and introduction of a small concentration of
Mn?" leads to characteristic Mn?" PL near 580 nm while the band edge absorbance
remains in the near UV to deep blue. These materials have been proposed for solar
harvesting applications such as luminescence solar concentrators, where wide separa-
tion between absorption and emission are necessary to prevent reabsorption losses.”
Another example is Cu® doping of ZnSe or CdSe that allows for broad and tunable
emission across a larger portion of the visible spectrum. These have been proposed
for solar concentrators,® LEDs,? and in vivo cellular imaging.!? Other materials in-

clude lanthanide doped semiconductors where the rare earth ion is sensitized by the

host nanocrystal are an area of significant interest; however, the PL quantum yield



of these materials have been very low. !

Signatures of impurity doping include changes in absorption, PL spectra, intro-
duction of new magnetic and electronic properties, or quenching of PL. The work
presented in this dissertation will focus on changes in PL. PL provides a very sensitive
method of investigating impurity dopants by observing changes in the PL spectrum.
This can consist of quenching of intrinsic excitonic transitions that are common to II-
VI semiconductors, emergence of new electronic transitions, changes in excited state
lifetimes, and changes in light polarization. Blinking in doped nanocrystals is use-
ful due to the interesting electronic properties that an impurity atom can impart on
the host nanocrystal. Several materials have been of interest for impurity doping of
nanocrystals, for investigation by single particle spectroscopy, the nanocrystals must
inherently have a luminescent transition. This can significantly limit the number of
dopant materials used. Common ions that have been investigated for impurity doping

include Te?, Mn?", and Cu™.
1.2 Single Particle Spectroscopy

Single particle spectroscopy involves the study of the spectral properties of single
particles that are isolated either spatially or energetically from a larger ensemble of
the same material. This can be a useful approach for observing phenomena that
are obscured by ensemble effects. Luminescence is one of the most sensitive probes
for single particles. The focus of this introduction will be on two major categories
of single particle luminescence: time-resolved luminescence and spectrally resolved
luminescence.

Time resolved measurements of single particles have revealed the rather inter-
esting phenomenon of photoluminescence intermittency or blinking. First observed
by Moerner and coworkers in the early 1990’s, under continuous excitation the emis-
12

sion from the pentacene in a para-terphenyl matrix was found to be non-continuous.

Blinking is characterized by the appearingly random switching of a single luminophore



between emissive and a non-emissive states. This phenomenon has been observed in

3

a broad range of materials including molecular chromophores,!® nanocrystals,'* and

fluorescent proteins. '

The dynamics of fluorescence intermittency is often quite complex, with changes
in emissive intensity occurring on the microsecond to seconds timescale for many
systems. ' The causes of blinking can be quite diverse depending on the luminophore
and its local environment. Spectral diffusion,!” charge transfer,'® and conformational
flexibility ! among others have been proposed for various systems. Understanding
fluorescence blinking can be very useful in determining nonradiative processes that
reduce photoluminescence quantum efficiencies and that can lead to nonreversible
photodarkening. Blinking can also provide insight into the electronic and chemical
nature of the chromophore and its local environment.

Spectrally resolved luminescence can also be a powerful method for studying sin-
gle emitters by revealing homogeneous bandwidths. Ensemble bandwidths are often
affected by inhomogeneous broadening. In nanocrystals this broadening is typically
the result of particle size inhomogeneity, but can also be related to the mechanism of

emission.
1.3 Single Particle Spectroscopy of doped Nanocrystals

Blinking in colloidal semiconductor nanocrystals almost universally displays highly
distributed kinetics. The cause of blinking in these materials has been an area of
great interest due to their proposed applications. Significant work has been done
to understand blinking, exploit it and to eliminate it.'*?°?3 Eliminating blinking
has proven difficult, but not impossible, with several synthetic methods that can
decrease blinking through the growth of wider band gap shell layers.?° Other groups
have attempted to exploit the intermittent nature of single particle luminescence to
achieve super-resolution imaging.? Finally many groups have studied the blinking

itself to understand its kinetics and its causes. 1416:22:24,25



Most studies of blinking in nanocrystals has been confined to a small group of
materials, namely II-VI semiconductors such as ZnSe, ZnS, CdSe and CdS. CdSe in
particular has been the material of choice for the great majority of all single particle
studies. Doped nanocrystals have gained interest for their unique PL properties lately,
but there are few studies by single particle spectroscopy. There are some rather im-
portant properties that can be obtained from single particle measurements. The PL
homogeneous bandwidths can give insights into the nature of the emissive transitions,
and the blinking can reveal interesting information about nonradiative processes in
the nanocrystals. These properties can provide better insights into the electronic
structures of the host nanocrystal, giving a better understanding of radiative and
nonradiative excited state decay pathways of the host or new understanding about
the dopant ion itself. They can also impart new photophysical properties to the host
crystal through new electronic transitions. This is small but growing area of investi-
gation that has emerged over the past 10 years. The list of doped materials studied
by fluorescence blinking is quite short: tellurium-, manganese-, and copper-doped II-
VI semiconductors. Luminescence of single lanthanides ions in insulator nanocrystals
have been reported, however these measurements involve direct excitation of the ion

and not of the host material so are beyond the scope of this introduction.

1.3.1 Tellurium doped CdSe

The first report of single particle spectroscopy of a doped nanocrystal was pub-
lished in 2002 on the single particle spectra of tellurium-doped CdSe.?¢ Tellurium
doped nanocrystals showed a distinct wavelength redshift. The band widths of un-
doped and tellurium doped CdSe were identical at room temperature with spectral
widths reported of 500-1000 cm™. Occasional irreversible spectral blue shifts of up to
800 cm™ (100 meV) of the Te:CdSe single particle spectra were observed. These were

attributed to ejection of tellurium ions from the lattice.



1.8.2  Mn*" doped nanocrystals

Mn?* doped nanocrystals are perhaps the most widely studied doped nanocrystal
by single particle spectroscopy. Mn?" PL emission is characterized by a broad PL band
centered at ~ 2 — 2.2 eV (550 — 620 nm) depending on the host lattice. Not all Mn*"
doped systems exhibit characteristic Mn?" PL. Smaller bandgap materials, such as
large CdSe NCs, retain excitonic emission because the lowest excited state of the Mn?"
is above the bandgap of the NC. Single particle studies have been performed on these
as well but they explore magneto-optical interactions that are not the focus of this

dissertation. The mechanism of Mn?" PL has been widely studied in bulk systems?”

and the nanocrystal PL is generally understood to occur by a the same mechanism.
Following photoexcitation of the host nanocrystal, there is a fast energy transfer from
the excited state of the host nanocrystal to a Mn?" ion. This fast energy transfer
time allows for complete suppression of the intrinsic excitonic transition in the low
excitation limit. Radiative relaxation of the Mn?" in tetrahedral environments is slow
due to the formally spin forbiddenness of the transition from the 4T, lowest excited
state to the SA; ground state with reported lifetimes of hundreds of microseconds to

milliseconds.?” Despite the very long lived nature of this excited state, the relaxation

pathway is thought to be purely radiative.?’

Despite the high QYs, the very long lifetime of the Mn?" is a significant drawback
to its study at the single particle level due to the low number of photons that may
be observed per unit time. Nonetheless several groups have reported measurements
of single particle blinking and single particle PL spectra of Mn?" in doped NCs.30:3!
There are several drawbacks to these studies, one report used sub-bandgap excitation
source, rendering excitation of the host lattice impossible. ! The emission they observe
is consistent with Mn?" PL, so it is likely the result of direct excitation of the lowest
Mn?* excited state. A second report of Mn?" blinking in doped CdS/ZnS NCs had

a small undoped subset of nanocrystals that showed band edge excitonic PL and low



energy surface trap emission. They attempted to chromatically separate the emission
of the Mn?", band edge emission and surface-defect PL and reported suppressed
blinking for Mn?" emitting nanocrystals.?® This is an interesting result but needs
further study to confirm these results largely due to the low emission rate of the
Mn?" and overlapping bands of the Mn?" and surface defect emission. A third report
of Mn?" single particle spectroscopy studied samples of Mn?" doped Zn-Cd-S alloyed
nanocrystals. The authors report tunable Mn?* emission with a homogeneous band
width of 70 meV at room temperature.? This is significantly narrower than any
emission band previously observed for Mn?" emission. No definitive evidence of Mn?*
inclusion into the nanocrystals is presented, which makes contradiction of the broadly
accepted understanding of the origins and lack of tunability of Mn?" emission rather
surprising. Other reports of Mn?" PL in doped NCs show that the emission is largely

unaffected by particle size and composition. 2%:2%:33

1.3.3  Copper doped nanocrystals

Copper-doped colloidal semiconductor nanocrystals have received significant at-
tention in recent years. Colloidal copper-doped nanocrystals exhibit both size and
composition tunable PL. The copper-based PL mechanism has previously been a
point of contention in the literature but is now generally thought to be the result of
recombination of a delocalized conduction band electron with a copper localized hole.
This interpretation implies the oxidation state of copper in doped nanocrystals is +1
in the ground state. Hole-localization transiently produces Cu?" wia charge transfer
which is reduced to Cu™ upon radiative recombination with a delocalized electron.® In
bulk systems, Cu™ PL is a donor-acceptor pair type mechanism that requires electron
localization at a donor site, in nanocrystal systems this is not necessarily invoked since
the absence of a donor produces the characteristic emission. Furthermore, the copper
luminescence is tunable with changes in the conduction band energy of the nanocrys-

tal as seen in Figure 1.1. The Cu level is usually understood to largely unaffected
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Figure 1.1: Energy level diagram showing the effect of quantum confinement on the absorp-
tion and emission of copper-doped NCs. The absorption is affected by confinement of both
the conduction band and valence band while the PL scales only with the size dependence
of the conduction band and the copper defect level is largely unaffected. Adapted from:
Knowles, K. E.; Hartstein, K. H.; Kilburn, T. B.; Marchioro, A.; Nelson, H. D.; Whitham,
P. J; Gamelin, D. R., Chem. Rev. 2016, Article ASAP., Copyright (2016) American
Chemical Society. Originally adapted from Grandhi, G. K.; Tomar, R.; Viswanatha, R.,
ACS Nano 2012, 6, 9751-63., Copyright (2012) American Chemical Society.
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by changes in nanocrystal composition.
band has significant wavefunction overlap with the localized hole on copper allowing
for conduction band to copper radiative recombination.

Copper doped nanocrystals have been the subject of a handful of single particle
studies. Luminescence of Cu', AI*":ZnS nanostructures has been measured, reveal-
ing broad single nanostructure PL bandwidths of ~ 350 meV at room temperature
(Figure 1.2A).%° Low temperature studies of these nanostructures revealed a narrow-
ing of these bandwidths to ~ 275 meV.3> A similar result was observed by our group
that showed broad single particle copper bandwidths of ~ 325 meV at room tem-
perature that are only slightly narrower than ensemble bandwidths Figure 1.2B, this
is result is discussed in greater detail in chapter 2 of this dissertation. Fluorescence
line narrowing experiments on an ensemble of copper-doped ZnSe/CdSe came to a
similar conclusion that the homogeneous bandwidth of copper-doped semiconductor
nanocrystals is intrinsically very broad (Figure 1.2C).36

A more detailed description of the broad luminescence will be presented in more
detail in chapter 2, but the broad luminescence is thought to be the result of nuclear
distortions in the vicinity of copper with the change in oxidation state. Further
experiments detailed in chapter 2 explore the blinking characteristics of Cu’:CdSe
nanocrystals and compare the results with an undoped subset of nanocrystals within
the ensemble. While an undoped subset of nanocrystals is not typically an ideal
situation, in this case it proved to be quite valuable. The undoped subset allowed for
direct comparisons within the sample prepared under the exact same experimental
conditions. The copper dopant acted as an engineered hole-trap which allowed us to

determine differences between the kinetics of the electron and hole charge carriers.
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Figure 1.2: Cu PL bandwidths measured in nanostructures, single particles and ensembles.
(A) Cu emission in nanostructured Cu:ZnSe, (B) Ensemble and single particle spectra in
Cu™:CdSe, (C) fluorescence line narrowing measurement of Cu-doped core /shell ZnSe/CdSe
NCs. These experiments confirm the broad luminescence linewidth is intrinsic to copper
emission, nanocrystal size has only a modest effect on the distribution of copper emission.
Reprinted with permission from: Knowles, K. E.; Hartstein, K. H.; Kilburn, T. B.; Mar-
chioro, A.; Nelson, H. D.; Whitham, P. J.; Gamelin, D. R., Chem. Rev. 2016, Article
ASAP., Copyright (2016) American Chemical Society. Original figures adapted from: (A)
Ishizumi, A.; White, C. W.; Kanemitsu, Y., App. Phys. Lett. 2004, 84, 2397., with permis-
sion from AIP Publishing.; (B) Whitham, P. J.; Knowles, K. E.; Reid, P. J.; Gamelin, D. R.,
Nano Lett. 2015, 15, 4045., Copyright (2015) American Chemical Society; (C) Brovelli, S.;
Galland, C.; Viswanatha, R.; Klimov, V. 1., Nano Lett. 2012, 12, 4372., Copyright (2012)
American Chemical Society.
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1.3.4  Impurity like emission from nanocrystals

Recent studies of the PL of CulnSy NCs have suggested that the emission mech-
anism in these NCs is similar to the mechanism of Cu® doped NCs.3” The emission
of CulnS,; NCs does not resemble the well-studied bulk emission of CulnS, crystals,
which in itself strongly suggests a different emission mechanism. The emission of
CulnS; NCs consists of a single broad band ~ 300-400 meV at fwhm whereas bulk
CulnS, crystals produce several distinct emission bands that are significantly nar-
rower in energy. CulnS, bulk crystals exhibit near band edge emission while the NCs
display a larger Stokes shift and no band edge emission. The emission of CulnS,

nanocrystals is also tunable with changing nanocrystal size.

Recent studies have suggested that PL from CulnS, is likely the result of a self-
trapped exciton mechanism.?” This mechanism can account for the observed Stokes
shifts and broad bandwidths in CulnS, and the observed similarities to Cu'-doped
systems. The broad PL bandwidths are explained by strong excited-state vibronic
coupling which is similar to the large lattice distortions around individual Cu™ ions
following hole localization in copper-doped systems. The first report of blinking in
CulnS; was in 2012 on CulnS,/ZnS NCs where wide field fluorescence microscopy
measurements. This study was able to detect fluorescence blinking from single and
small clusters of NCs3® and reported a polarization dependence in the emission of
these emitters. While mainly a proof of concept this raises the possibility of some
rather interesting studies on the luminescence of CulnS; NCs. A second study of non-
blinking single particles of Zn-In-Cu-S alloyed NCs was reported in 2015.3° It does
not appear that complete suppression was observed in the entire sample but rather in
a few nanocrystals with reduction in blinking with respect to other NCs. Our group
published a report on blinking and single particle spectra of CulnS,; NCs that is
presented in chapter 3. The purpose of our studies was gain further understanding of

the radiative and nonradiative processes of CulnS,; NCs. Measurements of the single
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particle bandwidths are useful in understanding the mechanism of emission. Broad
intrinsic bandwidths that were obtained in the studies in chapter 3 are consistent with
our self-trapped exciton interpretation of the CulnS; mechanism. Further studies
presented in chapter 3 add further evidence to the relationship between delayed PL

40742 including our own.

and blinking that has been proposed by several groups,
Recently, a report on blinking in AgInS, was published. This is interesting because
there are many similarities in band shape, Stokes shifts and lifetimes between CulnS,

and AgInS,.%®
1.4 Delayed Photoluminescence in Nanocrystals

Recently several authors have reported observations of luminescence from nanocrys-
tals occurring on timescales significantly longer than the intrinsic luminescence life-
time of the studied materials.?*4%43 This long lived delayed luminescence has been
observed in CdSe,***? copper-doped CdSe?! and CulnS,** and it appears to be a
universal feature of colloidal semiconductor NCs. It is attributed to the formation of
a metastable charge separated excited state that can eventually re-form the emissive
excited state. The emissive states are identical in both situations, but delayed lumi-
nescence occurs on a timescale much longer than the lifetime of the intrinsic prompt
PL.

This delayed emission exhibits rather complex decay kinetics that cannot be de-
scribed by simple exponential decay kinetics. Instead, delayed emission shows dis-
persed kinetics that are broadly distributed over multiple orders of magnitude in
time. The observed timescales of delayed PL extend from microseconds to seconds
depending on temperature and the nature of the material.

In 2008 a link was first proposed between delayed luminescence observed in ensem-
ble measurements and blinking in single nanocrystals. ** This was attributed to similar
power law like behavior that was observed in blinking measurements and delayed PL

of CdSe NCs. However the time scales were highly separated between ensemble life-
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time measurements on the order of microseconds and fluorescence blinking observed
on the order of seconds.

The general theory postulated for blinking attributes the distributed decay kinetics
to charge carrier trapping in a metastable charge separated state that slowly detraps
to re-form the emissive excited state which allows for recovery of emission. This
mechanistic understanding should also hold true for delayed luminescence.

Experiments by our lab?* and detailed in chapter 2 of CdSe and Cu*:CdSe have
made a similar correlation between delayed PL and blinking as observed by Sher et
al.*> We were able to measure luminescence decay from CdSe out to 5 ms and for
Cu':CdSe out to 1.6 seconds at 20 K. It is rather remarkable that a material such
as Cu':CdSe with an intrinsic lifetime of 100 - 500 ns is still emitting photons 1.6
seconds after excitation—over 6 orders of magnitude in time beyond the intrinsic lu-
minescence lifetime. This observation showed strikingly that delayed luminescence
and blinking can occur on overlapping timescales. However these measurements were
performed at 20 K whereas the blinking measurements were measured at room tem-
perature. As the sample temperature increases, the prompt lifetime decreases and
the number of delayed emission photons measured also decreases leading in this case
to no observed delayed PL photons on an overlapping timescale with blinking mea-
surements. Experiments and modeling reported by Rabouw et al. presented a similar
correlation between delayed luminescence and blinking in CdSe showing that these
phenomena have very similar distributed kinetics.4? This report was unique in that
it fit both blinking and delayed PL measurements with the same model—providing
further evidence that the two phenomena are related. A successive report by Rabouw
et al. in 2016 showed that CdSe nano-platelets also exhibit similar delayed PL.%!

Ensemble and single particle measurements carried out by our lab on CulnS,/CdS
NCs demonstrated that these two phenomena overlap on a broad experimental time
window. Ensemble excitation power dependence measurements showed that the de-

layed luminescence saturated at low emission intensities. This is consistent with a
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meta-stable charge separated state causing delayed luminescence and is consistent
with current theories of the origins of blinking, a further accounting of these mea-
surements are presented in chapter 3. Further studies of the temperature dependence
of luminescence decay in CdSe, Cu":CdSe and CulnS, have expanded on the model
presented by Rabouw et al. in 2015. These will be discussed in further detail in
chapter 4.

1.5 Summary

The subsequent chapters of this dissertation will present the results of work I
have performed towards understanding the origins of blinking and its relationship to
delayed luminescence. What is interesting about the observations of delayed PL is that
it is occurring over several classes of materials from undoped, to doped, to ternary
[-III-VI systems, and suggests a general phenomenon. The studies correlating the
observation of delayed PL to blinking, adds credence to the argument that delayed PL
and blinking originate from the same phenomenon observed in two radically different

ways.
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2.1 Abstract

Single-particle photoluminescence blinking is observed in the copper-centered deep-
trap luminescence of copper-doped CdSe (Cu™:CdSe) nanocrystals. Blinking dynam-
ics for Cu':CdSe and undoped CdSe nanocrystals are analyzed to identify the effect
of Cu™, which selectively traps photogenerated holes. Analysis of the blinking data
reveals that the Cu':CdSe and CdSe nanocrystal “off-state dynamics are statistically
identical, but the Cu':CdSe nanocrystal “on” state is shorter lived. Additionally, a
new and pronounced temperature-dependent delayed luminescence is observed in the
Cu™:CdSe nanocrystals that persists long beyond the radiative lifetime of the lu-
minescent excited state. This delayed luminescence is analogous to the well-known
donor-acceptor pair luminescence of bulk copper-doped phosphors and is interpreted
as revealing metastable charge-separated excited states formed by reversible electron
trapping at the nanocrystal surfaces. A mechanistic link between this delayed lumi-
nescence and the luminescence blinking is proposed. Collectively, these data suggest
that electron (rather than hole) trapping/detrapping is responsible for photolumines-

cence intermittency in these nanocrystals.

Keywords: Doped nanocrystal, luminescence intermittency, delayed luminescence,

copper dopant, carrier trapping, blinking
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2.2 Introduction

Copper-doped chalcogenide semiconductors have been used as commercial phos-
phors for nearly a century.!? Their most prominent and technologically useful lumi-
nescence derives from recombination of ionized copper acceptor ions with partially
localized electrons associated with aliovalent donor impurity ions, for example, A3,
Cl', or related defects.®* This recombination represents one of the classic illustra-
tions of phosphor donor/acceptor pair (DAP) recombination. The donor electron
binding energy and donor-acceptor distance both play major roles in determining the
luminescence decay kinetics, which in bulk can take place over timescales as long as

minutes. 34

In recent years, a great deal of attention has turned to copper-doped colloidal semi-
conductor nanocrystals. Excellent progress has been made by several groups in devel-
oping colloidal copper-doped nanocrystals as size- or composition-tunable nanophos-
phors.513 In nanocrystals, the copper-based photoluminescence (PL) is usually inter-
preted as involving recombination of delocalized conduction-band-like electrons with
copper-localized holes,>?!! that is, e cg — Cu?'-like charge-transfer recombination.
Donors are thus not explicitly invoked in this interpretation. So far, the PL. quantum
yvields of colloidal Cu'-doped semiconductor nanocrystals (up to ~ 50%%1%11) are
generally not as high as for Mn?"-doped nanocrystals (up to ~ 90%'°), but there
remains promise for further improvement. For example, quantum yields of ~ 85%
have been achieved in CulnS,/CdS' and copper-doped ZnS/In,S; alloy ' nanocrys-
tals. Further development of colloidal copper-doped nanocrystals may open doors to
their application as solution-processable color-conversion phosphors for light-emitting

15,19

diodes (LEDs) "8 or luminescent solar concentrators,'®1? or as soluble nanolabels for

optical microscopies. 22!

Spectroscopic measurements at the single-particle level can reveal phenomena

and electronic-structure characteristics that are obscured in ensemble measurements.
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There have so far been very few single-particle measurements on colloidal doped
semiconductor nanocrystals. The few reports to date have described blinking in
colloidal Mn?"-doped ZnSe and CdS nanocrystals,?>?® luminescence energies and
linewidths in colloidal Mn?"-doped ZnS/CdS alloyed nanocrystals,?* and the lumi-
nescence linewidths in ZnS nanostructures codoped with Cu’ and AI*", formed by
sequential ion implantation into Al,O3 matrices.?> Here, we report single-particle PL
measurements of colloidal copper-doped CdSe (Cu™:CdSe) nanocrystals. The differ-
ent roles of electrons and holes in the copper-centered luminescence make Cu*-doped
nanocrystals particularly compelling for such studies because Cu™ can be consid-
ered a designer trap that exclusively localizes holes. We observe blinking in the
copper-based luminescence that resembles the blinking of excitonic luminescence in
undoped nanocrystals within the same ensemble. Statistical analysis of the blink-
ing trajectories reveals that the average duration of nonemissive (“off”) states is the
same for the Cu™:CdSe and undoped CdSe nanocrystals, but the average duration
of emissive (“on”) states is shorter for the Cu™:CdSe nanocrystals. These results are
interpreted to suggest that the primary mechanism by which these Cu':CdSe and
CdSe nanocrystals transition from “on” to “off” is wia trapping of conduction-band
electrons (rather than valence-band holes). In addition, ensemble PL measurements
reveal an extremely long-lived PL decay signal attributable to formation of metastable
charge-separated states involving electrons in shallow surface traps, that is, nanocrys-
tal analogs of the classic DAP states in bulk copper-based semiconductor phosphors,
in which nanocrystal surface traps serve as the donors. Mechanistic links between

this delayed luminescence and the luminescence blinking are discussed.
2.3 Single-Particle Photoluminescence Spectra

Figure 2.1 shows absorption and PL spectra of an ensemble of d = 3.5 nm, 0.6%
Cu™:CdSe nanocrystals (PL quantum yield, np, = 0.25) in toluene solution and PL

spectra of representative single nanocrystals from the same solution (see Methods for
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Figure 2.1: (A) Ensemble absorption and PL spectra of a toluene solution of d = 3.5 nm, 0.6%
Cu™:CdSe nanocrystals at room temperature(npr, = 0.25). (B) Single-particle spectrum
of a representative undoped CdSe nanocrystal in PMMA at room temperature, showing
solely excitonic emission. (C) Single-particle spectrum of a representative Cu"-doped CdSe
nanocrystal in PMMA at room temperature, showing solely copper-based emission.
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experimental details). The absorption spectrum of the ensemble (Figure 2.1A) shows
a peak at 557 nm that represents the average band gap of the nanocrystals. The
PL spectrum of the ensemble is dominated by a broad (fwhm = 375 meV) band
centered at 810 nm. This PL band is the charge-transfer transition formally involving
recombination of a conduction-band electron with a photo-oxidized Cu™ dopant (i.e.,
Cu?"-like) characteristic of copper-doped II-VI semiconductors.

Figure 2.1, panel B shows the PL spectrum of one single nanocrystal that is repre-
sentative of a minority subset of the nanocrystals in the 0.6% Cu™:CdSe nanocrystal
ensemble. This PL spectrum is dominated by a narrow (fwhm ~ 54 meV) emission
band centered at 561 nm. This spectrum is consistent with excitonic emission from
a single undoped CdSe nanocrystal. Nanocrystals exhibiting only excitonic emission
likely contain no Cu' dopants. At 0.6% Cu", the average number of Cu’ dopants per
nanocrystal is about 2, and a Poissonian distribution of these Cu" dopants among
the ensemble of nanocrystals results in ~ 14% of the nanocrystals possessing no cop-
per. Importantly, this small subset of undoped nanocrystals within this ensemble
has exactly the same synthesis and processing history as the more prevalent doped
nanocrystals, so they serve as excellent control samples for probing the impact of Cu™"

doping on nanocrystal PL blinking.

Figure 2.1, panel C shows the PL spectrum of another single nanocrystal, this time
representative of the majority of nanocrystals observed in these measurements. This
spectrum displays a broad (fwhm ~ 325 meV) band centered at 816 nm that is very
similar to the ensemble luminescence in Figure 2.1, panel A and hence attributable
to copper-based PL in the single nanocrystal. The line width of the copper-based
PL is nearly the same in the single-particle spectrum as in the ensemble spectrum,
consistent with observations from studies of Cu™,Al*":ZnS nanostructures?® and from
fluorescence line narrowing measurements of ensembles of copper-doped ZnSe/CdSe
nanocrystals.?% The single-particle emission occurs slightly lower in energy than the

ensemble emission, indicating some inhomogeneous broadening in the ensemble spec-
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trum that can be attributed to the nanocrystal size distribution and the dependence
of this transition energy on nanocrystal size.>*!! Because of the extremely low Cu®
concentrations used here, inhomogeneous broadening due to Cu™ positioning within
the nanocrystal can be excluded as a major factor in this line width. Instead, this
large line width is attributable to strong electron-phonon coupling associated with
excited-state hole localization, including an anticipated Jahn-Teller distortion of the
Cu?"-like center in the luminescent excited state.?” Notably, there is no detectable
excitonic PL in the single-particle spectrum of Figure 2.1, panel C, which indicates
very fast relaxation from excitonic to charge-transfer excited states in Cu'-doped

CdSe nanocrystals.
2.4 Blinking Dynamics

Figures 2.2, panels A and B show representative single-particle blinking traces
from two different nanocrystals in the ensemble. The blue traces document emission
from 490-635 nm and represent excitonic emission; the red traces document emission
from 635-950 nm and represent copper-based charge-transfer emission. Occasionally,
single particles showing emission on both channels were observed. This behavior
could conceivably reflect a subset of nanocrystals with Cu™ ions near their surfaces
and hence slower hole transfer to Cu™, but it is likely also partly an experimental
artifact arising from emission bands tailing across the dichroic cutoff near 635 nm,
allowing the same band to be counted by both detectors. This subset of nanocrystals
is therefore not considered further. Figure 2.2, panel C plots a representative blinking
trace for the copper-based emission on an expanded time axis. Overall, a total of 20
nanocrystals showing excitonic emission and 73 nanocrystals showing copper-based
emission were measured in detail for subsequent analysis.

The doped and undoped nanocrystal blinking data were analyzed following the
method outlined by Hess et al. for determining the probability that two data sets

share the same underlying statistical distribution.?® This method involves comput-



25

ing a cumulative distribution function (CDF) for each data set and then using the
Komlogorov-Smirnov (KS) test to determine the “goodness of fit” between the two

1,% where

functions. CDFs are computed directly from the blinking data using eq 2.
N is the number of events, and ¢; is an event duration smaller than time ¢, with no

additional manipulation of the data:
1
CDF () = Zt <t (2.1)

Plotting the data as the complementary CDF (cCDF, eq 2.2)% is useful for visu-

alizing blinking data because at short times, the event probabilities are greatest:
cCDF (t) = 1 — CDF (¢) (2.2)

Figure 2.2, panels D and E present cCDFs compiling the emissive (“on”) and none-
missive (“off”) event durations from the blinking traces of all 73 Cu*-doped (red) and
20 undoped (blue) CdSe nanocrystals. A hard threshold of three standard devia-
tions above the mean background was used to distinguish between “on” and “off”
events. The KS test was then applied to determine the likelihood that the excitonic-
and copper-emitting nanocrystals exhibited similar kinetics.?>3° From this test, the
“off” ¢CDFs for the CdSe and Cu':CdSe nanocrystals are identical to greater than
a 95% confidence interval (see Supporting Information), which means a high like-
lihood that the “off” to “on” transitions have the same microscopic origins in both
the CdSe and Cu':CdSe nanocrystals. In contrast, the “on” ¢CDFs for the CdSe
and Cu™:CdSe nanocrystals are similar in shape but exhibit a statistically significant
difference, falling well below a 95% confidence interval for the goodness of fit (see
Supporting Information). Their difference is especially apparent in the linear plot
of Figure 2.2, panel E. The sharper curvature in the Cu™:CdSe “on” ¢CDF indicates
that the Cu":CdSe nanocrystal “on” times are shorter, on average, than those of
(CdSe nanocrystals. We interpret the indistinguishable “off” statistics to imply similar

carrier-detrapping processes in both Cu'-doped and undoped nanocrystals and the
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Figure 2.2: (A, B) Single-nanocrystal blinking traces documenting emission from 490 - 635
nm (blue) and from 635 - 950 nm (red) for (A) a single nanocrystal that exhibits only exci-
tonic emission and (B) a single nanocrystal that exhibits only copper-based emission. (C)
Expanded view of a blinking trace showing discrete jumps in copper-based emission. (D)
Logarithmic and (E) linear plots of “on” (dashed lines) and “off” (solid lines) complemen-
tary cumulative distribution functions (cCDFs) for excitonic (blue) and copper-based (red)
emission.



27

different “on” statistics to mean that CdSe and Cu':CdSe nanocrystals experience
different carrier-trapping probabilities.

These data suggest that electron trapping/detrapping is primarily responsible for
blinking in these nanocrystals. If hole trapping were responsible, then the CdSe
nanocrystals would have shorter “on” times than the Cu':CdSe nanocrystals because
hole trapping in CdSe does not need to compete with hole transfer to Cu™ and hence is
more probable than hole trapping in Cu™:CdSe. Instead, undoped CdSe nanocrystals
have longer “on” times than Cu':CdSe nanocrystals. Longer “on” times in CdSe
nanocrystals are also consistent with “off” states arising from electron trapping: decay
of the Cu™:CdSe luminescence is approximately an order of magnitude slower than
that of CdSe excitonic luminescence (7 & 300 ns compared to ~ 10 - 50 ns, at room
temperature). The slow decay of the Cu':CdSe luminescent excited state, which still
possesses a delocalized conduction-band electron, increases the probability of electron
trapping and hence causes shorter “on” times in the blinking traces. These data
thus strongly implicate electron trapping as the primary process that turns bright
nanocrystals “off” in the blinking traces of both these Cu':CdSe and undoped CdSe

nanocrystals. Potential alternative mechanisms are discussed below.
2.5 Delayed Luminescence

Figure 2.3 shows PL decay traces of Cu'-doped nanocrystals measured at 20 and
297 K. In addition to PL decay within the first few microseconds similar to that re-
ported in several related materials, 1161731 the data reveal a small but pronounced
component of the PL decay that has an extremely long apparent time constant (~
3.5 ms at room temperature, ~ 300 ms at 20 K), extending the PL decay well beyond
its radiative lifetime. A similar delayed luminescence was also observed in undoped
CdSe and related core/shell nanocrystals,3*3% but the phenomenon is much more
pronounced in the luminescence of the Cu™:CdSe nanocrystals (see Supporting In-

formation). Such extremely slow luminescence has not been reported previously in
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Figure 2.3: Ensemble photoluminescence decay in Cu':CdSe nanocrystals, measured at 20
K (red) and 297 K (black). The inset shows the lifetime measured at 297 K plotted over a
30 ms time window. The horizontal dashed line indicates the baseline counts. In addition
to the dominant prompt decay components on the single-microsecond time scale associated
with the copper charge-transfer state, a very slow component is observed that has a time
constant of 3.5 ms at 297 K (green) and 300 ms at 20 K (green). This delayed luminescence
is attributed to recombination following electron detrapping, and confirms the presence of
long-lived electron trap states.
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Cu'-doped or copper-based nanocrystals. Importantly, the spectrum associated with
the delayed luminescence is essentially identical to that measured under continuous
illumination, showing only a small redshift with time (see Supporting Information).
This spectral similarity indicates that the same luminescent excited state is re-formed
after the temporary formation of a long-lived, dark intermediate excited state. We
attribute this delayed luminescence to the formation of metastable charge-separated
states wvia trapping of photoexcited carriers followed by carrier detrapping and ra-
diative recombination. The large increase in the delayed luminescence decay time
constant at low temperature demonstrates that carrier detrapping is thermally acti-
vated.

The larger amplitude of delayed luminescence in Cu':CdSe nanocrystals than in
comparable undoped CdSe nanocrystals allows assignment of this process specifically
to electron trapping/detrapping, analogous to DAP recombination in bulk Cu"-doped
phosphors and the same mechanism concluded from analysis of the blinking data
described above. Delayed luminescence is favored by the slow decay of the luminescent
excited state in Cu™:CdSe nanocrystals, which gives electron trapping more time to

compete with recombination.
2.6 Mechanistic Implications

Despite broad interest in Cu'-doped colloidal semiconductor nanocrystals for

513 peither photoluminescence

spectroscopic studies and nanophosphor applications,
blinking nor delayed luminescence has been reported previously for any Cu*-doped or
copper-based colloidal semiconductor nanocrystals. The observations presented here
provide new insights into the electronic structures and photophysical properties of
this important class of nanocrystals. More generally, the observations here provide
new insights into the interpretation of blinking and delayed luminescence in semicon-

ductor nanocrystals, and specifically, implicate a mechanistic link between these two

phenomena. Such a link has also been proposed for undoped II-VI semiconductor
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nanocrystals based on similarities between luminescence power-law dynamics on the
nano- to microsecond timescale and blinking power-law dynamics on even longer time
scales.?? The present results extend the understanding of these processes by specifi-
cally identifying electrons as the charge carriers responsible for these two phenomena.

Figure 2.4 summarizes the various processes in Cu':CdSe nanocrystals deduced
from analysis of the photoluminescence, blinking, and delayed luminescence results.
As detailed previously, the broad midgap photoluminescence of Cu'-doped nanocrys-
tals stems from photoexcitation (1) followed by rapid hole trapping at copper (2),
and radiative electron-hole recombination (3). The data obtained here are consistent
with this description. Both the blinking and delayed luminescence data reported here
point to the existence of surface electron traps that reversibly intercept conduction-
band electrons (4) to form long-lived metastable charge-separated states, analogous
to donor-acceptor pair excited states in bulk Cu'-doped chalcogenide phosphors.?
The electrons spontaneously detrap on a very slow time scale that depends on tem-
perature. Rather than AI*" or ClI” impurities, the donors in these nanocrystals are
thus shallow electron traps on the nanocrystal surfaces.

Once an electron has been trapped the nanocrystal is dark and remains so until
the electron is detrapped. Photoexcitation of a nanocrystal in this metastable charge-
separated state yields only nonradiative recombination. This nonradiative recombina-
tion may occur via a Shockley-Read-Hall-like mechanism?! (Figure 2.4, right panel)
involving hole quenching by the reduced surface trap (6) followed by electron trapping

(7) to re-form the metastable state. Fast trap-assisted Auger recombination?®3°

or
the presence of low-energy Cu?’ excited states® may also contribute to nonradiative
decay in the dark state of the Cu™:CdSe nanocrystals. Recovery of nanocrystal emis-
sion only occurs by electron detrapping. Because the electron detrapping kinetics
are largely independent of the presence of copper, the “off” state dynamics in these

Cu":CdSe and CdSe nanocrystals are statistically indistinguishable, and only their

“on” state dynamics differ. Overall, the data presented here provide strong evidence
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Blinking,
Delayed Luminescence

"OFF"

Photoluminescence

Figure 2.4: Schematic illustrations of the processes responsible for PL, luminescence blink-
ing, delayed luminescence, and “off” states in Cu"-doped CdSe nanocrystals. Solid arrows
show processes involving photons, and dashed arrows show nonradiative processes. Left:
Band-to-band photoexcitation (1) is followed by picosecond hole localization at copper (2).
This hole subsequently recombines with the conduction-band electron to emit a photon (3).
Center: The nanocrystal surfaces trap and detrap conduction-band electrons (4). Detrap-
ping occurs on the millisecond time scale and generates delayed luminescence (3). Right:
Photoexcitation of a nanocrystal already in its metastable charge-separated state (5) leads
to nonradiative recombination and the nanocrystal appears dark. Nonradiative recombi-
nation may occur via a Shockley-Read-Hall-type mechanism involving rapid hole quench-
ing from the reduced trap (6) followed by trap repopulation (7) to return to the original
state, but other processes may also be important. The data indicate similar electron trap-
ping/detrapping in undoped CdSe nanocrystals, and similar nonradiative decay processes
may also be active in their “off” state.
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that a similar electron trapping/detrapping mechanism underlies both the blinking
and the delayed luminescence of the Cu™:CdSe and CdSe nanocrystals studied here.
Although the hole localizes at copper in the Cu':CdSe nanocrystals, the present
interpretation does not speak to the location or extent of localization of the hole
in the analogous “off” state of CdSe nanocrystals. Given the chemical instability of
delocalized holes in CdSe nanocrystals, it can be reasonably anticipated that this
hole also localizes. The present data suggest only that the blinking and delayed-

luminescence kinetics are governed by electron trapping and detrapping kinetics.

One alternative interpretation of the blinking data presented here invokes Auger
ionization of a hole from a biexciton as the process that forms the “off” state, followed
by Auger recombination of the negative trions formed upon subsequent photoexcita-
tion while in the dark state. The “off” state survives until nonradiative electron-hole
recombination eliminates the excess electron and re-forms the “on” state. In this
scenario, the distinction between electrons and holes would be less clear from the
blinking data alone. In our experiments, this scenario is considered less likely than
the reversible electron-trapping scenario proposed above because (a) our nanocrys-
tals were excited using a low-power pulsed laser from which the average number of
excitations per nanocrystal per pulse was limited to < 0.066 to avoid the formation
of biexcitons or other multiply excited states (see Methods), and (b) the correla-
tion between delayed luminescence and blinking proposed in ref 32 and supported
by our measurements strongly implies that the photochemical processes responsible
for blinking must also occur with the even lower nanocrystal excitation rates of the
delayed-luminescence measurements. These considerations argue against a multipho-
ton Auger ionization mechanism for “off”-state formation.

Moreover, the interpretation proposed here is also broadly consistent with the
results of several recent studies that have implicated surface recombination centers,
rather than trion Auger recombination, as the cause of luminescence suppression in

nanocrystal “off” states.?4? Although trion Auger recombination is too slow to ac-
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count for the “off -state PL quenching of many nanocrystals,?” " the trap-assisted re-
combination mechanism proposed in Figure 2.4 (right panel) would be consistent with
experimental observations.®® Redox-active surface traps of colloidal CdSe nanocrys-
tals, when in specific oxidation states, can introduce nonradiative decay channels
for the exciton that are much faster than trion Auger recombination.! In some
studies, redox control of surface states has been proposed to regulate blinking it-
self. 4942 For example, Galland et al. have proposed that electrochemical reduction of
subconduction-band surface traps in CdSe/CdS nanocrystals eliminates these traps
from participation in a nonradiative recombination channel similar to that illustrated
in Figure 2.4 (right panel).%® The microscopic identities and redox properties of the

relevant surface traps remain unclear.

2.7 Summary

In summary, PL blinking has been examined in the luminescence of single Cu™:CdSe
and CdSe nanocrystals. Copper doping is found to perturb the blinking “on” statistics
but not the blinking “oft” statistics. Because copper selectively traps photogenerated
holes, this result allows blinking in these nanocrystals to be associated specifically
with electron trapping and detrapping. The same Cu':CdSe nanocrystals also show
an extremely long-lived delayed luminescence signal due to reversible electron trap-
ping/detrapping that allows luminescence long beyond the radiative recombination
time of the luminescent excited state. These results complement existing nanocrystal
blinking literature by providing new insights into the specific carriers involved in these
processes through the use of copper dopants as well-defined traps that selectively
localize holes. This study advances our understanding of the photophysical prop-
erties of colloidal Cu'-doped semiconductor nanocrystals, with broad ramifications
for applications of such doped nanocrystals as spectral-conversion or optical-imaging

phosphors.
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2.8 Methods

2.8.1 Synthesis of Cu™:CdSe Nanocrystals

Copper-doped CdSe (i.e., Cu™:CdSe) nanocrystals were synthesized by a hot-
injection method adapted from recent literature.*® Briefly, cadmium acetate hydrate
(0.116 g, 0.5 mmol), oleic acid (0.32 g, 1.1 mmol), and hexadecane (5 g) were de-
gassed under vacuum at 70 °C for 1 h. The mixture was heated to 110 °C under
nitrogen for 10 min, which produced a clear, colorless solution. After it was cooled
to 70 °C, copper stearate (0.032 g, 0.05 mmol) was added under positive nitrogen
flow, the mixture was degassed with three pump-purge cycles at 70 °C, and then the
temperature was increased to 180 °C under nitrogen. Rapid injection of 0.25 mL of a
1 M solution of selenium in trioctylphosphine at 180 °C caused the mixture to change
color within a few seconds from deep blue to colorless (consistent with reduction of
Cu?" to Cu™) and then from colorless to orange to red (indicating nucleation and
growth of CdSe nanocrystals). After 30 min at 180 °C, the mixture was cooled to
room temperature. Addition of an equal volume of a ~ 3:1 ethanol/acetone mixture
followed by centrifugation produced dark red pellets from a colorless supernatant.
The supernatant was discarded, and the pellets were washed with acetone, dried
under nitrogen flow, and redispersed in toluene. Samples were characterized by UV-
vis absorbance (Varian, Cary 500) and as described in the following by PL, lifetime
measurements, and fluorescence microscopy. Copper concentrations were quantified
using inductively coupled plasma atomic emission spectroscopy (ICP-AES). Magnetic
circular dichroism and electron paramagnetic resonance measurements show no evi-
dence of paramagnetism (see Supporting Information), consistent with copper in its
monovalent oxidation state. We note that our copper precursor, copper stearate, is
a Cu?" complex, but the anaerobic reaction conditions and the addition of easily
oxidized ligands such as trioctylphosphine can facilitate the reduction necessary for

incorporation as Cu™.
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2.8.2 Photoluminescence

Solutions of nanocrystals suspended in toluene were excited using a 405 nm diode
laser. The resulting PL was collected perpendicular to the excitation field, and deliv-
ered to a monochromator (Acton, SpectraPro 500i, 0.5m, 150 g/mm grating blazed
at 500 nm) equipped with a LNy cooled CCD (Roper Scientific, LN1I00EB) for de-
tection. A Hamamatsu integrating sphere quantum yield measurement system with
400 nm excitation was used to measure the PL quantum yields of toluene solutions

of Cu':CdSe nanocrystals.

2.8.83 Luminescence Lifetimes

Samples were prepared by sandwiching drop-cast films of nanocrystals between
sapphire disks. Samples were cooled to 20 K in a closed-cycle cryostat and excited
using a 405 nm diode laser at a power density of ~ 0.05 W/cm?, modulated at 0.2
Hz with the square-wave output of a function generator (SRS, DS345). Lifetimes
were measured at 760 nm using a monochromator (Acton, SpectraPro 500i, 0.5m,
150 g/mm grating blazed at 500 nm) equipped with a PMT (Hamamatsu, H7422).
Lifetimes were collected over a 1600 ms time window; the PMT signal was processed
using a multichannel analyzer and collected with a custom LabView program. Life-

times were determined from a multiexponential fit of the decay curves.

2.8.4  Single-Particle Blinking

Cu™:CdSe nanocrystals were dispersed at 0.1 - 1.0 nM concentrations in solutions
of 1% PMMA in toluene, then spin coated onto cleaned zinc titania glass coverslips
at 1000 rpm. The samples were mounted on an xy-piezoelectric nanopositioning
stage (PI, P-545.2R7) on an inverted confocal microscope (Nikon, TE2000U). Pho-
toexcitation was accomplished using a 405 nm pulsed picosecond diode laser (Pico-

Quant, PDL 800-B with LDH-P-C-405B laser head) having a temporal width of 63 ps
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(fwhm) and a repetition rate of 5 MHz. A 425 nm dichroic long-pass mirror (Chroma,
T425LPXR) directed the excitation field to the back of a 100x oil-immersion objec-
tive (Nikon, PlanFluor, 1.4 NA) where it was focused through the glass coverslip. An
average power of 90 nW was measured at the focal point of the objective. Assuming a
diffraction-limited focal spot, this excitation power corresponds to an average of ~ 5
photons incident on a NC per pulse, which in turn corresponds to ~ 0.066 excitations
per nanocrystal per pulse, or an average of one absorption event every 6 us. The ex-
citation rate is thus slow compared to the decay time of the copper luminescence (~
300 ns). This excitation rate represents an upper bound because a diffraction-limited
focal point is likely not truly achieved. Such low excitation rates are used to minimize
the probability of generating multiply excited nanocrystals. Emission was collected
in an epi-geometry, passed through the 425 nm dichroic long-pass mirror, and then
passed through a second long-pass filter (Chroma, ET490LP) to reject scatter from
the photoexcitation field. The emission was then split by a 635 nm dichroic long-pass
mirror (Chroma, T635LPXR) with the transmitted and reflected fields focused onto
two separate avalanche photodiode detectors (APDs) with 50 ym active areas (MPD,
PDMO050CTB) providing confocal resolution. Observation of single-step photobleach-
ing events, diffraction-limited spot sizes, and a dependence of emission spots per area
on nanocrystal concentration confirm measurement of single nanocrystals. Micro-
scope and collection-electronics control were accomplished using a custom LabView

program. Data were binned in 7.5 ms intervals.

2.8.5 Single-Particle Photoluminescence Spectra

Luminescence spectra of single Cu™:CdSe nanocrystals were measured on the same
polymer films used for the luminescence blinking studies and using the same micro-
scope. The luminescence was focused onto a 100 um pinhole to achieve confocal res-
olution and then delivered to a monochromator (Acton, SP2300i, 0.3 m, 150 g/mm
grating blazed at 800 nm) equipped with a LN cooled CCD detector (Roper Scien-
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tific, 7346-0005). Spectra were collected with 300 s exposures, 5 MHz rep rate, and

90 nW average excitation power.
2.9 Supporting Information

KS test parameters used in the analysis of the blinking data, fitting parameters
for the photoluminescence decays, and additional spectroscopic data. The Support-
ing Information is available free of charge on the ACS Publications website at DOI:

10.1021 /acs.nanolett.5b01046.

KS test parameters
The following parameters were used to calculate the similarity between the CDFs.

This follows the method of Riley et al.?’
D value = maz _ctcoo|S1 (t) — S2 () |

The D value is used to compare two different CDFs to gauge magnitude of similarity

between the CDFs.

p value = Skg <[\/Ne +0.12+0.11/+/ N, ]D)

The p value is computed from the CDF of the KS distribution, this is used to quantify
the differences observed between the two CDFs. A p-value greater than 0.05 indicates
that there is a very high likelihood, to a 95% confidence interval, that the two CDFs

are from the same distribution.
The CDF of the KS distribution, Skg, is given by the expression below.

S (2 \/726 ( 23—1) )

NIV,
TN+ N,
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N, is the reduced data density, this accounts for differences in the number of data

points between the two CDFs of interest.

Table 2.1: KS Test

Kolmogorov-Smirnov (KS) Test

On Intervals Off Intervals

Cu vs Ex Cu vs Ex

p 9.85E-09 0.9222

D 0.1368 0.0244

Table 2.2: Qds per CDF

QDs per CDF

Cu 73

Ex 20
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Magnetic Circular Dichroism Spectroscopy
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Figure 2.5: (A) Absorption (top) and magnetic circular dichroism (MCD, bottom) spectra of
Cu™:CdSe nanocrystals in a polylaurylmethacrylate film sandwiched between quartz discs.
The film was mounted in a cryostat and measured in an electromagnet at an applied 0.6 T
magnetic field in the Faraday geometry. Spectra measured at 80 K (blue) and 295 K (red).
(B) Near-infrared MCD spectra taken of the sample under the same conditions as in A (blue
and red), and of a toluene solution of Cu':CdSe NCs at room temperature with an applied
field of 1.8 T. No MCD signal is observed from 900 - 2000 nm. The only MCD signals
observed in the range from 400 - 2000 nm occur for A< 600 nm, corresponding to the small
Zeeman splitting of the excitonic transitions of Cu™:CdSe nanocrystals. The magnitude of
the Zeeman splitting of the exciton is the same at 80 K and 295 K indicating there are no
significant sp-d exchange interactions between the exciton and copper dopants in the ground
state. This observation, combined with the absence of any signals corresponding to Cu?*
ligand-field transitions in the near-infrared (900 - 2000 nm), confirms that the oxidation
state of the copper dopants in these nanocrystals is most likely Cu™.
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Electron Paramagnetic Resonance Spectroscopy
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Figure 2.6: Electron paramagnetic resonance (EPR) spectrum of Cu':CdSe suspended in
toluene at room temperature in a Bruker EMX continuous wave X-band EPR spectrometer.
The spectrum shows no evidence for the presence of Cu?* ions in the ground state.
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Figure 2.7: Plots of the intensity of the Cu luminescence feature versus time for the ensemble
of Cu™:CdSe nanocrystals measured at (A) 297 K and (B) 20 K. The long time component fits
to a single exponential at 297 K with a lifetime 7 = 3.3 ms, and fits to a double exponential
at 20 K with a long time component of 7 = 300 ms. The solid red lines represent these fits.
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Gated Luminescence Spectra
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Figure 2.8: Gated luminescence spectra collected at room temperature of Cu™:CdSe excita-
tion was provided by a square wave source, steady state measurement prior to decay. The
spectrum taken at longer delay times shows a slight red shift in the Cu™ emission maximum.
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Delayed Luminescence is More Intense in Copper-Doped Nanocrystals
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Figure 2.9: (A) Photoluminescence spectrum of an ensemble containing significant popu-
lations of both undoped CdSe (PL peak at 545 nm) and Cu™:CdSe (PL peak at 700 nm)
nanocrystals measured at 1.6 K. (B) PL decay traces measured at 1.6 K of the excitonic
(545 nm) and Cu (700 nm) PL features of the same sample shown in (A).
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3.1 Abstract

Single-nanocrystal and ensemble photoluminescence measurements on CulnS, semi-
conductor nanocrystals reveal luminescence bandshapes that are broad compared to
those typical of individual II-VT or related semiconductor nanocrystals. This finding
is consistent with the hypothesis of strong electron-phonon coupling in the emis-
sive excited state of these CulnS, semiconductor nanocrystals. Blinking is observed
that resembles that of other semiconductor nanocrystals. Ensemble luminescence
measurements also reveal the existence of a remarkably long-lived excited state in
these nanocrystals that continues to emit photons over several orders of magnitude in
time following the excitation pulse. The delayed luminescence overlaps in time and
shows similar distributed kinetics to the blinking “off” times of the same nanocrystal
sample, supporting the proposal that these two phenomena arise from the same mi-
croscopic carrier-trapping and -detrapping processes. Excitation power dependence
measurements illustrate that the delayed luminescence saturates at very low emission
intensities under the excitation power densities used in the single-nanocrystal mea-
surements, consistent with this metastable charge-trapped state being the “off” state

of the luminescence blinking cycle.
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3.2 Introduction

CulnE, (E = S, Se, Te) nanocrystals (NCs) have recently attracted a great deal
of interest as nontoxic alternatives to CdSe, PbS, and related semiconductor NCs for
numerous nanophosphor applications.!® The large photoluminescence (PL) Stokes
shifts and long lifetimes of CulnE; NCs make them particularly attractive emitters
for applications in bioimaging,®* light-emitting diodes,® and luminescent solar con-
centrators.®® Compared to II-VI or IV-VI semiconductor NCs such as CdSe and PbS,
however, the luminescence mechanism in CulnEy; NCs is not very well understood.
Bulk CulnS, displays several distinct PL transitions including free-exciton emission,
free-to-bound recombination, and donor-acceptor pair (DAP) recombination.? ' A
narrow near-band-edge emission feature is observed at 1.53 eV (~ 50 meV full-width
at half maximum (fwhm) at 300 K), and broader deep-trap emission is observed be-
tween 1.3 and 1.4 V.12 The free-to-bound and DAP recombination processes are
generally interpreted as involving lattice vacancies or other point defects. The specific
PL spectrum displayed by bulk CulnS, thus depends on the methods of crystal growth
and post-growth annealing, which affect the concentrations of such defects.®1? The
PL spectra of CulnS; NCs are dominated by a broad mid-gap feature (~ 300 — 400
meV fwhm at 300 K) !5 that exhibits a large Stokes shift of ~ 250 — 500 meV and that
bears little resemblance to the characteristic PL features of bulk CulnS,. % The energy
of this broad PL can be tuned by changing the NC size.'>"22 Various mechanisms
have been proposed to explain this PL. Most proposed mechanisms are analogous to
those discussed for bulk CulnS,, and invoke lattice vacancies or interstitial defects to
generate DAP or free-to-bound recombination processes similar to in bulk.!"?22 A
recent study has proposed the existence of substitutional Cu?" in CulnS, NCs as the
source of the broad PL.%¢ Alternatively, a theoretical study based on the multi-band
effective-mass approximation proposes the existence of large Stokes shifts and long

PL lifetimes in quantum-confined CulnS, NCs stemming from the first-order forbid-
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denness of the lowest-energy inter-band electronic transition, which becomes partially
allowed through low-symmetry effects.?” In this interpretation, absorption is domi-
nated by higher-energy excitonic states, but PL occurs via this low-energy forbidden
state, generating a large Stokes shift. Yet another proposal is that CulnEs; NC PL
involves exciton self-trapping.!® This mechanism accounts for both the large Stokes
shifts and the broad bandshapes by invoking strong excited-state electron-phonon
coupling that leads to partial localization of photogenerated charge carriers. This
interpretation has been proposed based on similarities in PL bandwidths, lifetimes,
Stokes shifts, and magnetic-field dependence between CulnS, and Cu'-doped semi-
conductor NCs. 1?16 In the latter NCs, photogenerated holes localize around individual
Cu™ dopants, causing large lattice distortion at this localization site. Single-particle
spectroscopy can provide new insights into the mechanism of PL in CulnS, NCs by
evaluating ensemble particle-size heterogeneity as a source of spectral inhomogeneous
broadening. Inhomogeneous particle sizes account for only a small portion of the
ensemble PL bandwidths of Cu" doped NCs,23? but to date, there have been no
reports of any single-particle spectra for any CulnE, NCs. PL blinking has been
reported for single Zn-Cu-In-S alloyed NCs,3! but single-particle PL spectra were not
reported. In addition to resolving uncertainties about homogeneous PL bandwidths,
single-nanocrystal studies of PL blinking can provide insights into carrier trapping
and detrapping dynamics. Recent experiments have drawn attention to the possibil-
ity that single-NC PL blinking may be linked mechanistically to the phenomenon of
delayed luminescence observed in CdSe, Cu*:CdSe, and related NCs.30:3234 Shallow
charge trapping can form metastable charge-separated states that de-trap only on
very long timescales, leading to extremely slow luminescence decay. Here, we present
the first single-particle spectra of colloidal CulnS, NCs. We show that the PL from
single CulnSy/CdS NCs is narrower than the ensemble PL but broader than typical
excitonic PL, with fwhm values ranging from 190 — 270 meV. Intermittency (blinking)
is observed in the CulnS,/CdS single-NC PL time-traces that display distributed ki-
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netics similar to those of other semiconductor NCs. We also report the first delayed
PL measurements for CulnSy NCs. Delayed PL is observed in ensemble measurements
on the same CulnSy/CdS NCs and shows very similar distributed decay kinetics as
seen in the blinking experiments. The blinking and delayed PL dynamics are shown
to overlap over a broad experimental time window. Both phenomena are attributed
to the same reversible carrier-trapping processes. Excitation power-dependence data,
measured for both prompt and delayed PL in the same experiment, are consistent
with the proposed relationship between blinking and delayed PL, showing a linear
power dependence for the prompt PL but facile power saturation of the delayed PL.
These results illustrate the major role that excitation rate plays in determining the
ratio of delayed to prompt PL intensities. We propose that this PL power dependence

has important consequences at the single-particle level.

3.3 Results and Analysis

3.3.1 Photoluminescence Spectra and Blinking

Figure 3.1 summarizes the absorption and PL spectra of CulnS,/CdS NCs. Fig-
ure 3.1A shows absorption and PL spectra of an ensemble of d = 3.8 nm CulnS,/CdS
NCs suspended in toluene. X-ray diffraction measurements show these NCs possess
the chalcopyrite structure (Supporting Information). The absorption spectrum of
the ensemble shows a broad feature centered at ~ 2.2 ¢V as the first detectable ab-
sorbance, followed by rising absorbance to higher energy. The ensemble PL spectrum
shows a broad (fwhm ~ 300 meV) band centered at ~ 1.65 eV. These ensemble data

are very similar to those reported previously for various CulnE, NCs. 157192125
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Figure 3.1: (A) Ensemble absorption and photoluminescence spectra of d = 3.8 nm

CulnSy/CdS core/shell NCs in toluene, PL QY = 87%. (B) Single-particle and ensem-
ble PL spectra of CulnSz/CdS NCs from the same sample. (C) A representative blinking
trace from a CulnSy/CdS NC from this same batch (bin size of 7.5 ms). All data were
collected at room temperature.
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Figure 3.1B plots the PL spectra of several single nanocrystals from the same
ensemble sample as used for Figure 3.1A, overlaid with the ensemble PL spectrum.
The 140 ns PL decay of the CulnSy NCs requires working at relatively low excitation
rates to avoid multiple excitation events. The PL QY appears to drop substantially
upon film preparation, making acquisition of these single-NC PL spectra challenging,
and optimization of the nanocrystal preparation conditions was necessary to achieve
reasonable photon counts at the single-particle level (see Methods and Supporting
Information). The single-NC spectra in Figure 3.1B each show a fairly broad PL
band, but the fwhm of this band is not the same for all NCs. Individual fwhm values
range from 190 meV up to 270 meV, with no apparent correlation between the PL peak
energy and its fwhm (see Supporting Information). These single-NC fwhm values are
all narrower than the ensemble fwhm (300 meV, Figure 3.1A), indicating some amount
of ensemble inhomogeneous broadening, but they are also quite broad in comparison
to single-NC excitonic luminescence in II-VI, IV-VI, or related NCs, where room-
temperature bandwidths of ~ 50 meV are typical.?*3® Overall, these single-NC data
illustrate the existence of an effective PL broadening mechanism in individual CulnS,
NCs. The single-NC PL bandshapes observed here are consistent with the proposal of
exciton self-trapping in CulnS, NCs,!® in which photogenerated holes localize around
a single or small groups of lattice Cu' ions, stabilized by strong electron-phonon
coupling. Rather than displaying band-like excitonic emission like in II-VI or III-V
NCs, CulnS; NCs thus more closely resemble high-copper analogs of dilutely Cu™-
doped II-VI and III-V NCs. %16 In the Cu™-doped NCs, single-particle PL bandshapes
are broadened by Franck-Condon progressions reflecting vibronic displacement along
a combination of lattice contraction and Jahn-Teller distortion coordinates centered
at the copper.®® These distortions are induced by photoexcitation when the copper
oxidation state is formally increased from Cu(I) to Cu(II) upon hole localization.3’
Similar lattice distortions are proposed for CulnSy NCs, although the narrower single-

NC PL bandwidths of the CulnS,/CdS NCs compared to Cu™:CdSe NCs containing
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single copper dopants®® (fwhm of 235 + 40 vs 325 meV, respectively) imply shallower
hole trapping in the former. These data alone do not eliminate other trap-based PL
mechanisms. Figure 3.1C plots a representative PL time trace for one of the single
NCs from Figure 3.1B. PL blinking is readily observed. Blinking data for a total
of 88 NCs were analyzed following the Bayesian detection and change-point analysis

method outlined by Riley, et al.*’ The results of this analysis are discussed below.

3.3.2  Delayed Photoluminescence

Figure 3.2A presents room-temperature PL decay data measured from the same
ensemble of CulnS,/CdS nanocrystals used for Figure 3.1. The main figure shows
a semi-log plot of the first 30 us of PL decay data following photoexcitation. The
inset shows a log-log plot of the same PL decay, now over 7 orders of magnitude in
time. Two clearly separable time regimes are observed in these plots: (i) the first
ca. microsecond following photoexcitation, in which the majority of the PL decays,
and (ii) the following period spanning from a few microseconds to over 160 ms (Fig-
ure 3.2A, inset), in which persistent low-level delayed luminescence is observed. The
first regime is dominated by “prompt” PL decay with a time constant of 7 ~ 140 ns.
In contrast, the delayed PL decays non-exponentially, showing broadly distributed
kinetics. From these data, we estimate a steady-state ratio of delayed to total lumi-
nescence intensities of only I'pelayed/ |/ Delayed + I Prompt|(steady state) ~ 5x10. The
ratio of delayed to total PL intensities measured after the excitation pulse is termi-
nated is much greater. Delayed PL intensities are difficult to determine accurately in
the time regime where the prompt PL is dominant. We therefore report a lower limit
for this ratio determined by only counting photons emitted at times longer than 10x
7 as delayed PL, where 7 is the prompt PL lifetime (140 ns). From this conservative
approach, the ratio of delayed to total PL occurring during the PL decay after termi-
nation of the excitation pulse is I pelayed/ [/ Delayed + I Prompt](decay) > 1071, This ratio

indicates that the steady-state population of NCs able to eventually emit a delayed
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Figure 3.2: (A) Semi-log plot of PL intensity decay for the same CulnSy/CdS NCs from
Figure 3.1, showing two distinct time regimes. Prompt luminescence is observed that decays
approximately exponentially with a a time constant of 7 ~ 140 ns (green dashed curve).
Delayed PL is also observed, decaying with distributed kinetics. (Inset) Double-log plot
of the same PL decay data, now showing over 7 orders of magnitude in time. Plots were
obtained by stitching together multiple time windows with time bins ranging from 5 ns to
10 ps. (B) Delayed PL of CulnS2/CdS NCs (blue squares) and histogram of blinking “off”
statistics (red crosses). The blinking data were binned at 1.6 ms for determination of “off”
statistics by a Bayesian detection method.? The dashed line is a guide to the eye. All data
were collected at room temperature.
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photon is quite large, even though the delayed luminescence does not constitute a
large fraction of the emission measured under the steady-state excitation conditions
used here.

Figure 3.2B presents the non-emissive (“off”) blinking statistics collected on many
single nanocrystals from the same ensemble as used for the delayed luminescence
shown in Figure 3.2A. The red crosses in Figure 3.2B plot the “off” times for data
binned to 1.6 ms and histogrammed with 1000 bins. For comparison, the long-time
portion of the delayed PL data from Figure 3.2A (inset) is also reproduced in Fig-
ure 3.2B. The quantitative intensity scaling for the two experiments is arbitrary be-
cause they were performed using different optical systems. Nevertheless, the compar-
ison in Figure 3.2B illustrates that both the blinking and delayed PL data exhibit
similar distributed kinetics that extend over many orders of magnitude in time, and
moreover experimentally demonstrates overlapping timescales of the blinking “off”
dynamics and the delayed PL decay dynamics. These striking similarities support

the hypothesis that these two phenomena are linked mechanistically.3%32734

3.3.8 Photoluminescence Excitation Power Dependence

A key difference between the experimental conditions used for the single-NC blink-
ing and ensemble delayed luminescence measurements shown in Figure 3.2B is the NC
excitation rate. Single-NC PL measurements generally require excitation rates that
are several orders of magnitude greater than those typically used for ensemble PL
measurements. For example, the delayed PL data of Figure 3.2B were collected with
an average excitation rate of 33 s!, whereas the blinking data of Figure 3.2B were
collected with an averate excitation rate of 1.7x10° s (see Methods). An investiga-
tion of the ensemble PL excitation power dependence would therefore be informative.
Figure 3.3 summarizes the excitation power dependence of the prompt and delayed
PL intensities for the same CulnS; NCs used in Figures 3.1 and 3.2. As illustrated in

Figure 3.3A, NCs were excited using square-wave pulses, allowing collection of prompt
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and delayed PL during the “pulse on” and “pulse oft” durations of the same experiment,
respectively. As discussed above, when the excitation pulse is on, the steady-state PL
intensity is dominated by the prompt PL, allowing the prompt PL power dependence
to be measured directly at steady state. Following termination of the excitation pulse,
the total PL intensity decays with the kinetics shown in Figure 3.2A. The relative
power dependence of the delayed PL was measured by integrating from 10 — 500 us
following the end of the excitation pulse at various excitation powers. The excitation
power during the “pulse on” period was tuned to generate average NC excitation rates
ranging from ke = 5 to 80,000 st. The lowest excitation rates in this range represent
those typical of our ensemble PL. measurements, and the highest excitation rates are

very similar to those used in our single-NC measurements.
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Figure 3.3: Photoluminescence power dependence measured for the same CulnSy/CdS NCs
used for Figures 3.1 and 3.2. (A) Top: Excitation pulses transmitted through the sample
and measured on a silicon photodiode. The dashed gray box illustrates the time within the
pulse train for which PL data were collected. Bottom: PL decay traces measured at 750
nm for selected excitation powers (corresponding to the indicated values of kexc), showing a
complete “pulse off” period and the beginning of the next “pulse on” period. (B) Plot of the
delayed PL intensity measured during a “pulse off” period (black circles) and the prompt
PL intensity measured during a “pulse on” period (blue triangles) versus the excitation rate
constant (kexc), normalized at keyx. = 5 s7'. The delayed PL intensities were obtained by
integrating from 10 — 500 us after termination of the excitation pulse. The prompt PL
intensities were obtained by integrating during the “pulse on” period. The solid blue line
represents a linear fit of the prompt PL intensities with the y-intercept fixed to the origin.
The dashed line is a guide to the eye. (C) Double-log plot of the full power-dependence data
set (some of which is shown in B), demonstrating linear power dependence of the prompt
PL over the entire power range. All data were collected at room temperature.
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Figure 3.3B plots the prompt and delayed PL intensities versus excitation power
obtained from these measurements, normalized in the low-power limit, i.e., where
IDelayed /[ I Detayed + I prompt](steady state) ~ 10, The prompt PL intensity increases
linearly with increasing excitation rate over the entire range explored here. The
shorter (~ 140 ns) lifetime of the prompt PL allows the CulnSy; NCs to cycle be-
tween ground and luminescent excited states without saturating, even at the high
excitation rates of our single-NC PL measurements. In contrast, the delayed PL in-
tensity saturates quickly with increasing excitation rate, showing sub-linear power
dependence starting even in the low-power regime (kege ~ 5 — 500 s1). Sub-linearity
of the delayed PL vs excitation rate implies that recovery following photoexcitation
takes longer than the time between two successive excitation events. The sub-linear
delayed-luminescence power dependence evolves over several orders of magnitudes of
excitation rates. Figure 3.3C plots the full excitation power range in a log-log repre-
sentation, which highlights the observation that the delayed PL intensity does not fully
saturate but instead continues to grow with increasing excitation powers in all power
regimes. This continued evolution is a manifestation of distributed relaxation kinet-
ics for the metastable charge-separated state responsible for delayed PL, with delayed
luminescence involving the longest-lived metastable states saturating at the lowest
excitation powers. Figure 3.3C shows that the delayed PL is reduced by ~ 10? rela-
tive to linearity at the highest excitation powers. Ipeiayed/|{Delayed + I Prompt](steady
state) is therefore only ~ 10 at ke = 10° 571, which is close to the excitation rate
used in our single-NC blinking measurements. These power-dependence measure-
ments thus predict that formation of the metastable state responsible for delayed
luminescence darkens the NC PL by a factor of ~ 10° in the single-NC measurements
of Figure 3.1, i.e., NCs in the metastable state are “off”. This PL excitation-power
dependence is consistent with the proposed link between delayed luminescence and
PL blinking. Figure 3.4 summarizes the proposed relationship between delayed lu-

Y

minescence and PL blinking. In the “on” state, NC photoexcitation is followed by



61

radiative recombination to regenerate the NC ground state. For delayed PL, one
such photoexcitation event is followed by carrier trapping to generate a metastable
charge-separated state. Slow spontaneous de-trapping from this metastable state re-
forms the emissive NC excited state and generates delayed luminescence. The long
lifetime of the metastable charge-separated state allows subsequent photoexcitation
of the same nanocrystal to generate a multiply excited NC. A multiply excited NC is
more likely to undergo rapid non-radiative decay, e.g., via Auger or Shockley-Read-

41744 yendering it non-emissive. In other words,

Hall-type recombination mechanisms,
the metastable charge-separated state responsible for delayed PL is an “off” state.
Based on our recent studies of Cu'-doped CdSe NCs,? we propose that the trapped
carrier in the metastable charge-separated state of CulnS, NCs is an electron, but this
mechanistic scheme would be equally viable in the case of a trapped hole. Similarly,
for convenience, one generic Auger recombination process is illustrated in Figure 3.4,
but other nonradiative processes are not excluded. Because of this rapid non-radiative
decay, the NC PL remains “oftf” until these charges recombine, at which point a de-
layed photon is emitted. For this reason, the delayed PL dynamics are associated
specifically with the NC PL blinking “off” dynamics, as illustrated in Figure 3.4. Be-

cause very similar results are observed for undoped NCs, this general relationship is

expected to also apply to excitonic emitters or doped NCs such as Cu':CdSe.
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Figure 3.4: Generalized scheme illustrating the proposed mechanistic link between PL blink-
ing and delayed luminescence in colloidal semiconductor NCs. The dashed arrows denote
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purposes of illustration here, only one generic Auger recombination process is depicted.
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3.4 Summary

In summary, single-nanocrystal PL spectra are reported that demonstrate broad-
ened PL bandshapes in individual CulnSy NCs. These bandshapes are consistent with
strong electron-phonon coupling in the emissive excited state of these NCs. In addition
to spectral information, single-NC measurements demonstrate luminescence blinking
in individual CulnSs NCs. Ensemble measurements reveal long-lived delayed lumi-
nescence from the same NCs. A comparison is made between these single-NC blinking
statistics and the decay dynamics of this delayed luminescence. The strong similar-
ity between the data from these two measurements supports the hypothesis that the
“off” state of the blinking phenomenon is identical to the metastable charge-separated
state of the delayed luminescence phenomenon. Excitation power-dependence mea-
surements provide additional support for a link between delayed luminescence and
blinking by showing saturation of the delayed PL at the high excitation rates used
for the blinking measurements, which at the single-NC level corresponds to the NC
being “oft” for multiple excitation events. A general scheme is presented that illus-
trates the relationship between these two phenomena in CulnSy and related colloidal

semiconductor NCs.
3.5 DMethods

3.5.1 Synthesis of CulnSy/CdS Nanocrystals

Indium acetate, copper (I) iodide, cadmium nitrate tetrahydrate, myristic acid,
sulfur powder, 1-dodecanethiol, and 1-octadecene were purchased from Sigma Aldrich;
n-trioctylphosphine was purchased from Strem; sodium hydroxide was purchased from
JT Baker. All reagents were used without further purification. CulnS,/CdS nanocrys-
tals were synthesized by a method adapted from the literature.'® Briefly, a mixture of
indium acetate (0.292 g, 1 mmol), copper iodide (0.190 g, 1 mmol), and dodecanethiol
(5mL) in a 50 mL three-neck round-bottom flask was degassed with three pump-purge
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cycles at room temperature. The reaction was then heated to 110 °C under nitro-
gen and held for 10 min until the solution turned transparent and pale yellow. The
reaction was then heated to 230 °C. The solution turned dark orange at ~ 220 °C,
and was very dark red by 230 °C. The reaction was held for 10 min at 230 °C, after
which the vessel was cooled rapidly to < 60 °C. For CdS shelling, cadmium myristate
was prepared by dripping 5 mL of a 0.2 M solution of cadmium nitrate in anhydrous
methanol into 30 mL of a 0.1 M solution of myristic acid and sodium hydroxide (0.113
g) in anhydrous methanol. The resulting white precipitate was collected and dried. A
shell precursor solution was prepared by heating and sonicating cadmium myristate
(0.272 g), sulfur (0.013 g), l-octadecene (4 mL), and n-trioctylphosphine (0.4 mL)
under a nitrogen atmosphere to form a uniform white dispersion. A portion of the
crude reaction solution (1.0 mL) was added to 1-octadecene (4.0 mL) in a clean 50
mL three-neck round-bottom flask. The cores were degassed with three pump-purge
cycles using nitrogen at room temperature and were then heated to 210 °C. The shell
precursor solution was injected into the reaction at 0.2 mL/min. After addition of
the precursor solution, the reaction was cooled gradually to < 60 °C. Oleic acid (1
mL) and toluene (1 mL) were then added, and the mixture was stirred for 10 min.
The resulting CulnS,/CdS core/shell nanocrystals were purified with several cycles
of precipitation with ethanol and centrifugation followed by resuspension in toluene.
Samples were characterized by UV-Vis absorption spectroscopy, transmission electron
microscopy (see Supporting Information), ensemble photoluminescence, and fluores-

cence microscopy.

3.5.2 Photoluminescence

Nanocrystals suspended in toluene were excited using a 405 nm diode laser. Pho-
toluminescence was collected perpendicular to the excitation field. A long-pass filter
was used to reject any scattered excitation photons, and a monochromator equipped

with a LN, cooled CCD was used for detection.
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3.5.8 Delayed Luminescence

Samples were prepared by sandwiching drop-coated films of nanocrystals between
quartz disks. Samples were excited using a 405 nm diode laser at a power density
of ~ 80 mW/cm? (keye ~ 33 s') modulated with a pulse waveform output from a
function generator. Excitation pulse durations were 50 ms and cycle periods were
varied from 55 to 250 ms depending on the time window of interest. PL decay traces
were measured at 750 nm using a monochromator equipped with a PMT. Decay traces
were collected over multiple time windows from 10 us to 160 ms. The PMT signal
was processed using a multichannel analyzer and collected with a custom LabView

program.

3.5.4  Luminescence Excitation Power Dependence

Samples were prepared by sandwiching drop-coated films of nanocrystals between
quartz disks. A brass foil with a 230-um pinhole was mounted on the outsides of the
disks, and the samples were placed under vacuum. Excitation was performed through
the pinhole to ensure a uniform excitation density. Approximately 60% of the laser
Gaussian beam profile (measured by the knife edge technique) was used for excitation.
Laser powers were measured prior to the sample and calibrated to account for the ~
60% beam transmission. Samples were excited using a 405 nm diode laser with power
densities ranging from 12 mW /cm? to 190 W/cm?, corresponding to per-nanocrystal
excitation rates of ke = 5 — 80,000 st. Laser excitation was modulated with a square
waveform output from a function generator, with a 1 kHz duty cycle. Emission was
measured at 750 nm using a monochromator equipped with a PMT. The PMT signal
was processed using a multichannel analyzer and collected using a custom LabView
program. Spectra were collected under the same excitation conditions using the same

monochromator and a LN, cooled CCD.
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3.5.5  Single-Particle Luminescence

Extensive optimization of the conditions for single particle measurements was nec-
essary to minimize the apparent decrease in PL QY of the CulnS,/CdS NCs upon
deposition onto the substate. This optimization process included many attempts to
embed NCs in various polymers, and finally resulted in the elimination of polymer
and addition of decanethiol upon dilution to (presumably) provide a suitable ligand
environment for the NCs at the very small concentrations required for single-particle
measurements. CulnS;/CdS nanocrystals (~ 100 uM) were diluted by a factor of 200
into a solution of 9 parts toluene to 1 part dodecanethiol and then sonicated. The
resulting solutions were then diluted in chloroform by a factor of 20,000 to give a final
dilution factor of 400,000. The solutions were then spin coated onto cleaned zinc tita-
nia glass cover slips at 2000 rpm. The samples were mounted on an xy-piezoelectric
nano-positioning stage (PI, P-545.2R7) in an inverted confocal microscope (Nikon,
TE2000U). Single-particle experiments were performed under flowing Ny. Photoexci-
tation was accomplished using a 470 nm pulsed picosecond diode laser (PicoQuant,
PDL 800-B with LDH-P-C-405B laser head) with a pulse width of 63 ps (full-width at
half-maximum), repetition rate of 5 MHz, and an average power of 90 nW (measured
at the focal point of the objective). Assuming a diffraction-limited focal point, this
excitation power gives an upper bound photon absorption cross section of 0.037 pho-
tons per pulse, corresponding to an excitation rate of 1.7x10° st. A 562 nm dichroic
long-pass mirror directed the excitation field to the back of a 100x oil-immersion
objective (1.4 NA) where it was focused through the glass coverslip to a diffraction-
limited spot. Luminescence was collected in an epi-geometry, passed through the
562 nm dichroic long-pass mirror and then passed through a second long-pass filter
to reject scatter from the photoexcitation field. Luminescence was then split by a
50/50 beam splitter, with the transmitted and reflected fields focused onto two sep-

arate avalanche photodiode detectors (APD) with 50 um active areas providing con-
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focal resolution. Observation of single-step photobleaching events, diffraction-limited
spot sizes, and a dependence of emission spots per area on nanocrystal concentration
confirm measurement of single nanocrystals. Microscope and collection-electronics
were controlled using a custom LabView program. Luminescence spectra of single
CulnS, /CdS nanocrystals were measured on the same spin coated films used for the
luminescence blinking studies and using the same microscope. The luminescence was
focused onto a 100 ym pinhole to achieve confocal resolution and then delivered to a
monochromator equipped with a LNy cooled CCD. Spectra were collected with 300

sec exposures, 5 MHz rep rate, and 90 nW average excitation power.
3.6 Supporting Information

The supporting information includes TEM, XRD, additional power dependence
measurements, and additional single particle data. This material is available free of

charge via the Internet at http://pubs.acs.org.
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Transmission Electron Microscopy

Figure 3.5: TEM images of the CulnSy/CdS nanocrystals used in this study. The diameters
of 100 nanocrystals were measured, yielding a mean diameter of 3.8 + 0.4 nm.
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Figure 3.6: XRD data for the CulnS2/CdS nanocrystals used in this study, showing the

chalcopyrite phase.
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Figure 3.7: No correlation is seen between single-particle band widths and peak energies.
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Single Particle PL Background Spectrum
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Figure 3.8: Background spectrum of cleaned zinc titania cover slip collected under laser
illumination. The measurement was performed under the same experimental conditions
as all of the single-particle measurements reported in the main text. Dark counts were
subtracted from the above spectrum. Additional control experiments were performed by
measuring under laser illumination zinc titania cover slip spin-coated with chloroform and
zinc titania cover slip spin-coated with the ligand dilution. No signal is observed in the
spectral region of interest (560 - 950 nm). Ligand emission occurs at shorter wavelengths
(below 500 nm) and was blocked with a 562 nm long-pass filter.
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Power-dependent Photoluminescence Spectra
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Figure 3.9: (A) Power-dependence of ensemble spectra (red squares) overlaid with prompt
PL intensity data (blue triangles) shown previously in Figure 3.3 of the manuscript. The
power-dependent PL agrees well with the prompt decay data collected in the square wave
excitation experiment. (B) Sampling of the power-dependent spectra shown in A.

~—~ 1.0 \
£ —_ 50s
5 o0s8{ — swos’
c — 5,000s"
g — 50,000
0.6 1 ’
=2
[7;)
c 044
[¢}]
[t
£ o02-
T
0.0 T T T T

19 18 17 16 15 14
Energy (eV)

g
)

Figure 3.10: Normalized power-dependent photoluminescence peak shapes remain consistent
with increasing excitation power. A small blue shift in the spectra is observed with increasing
power—Ilikely due to NC size inhomogeneity.
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“On” Blinking Statistics
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Figure 3.11: Histogram of blinking “on” statistics. Blinking data were binned at 1.6 ms for
determination of “on” statistics by a Bayesian detection method.%? All data were collected
at room temperature. Histogram has 1000 bins.
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Effect of Time Binning and Histogramming
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Figure 3.12: “Off” blinking events with different time bins of 1.6 ms (red), 7.5 ms (green),
and 50 ms (blue). The effect of increasing the time bins reduces the number of short events
observed and shifts the data towards longer time events. The curvature of short time events
is also affected, long time events remain largely unaffected. These effects have previously
been noted in the literature, please refer to SI reference??
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Figure 3.13: Changing the number of points used in histogramming the blinking data changes
the curvature by changing the point of greatest occurrences. This effect does not change the
length of time events just where they are observed on the histogram.
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4.1 Abstract

The photoluminescence decay dynamics of colloidal CdSe, Cu":CdSe, and CulnS,
nanocrystals have been examined as a function of temperature and magnetic field.
All three materials show photoluminescence decay on timescales significantly longer
than the intrinsic lifetimes of their luminescent excited states, i.e., delayed lumines-
cence. Gated photoluminescence and magneto-luminescence measurements demon-
strate that the prompt and delayed luminescence signals both come from the same
emissive excited state in each given sample, confirming that the delayed luminescence
involves formation of a metastable trapped excited state followed by detrapping to re-
form the emissive excited state. Surprisingly, the delayed luminescence decay kinetics
are remarkably similar for all three samples. Luminescence decay data spanning over
8 decades in time and 6 decades in intensity show a clear deviation from power-law dy-
namics in each case. Moreover, for all three materials, the delayed luminescence decay
dynamics are nearly independent of temperature between 20 K and room tempera-
ture, showing thermal activation of nonradiative decay at elevated temperatures in
some cases. This result reveals that tunneling is the dominant mechanism for detrap-
ping from the metastable state in all three of these materials up to room temperature.
A kinetic model invoking a log-normal distribution of tunneling rates reproduces the
full range of delayed luminescence decay dynamics well. These findings are discussed
in relation to photoluminescence blinking, with which delayed luminescence appears

closely associated.
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4.2 Introduction

Delayed luminescence, or the observation of photoluminescence (PL) on timescales
much longer than the material’s intrinsic luminescence lifetime, has recently been
recognized as an integral and possibly universal feature of colloidal semiconductor
nanocrystal photophysics, appearing in various CdSe, ' Cu'-doped CdSe (Cu":CdSe),
and ternary copper indium sulfide (CulnSy)% nanocrystals (NCs) with and without
additional shell layers. Delayed luminescence has been attributed to formation of a
metastable charge-separated state, in which one or both of the charge carriers are
trapped, followed by slow detrapping to repopulate the intrinsic emissive state. De-
layed luminescence decay does not follow simple exponential kinetics, but instead
displays distributed kinetics spanning from sub-microsecond to seconds.® Although
the delayed luminescence amplitude is small relative to the total PL amplitude dur-
ing photoexcitation (~ 1%),°® delayed luminescence can account for a large fraction of
the total emission after an excitation pulse (from ~ 10%%° to as much as ~ 50%5).
This reversible charge-carrier trapping is thus not necessarily detrimental to quantum
yield (QY). Indeed, QYs as large as 50% have been recorded in CdSe platelets for
which ~ 50% of the emission following a short laser pulse comes from delayed lumi-
nescence.® Photoexcitation power-dependence measurements show facile saturation of
the delayed luminescence intensities, ¢ indicating that photoexcitation of NCs already
in the metastable state is followed by efficient nonradiative decay. Elongation of the
prompt PL decay time through either hole localization® or NC photonic cavity ef-
fects? increases the fraction of PL coming from delayed luminescence, indicating that
the metastable state is populated directly from the relaxed emissive state. Compar-
isons between Cu'-doped and undoped CdSe NCs suggest specifically that electron
trapping and detrapping are the rate-determining steps in the delayed luminescence

of these NCs.3

A link between delayed luminescence and single-NC PL blinking was proposed as

3
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early as 2008,! when similar power-law coefficients were observed in sub-microsecond
delayed luminescence and blinking data collected on a timescale of seconds for the
same CdSe-based single NCs.! The “on”- and “off-state statistics from PL blinking
measurements generally display distributed kinetics and are most commonly fitted

using power-law functions.”® Several models have been proposed to explain these

9-1 15,16

dynamics,*1* most of which invoke charge-carrier localization in the “off” state.
To account for the large integrated delayed luminescence intensities following short
excitation pulses, it has been proposed that blinking “on” periods are characterized
by rapid carrier trapping and detrapping that cycles faster than successive photoex-

citation events.*

Although many complementary approaches have been applied to characterize NC
blinking, delayed luminescence has not yet been thoroughly explored, and a great deal
remains to be learned from such measurements. Here, we describe new observations
pertaining to the delayed luminescence of CdSe, Cu™:CdSe, and CulnS; NCs. Despite
their very different chemical compositions and spectroscopic characteristics, all three
materials show remarkably similar delayed luminescence, but with key differences
related to their different electronic structures. In particular, all three samples show
delayed luminescence dynamics that are nearly temperature independent from 20 K
to room temperature. This observation indicates a similar tunneling mechanism for
detrapping from the metastable states of all three materials. Moreover, in all three
materials, the delayed luminescence decay clearly deviates from power-law behavior.
Quantitative analysis shows that these dynamics can be accounted for by a Gaussian
distribution of tunnel barriers, which results in a log-normal distribution in tunneling
(detrapping) rates. The implications of these results and analysis are discussed and

related to existing blinking models.
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4.3 Experimental

4.3.1 Synthesis of CulnSs nanocrystals

CulnS, NCs were synthesized by a method adapted from the literature.'” A mix-
ture of indium acetate (0.292 g, 1 mmol), copper iodide (0.190 g, 1 mmol), and
dodecanethiol (5 mL) in a 50 mL three-neck round-bottom flask was degassed with
three pump-purge cycles using nitrogen at room temperature. The reaction mixture
was heated to 110 °C under nitrogen and held for 10 minutes until the solution turned
optically clear and pale yellow. The reaction mixture was then heated to 230 °C. The
solution turned dark orange at ~ 220 °C, and was very dark red by 230 °C. The
reaction was held for 10 min. at 230 °C, after which the vessel was cooled rapidly
to <60 °C. NCs were purified with several cycles of precipitation with ethanol and

centrifugation followed by resuspension in toluene.

4.3.2  Synthesis of CdSe and Cu”:CdSe nanocrystals

CdSe and Cu':CdSe NCs were synthesized by a heat-up method adapted from
recent literature.'® Briefly, Cd(oleate), was synthesized via adaptation of a cadmium
myristate synthesis in the above reference. Sodium hydroxide (0.40 g, 10 mmol)
and oleic acid (2.82 g, 10 mmol) were dissolved in 100 mL of methanol at 60 °C in
ambient atmosphere. Cadmium nitrate tetrahydrate (6.16 g, 20 mmol) was dissolved
in 16 mL methanol and added dropwise to the sodium oleate solution at 60 °C in
ambient atmosphere under vigorous stirring. After addition, the reaction mixture
was stored in a freezer overnight and then washed with cold methanol ~ 5 times.
The solid product was collected by filtration and dried under vacuum. The final
product is a white powder, and is stored under inert atmosphere to slow oxidation.
0.2025 g of the prepared Cd(oleate)s solution, 0.0334 g SeO, and 13.22 g octadecene
were degassed at 55 °C with three pump-purge cycles with N5 in a separate reaction

flask. The reaction mixture was heated to 235 °C under N,. The mixture turned
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pale yellow at ~ 180 °C and was pale orange when the reaction reached 235 °C,
after 5 min the solution was dark red. At this point a 5 mL aliquot of CdSe NCs
was removed. In a separate reaction flask, 0.019 g CuCl and 2.40 g octadecene were
degassed by bubbling with Ny. Then 0.1 mL tri-octylphosphine was added to the
CuCl mixture. 1.5 mL of the CuCl mixture was injected into the CdSe NC reaction
flask. 1 mL aliquots were removed from the Cu':CdSe NC reaction at 10, 20, and 25
min following injection. The remaining 1.5 mL of CuCl solution was injected after
the 25 min aliquot, additional aliquots were taken 10 and 15 min after the second
injection. Finally, 20 min after the second injection, the remaining reaction mixture
was cooled to room temperature. The CdSe aliquot and final Cu™:CdSe reaction
mixtures were then purified by precipitation with ethanol and centrifugation, the NC

pellet was washed with acetone followed by NC resuspension in toluene.

4.3.83  General Characterization

Samples were characterized by UV-Vis absorption spectroscopy, transmission elec-
tron microscopy, and ensemble photoluminescence. Cu™:CdSe was also characterized
by inductively coupled plasma atomic emission spectroscopy (ICP-AES), and CulnS,
by powder X-ray diffraction (see Supporting Information (SI)).

4.3.4  Spectroscopic Characterization

Absorption spectra of CdSe, Cu':CdSe, and CulnS, NCs suspended in toluene
were measured using a Varian Cary 5000 spectrometer. Solution-phase PL spectra
were measured using an Ocean Optics USB-2000+ spectrometer with 405 nm ex-
citation. PL spectra were corrected for the instrument response unless otherwise

indicated.
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4.3.5  Temperature-dependent PL Lifetimes

Temperature-dependent PL decay measurements were performed on drop-coated
films of NCs sandwiched between quartz disks and mounted in a closed-cycle helium
cryostat. Samples were excited using a 405 nm diode laser modulated with a square
pulse waveform output from a function generator (SRS, DS345). Excitation pulse
durations were kept constant at 50 ms and cycle periods were varied from 55 ms to
3.3 s depending on the time window of interest. PL. decay traces were measured near
the peak emission maximum for each sample. The PL was passed through a 420 nm
long-pass filter and focused into a monochromator (0.5 m, 150 g/mm grating blazed
at 500 nm, band pass of < 20 nm) equipped with a PMT. Decay traces were collected
over multiple time windows from 10 ys to 2.6 s. The signal was processed using a
multichannel scaler and collected with a custom LabView program. Temperatures

were varied from 20 K to 295 K.

4.8.6  Magnetic Circularly Polarized Luminescence

For magnetic circularly polarized luminescence (MCPL) measurements, drop-
coated films of NCs sandwiched between quartz disks were loaded into a supercon-
ducting magneto-optical cryostat with a variable-temperature sample compartment
(Cryo-Industries SMC-1659 OVT). A 405 nm diode laser was used for photoexcitation
at an incident angle of ~ 20° relative to the optical detection axis. Excitation was
modulated at 500 Hz with the square wave output from a function generator. PL was
collected along the magnetic field axis (Faraday geometry), passed through a liquid
crystal variable retardation plate set to A/4 at the emission maximum, followed by a
linear polarizer used to separate left and right circularly polarized PL components. A
420 nm long-pass filter placed after the linear polarizer removed scattered excitation
light before the PL was collected by an optical fiber and directed into a monochro-

mator. Spectra were collected with a LNy cooled CCD. PL lifetimes were collected
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with a PMT connected to a multichannel scaler. PL. was measured at constant wave-
lengths, 760 nm for Cu":CdSe and 740 nm for CulnS,, with bandwidths ~ 10 nm.
MCPL polarization ratios were calculated from the relative intensities of left and right
circularly polarized PL at various applied magnetic field strengths, following the sign

convention described in Piepho and Schatz.!?

4.3.7 Time-Resolved PL Spectra

Temperature-dependent PL measurements were performed on films of NCs sand-
wiched between quartz plates. The films were measured in a flow cryostat cooled at
liquid helium temperature. A 405 nm diode laser (2 mW, 4 mm spot) was used for
photoexcitation at an incident angle of ~ 90° relative to the optical detection axis.
Excitation was modulated at 100 Hz for Cu":CdSe and CulnS, NCs and at 5000 Hz
for CdSe NCs, with a square pulse waveform output from a function generator (SRS,
DS345). TRPL data containing both the ON and OFF pulse periods were recorded
using a streak camera (Hamamatsu, C10627) combined with a monochromator and

synchronized with the square-wave generator.
4.4 Results and Analysis

4.4.1 Absorption and Photoluminescence Spectra

Figure 4.1 summarizes the absorption and PL spectra of the colloidal CdSe,
Cu":CdSe, and CulnS,; NCs investigated here. Unless otherwise noted, these samples
were used for all subsequent experiments, but very similar results are obtained for
other samples of the same materials. Figure 4.1A shows absorption and PL spectra
of CdSe NCs suspended in toluene. The first excitonic absorption feature is centered
at 2.25 eV. A sharp excitonic PL band is observed centered at 2.19 eV, with a small
and broad trap PL feature observable centered at ~ 1.5 €V. The PL of the
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Figure 4.1: Room-temperature electronic absorption and photoluminescence spectra of (A)
CdSe, (B) Cu':CdSe (~ 0.7 % copper), and (C) CulnSy NCs suspended in toluene. TEM
images of these (D) CdSe, (E) Cu™:CdSe, and (F) CulnSy NCs. The scale bars represent 10
nm. The diameters of 100 NCs were measured for each sample, yielding mean values of (D)
4.3 + 0.4 nm, (E) 5.1 £ 0.5 nm, and (F) 3.9 £ 0.7 nm, respectively.
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Cu™:CdSe NCs shown in Figure 4.1B is dominated by a broad PL band centered at
1.38 €V associated with recombination of a delocalized conduction-band electron and
a copper-localized hole.?’ A small amount of residual excitonic PL is observed at 2.12
eV, attributable to the presence of some undoped CdSe NCs within the NC ensemble.
Figure 4.1C shows the absorption and PL spectra of CulnSy NCs. This PL spectrum
consists of a broad band centered at 1.7 eV, commonly associated with recombination
involving one or more deeply trapped carriers.?’ TEM images are provided for each

sample, showing pseudo-spherical NCs in each case.

4.4.2  Luminescence Decay

Figure 4.2 plots 20 K PL decay traces for the same undoped CdSe, Cu':CdSe,
and CulnSy NCs of Figure 4.1using a double-log representation. All three traces show
distributed decay kinetics spanning many orders of magnitude in time. Two clearly
separable time regimes can be identified. The first regime corresponds to prompt
decay of the luminescent excited state and accounts for the majority of the lumines-
cence amplitude. Fitting this prompt luminescence to a single exponential in each case
yields lifetimes of ca. 40 ns (CdSe), 1 ys (Cu™:CdSe), and 2 ps (CulnS,). The second
regime consists of PL decay that persists long after the prompt decay is complete.
This component is referred to as delayed luminescence. The CdSe NCs exhibit sub-
stantially less delayed luminescence than displayed by either the Cu™:CdSe or CulnS,
NCs under otherwise essentially identical conditions. We interpret this difference as
indicating that the shorter lifetime of the CdSe NC emitting state allows less time for
trapping into the metastable state.® Surprisingly, all three materials show remarkably
similar dispersed kinetics in their delayed luminescence extending over several orders
of magnitude in time. In each case, these kinetics show a distinct deviation from
power-law behavior, which would be linear in the double-log representation of Fig-
ure 4.2. Deviation of delayed luminescence decay from power-law dynamics has not

been reported previously for any sample, but has important mechanistic implications.
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Figure 4.2: Double-log plot of 20 K PL intensity decay for CulnSs, Cu':CdSe, and CdSe
NCs, showing prompt and delayed luminescence regimes at short and long times, respectively.
The CdSe NCs exhibit faster prompt decay and less delayed luminescence than either the

CulnS; or Cu™:CdSe NCs. The delayed luminescence for all three materials decays with
remarkably similar dispersed kinetics extending over several orders of magnitude in time.
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4.4.8  Prompt and Delayed Luminescence Spectra and Magneto-Luminescence

Figure 4.3 plots PL spectra of the Cu™:CdSe and CulnS; NCs measured during
photoexcitation (prompt luminescence) and integrated between 25 ys and 1.2 ms after
the end of the excitation pulse (delayed luminescence), when all prompt luminescence
has decayed. The delayed luminescence spectra are very similar to the prompt lumi-
nescence spectra, consistent with the hypothesis that the emitted photons come from
the same excited state in both prompt and delayed time regimes. We note that both
samples show a small (< 40 meV) red shift of the delayed luminescence relative to
the prompt luminescence. Such a shift could conceivably be due to donor-acceptor
pair recombination in the CulnS, NCs,?"?2 but this explanation is considered un-
likely here because both samples in Figure 4.11 show essentially the same red shift
even though the Cu™:CdSe NCs decay via a free-to-bound (MLcgCT) recombination
mechanism. ?° Instead, this small redshift in both samples more likely arises from par-
ticle size inhomogeneity, in which smaller NCs show higher-energy emission, shorter
prompt decay times,?® and slightly less delayed luminescence (see below). Overall,
these data support the interpretation that delayed luminescence involves slow detrap-
ping to reform the intrinsic emissive excited state, rather than carrier recombination
directly from the metastable state.

To test this interpretation in a more discriminating experiment, time-resolved
magneto-PL measurements were performed. As reported previously,?* Cu':CdSe and
CulnS; NCs both display singlet-triplet excited-state exchange splittings, with the
low-temperature luminescence originating from the lower-energy triplet state. Appli-
cation of a magnetic field induces a Zeeman splitting of this triplet state, and at low
temperatures the emission becomes partially circularly polarized. As the temperature
is raised, the higher-energy singlet state is populated, but this singlet state is not split
in a magnetic field and thus does not contribute to the magnetic circularly polarized

photoluminescence (MCPL) signal in first order. Consequently, the prompt MCPL
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Figure 4.3: Prompt (red) and delayed (blue) photoluminescence spectra of (A) Cu':CdSe
NCs and (B) CulnSy NCs, collected at 5 K. Spectra were not corrected for the instrument
response. A constant baseline was subtracted from each delayed luminescence spectrum.
The Cu™:CdSe NCs are from a different synthetic batch but are spectroscopically nearly
identical to those shown in Figures 4.10, 4.2, and 4.5 (see SI).
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intensities of Cu’:CdSe and CulnS,; NCs both decrease with increasing temperature
in a characteristic temperature range defined by their singlet-triplet splitting energies.
Here, we show that the delayed luminescence from these two materials shows the same
MCPL and temperature dependence as their prompt luminescence.

Figures 4.4A,B show MCPL spectra of Cu™:CdSe and CulnSy NCs collected at 1.6
K and 6 T. The intensity of right (¢™) circularly polarized luminescence has increased
and that of left (¢7) circularly polarized luminescence has decreased in response to
the magnetic field. These MCPL signals are quantified using the polarization ratio
(AI/I), defined as shown in eq 4.1.

Al o —o"
T "o tor (4.1

Figures 4.4C,D plot Al/I measured from 0 to 20 ys following the end of a pho-
toexcitation pulse for the same Cu':CdSe and CulnS, NC samples, measured at 6
T and three different temperatures (1.6, 10, and 20 K). The full decay traces for o™
and o~ polarized light are provided as Supporting Information. Similar behavior is
observed for both samples. In accordance with our previous steady-state measure-
ments,?! the magnitude of AT/ is greatest at the lowest temperature and decreases
with increasing temperature at all measurement times, with the same signs and simi-
lar values of AI/I observed in both the prompt and delayed luminescence regimes at
each temperature. We note that for both samples, AI/I does change slightly during
the full PL decay period. These changes are consistent with the small red-shift in PL
energy, and are again attributed to NC inhomogeneity. Figures 4.4E.F summarize
these data, plotting AI/I for the prompt and delayed luminescence components vs
temperature for these two samples. Both prompt and delayed MCPL show very simi-
lar values of A/ and identical trends with temperature, consistent with the delayed
luminescence originating from the same electronic state that gives rise to the prompt
luminescence in each sample. In particular, these results conclusively eliminate the

possibility that delayed luminescence in either sample comes from
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Figure 4.4: Magnetic circularly polarized photoluminescence (MCPL) spectra of (A)
Cu':CdSe and (B) CulnSs NCs measured at 1.6 K, with an applied magnetic field of 6
T. Solid line: right circularly polarized, o. Dashed line: left circularly polarized, o~ .
(C,D) MCPL polarization ratio (AI/I) plotted vs luminescence decay time measured at 1.6
K (blue squares), 10 K (green triangles), and 20 K (red circles) for (C) Cu™:CdSe and (D)
CulnSy nanocrystals, all at 6 T. AI/I is measured at the prompt luminescence maximum.
(E,F) AI/I plotted vs temperature for prompt (black) and delayed (red) luminescence. The
delayed luminescence values represent Al /I averaged between 10 and 20 us after the end of
the excitation pulse, well after the decay of the prompt luminescence. The Cu':CdSe NCs
are from the same sample as in Figure 4.3 (see SI).
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donor-acceptor-pair recombination directly from the metastable charge-separated state:
To achieve such long recombination times, this charge-separated state must have a
substantially smaller electron-hole exchange coupling strength than the prompt emis-
sive state, and hence should show substantially smaller MCPL and a significantly
different MCPL temperature dependence from that observed in the prompt lumines-

cence.

4.4.4  Temperature Dependence of Delayed Luminescence

Figure 4.5 summarizes the temperature dependence of the CdSe, Cu':CdSe, and
CulnSy NC PL dynamics. Figures 4.5A-C plot PL decay curves for each sample,
measured at various temperatures between 20 K and room temperature and from
nanoseconds to seconds. The PL decay curves of the CdSe NCs (Figure 4.5A) are
essentially temperature independent between 20 K and room temperature, showing
only a small and gradual drop in both the prompt and delayed luminescence inten-
sities with increasing temperature. The Cu':CdSe and CulnS; NCs show a stronger
temperature dependence. With increasing temperature, the amplitude of the prompt
luminescence of the Cu™:CdSe NCs (Figure 4.5B) changes little but the delayed lu-
minescence amplitude appears to decrease substantially, even though the long-time
dynamics remain nearly parallel at all temperatures. This trend is even more pro-
nounced in the data from the CulnS; NCs (Figure 4.5C). For this sample, the delayed
luminescence intensity appears anomalously low at room temperature, attributed to
the onset of a new thermally activated nonradiative decay channel.

The above description of these decay curves is quantified by analyzing Iielayed/lo,
which represents the ratio of the delayed PL intensity ({gelayed, measured 450 ys after
termination of illumination) to the steady state PL intensity (/p, measured under cw
illumination). Because the delayed luminescence curves are nearly parallel, gelayed
is approximately proportional to the total delayed luminescence amplitude. Like-

wise, the small steady-state amplitude of the delayed luminescence means that I is
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very nearly equivalent to the prompt luminescence amplitude.® Figures 4.5D-F plot
Ljelayed/ 1o vs temperature for the CdSe, Cu':CdSe, and CulnS, NCs, respectively, all
with absolute y-axis scaling. From these plots, it is evident that Ijelayed/lp is an order
of magnitude larger for the two copper-containing NCs than it is for the CdSe NCs.
For the Cu™:CdSe and CulnSy NCs, Igelayed/ o decreases with increasing temperature,
whereas for the CdSe NCs Ijelayed/ Iy shows a much smaller but more complicated tem-
perature dependence. Specifically, the CdSe NC data are complicated by the presence
of deep-trap luminescence (e.g., Figure 4.10A). Both exciton and deep-trap delayed
luminescence are observed from these CdSe NCs, but the trap luminescence carries
much more relative intensity during delayed luminescence than under cw excitation
(see SI), similar to data reported for CdSe and CdSe/CdS nanoplatelets.® These data
demonstrate the existence of two qualitatively different types of trap states in CdSe
NCs: (i) non-emissive metastable trap states that are essentially degenerate with
the lowest excitonic states and that decay by detrapping to reform excitons, and (1)
deep trap states that can decay by emission of mid-gap photons. From comparison
of CdSe and Cu':CdSe NCs, we have previously argued that the former involves re-
versible electron trapping.® The relative increase in CdSe NC mid-gap luminescence
during delayed luminescence suggests that this deep trapping becomes more likely
after the excited NC enters the metastable state, consistent with the emissive mid-
gap trap state involving deep hole trapping. Understanding the relationship between
this emissive mid-gap trap state and the non-emissive metastable state in CdSe and
related NCs poses an interesting challenge for future studies that can perhaps be

addressed via additional delayed luminescence measurements.
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Figure 4.5: (A, B, C) Double-log plots of PL intensity decay for (A) CdSe, (B) Cu':CdSe
NCs, and (C) CulnSy NCs collected from 20 to 295 K. Color code: black = 20 K, purple
= 40 K, green = 80 K, blue = 140 K (CdSe) or 160 K (Cu':CdSe & CulnSs), yellow =
200 K, red = 295 K. (D, E, F) Temperature dependence of prompt luminescence decay
lifetimes from single-exponential fits (Tprompt, blue triangles,) and the ratio of delayed to
steady state luminescence intensities (Igelayed/lo, red circles), where Iy is the steady-state
luminescence intensity measured during photoexcitation and Igelayed is the luminescence

intensity measured 450 ys after termination of the photoexcitation. (D) CdSe NCs, (E)

Cu':CdSe NCs, and (F) CulnSy NCs.
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Figures 4.5D-F also plot the prompt luminescence lifetime (7prompt) vS tempera-
ture for the same three samples. The data for the Cu":CdSe and CulnS, NCs, which
are not complicated by the competing deep-trap luminescence seen in the CdSe NCs,
demonstrate a strong positive correlation between Tprompt and Ijelayed/lp. The varia-
tions in ljelayea/ Iy are interpreted as reflecting variations in 7p.ompt because the prob-
ability of populating the metastable state responsible for the delayed luminescence is
proportional to the lifetime of the emissive excited state that feeds this metastable
state. The smaller Ijejayed/lp of the CdSe NCs is consistent with their shorter 7y ompt,

bearing in mind the caveat of additional hole trapping discussed above.

4.4.5  Kinetic Model

Three important observations arise from inspection of the delayed luminescence
dynamics (t > ~ 107* s) shown in Figure 4.5: (i) The delayed luminescence decay
is highly non-exponential, requiring a distribution of rate constants to account for
these dynamics, (7i) log-log plots of the delayed luminescence decay data for all three
samples show significant curvature, indicating that the underlying distributions of
rate constants cannot be described by power-law expressions, as used to date,*® and
(#i) the dynamics of delayed luminescence are temperature independent, which im-
plies that the rate-limiting detrapping step involves tunneling. Similar temperature-
independent delayed luminescence has recently been reported for CdSe nanoplatelets
over a shorter time window,® supporting the generality of this observation. Here,
we demonstrate that all three of these key features can be accounted for simultane-
ously in a single kinetic model by invoking a log-normal distribution of tunneling rate

constants.

The kinetic model used to describe the variable-temperature PL dynamics shown

in Figure 4.5 combines prompt PL with a continuous distribution of tunneling rate
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constants governing the delayed luminescence decay (eq 4.2).
I(t) = Apexp(—kpromptt) + AD/ p(a)exp(—kiunnel(@) - t)da (4.2)
0

The first term in eq 4.2describes the prompt luminescence decay and the second
describes the delayed luminescence. The parameters Ap and Ap represent the ampli-
tudes of prompt and delayed luminescence, respectively. kprompt = 1/Tprompt describes
the prompt luminescence decay rate constant, as summarized in Figure 4.5. The tun-
neling rate constant, kunnel, depends exponentially on the tunneling barrier width a,

as described by eq 4.3, where 3 is the tunneling decay constant.

ktunnel(a) = k’oeXP(—ﬂ@) (43)

The term p(a) in equation 4.2 represents the distribution of tunnel widths. Here we
model p(a) as a Gaussian distribution using eq 4.4.

pla) = exp (_(a_—w> (4.4)

oV 21 202

In equation 4.4, (a) is the average width tunnel width and o is the standard deviation

defining the Gaussian distribution. Equation (4.4) can be rewritten in terms of kiunnel

- 1 _(lnktunnel - <1nktunnel>)2
p(ktunnel) — Wexp ( 2(ﬁ0)2 ) (45)

Eq 4.5 illustrates that the tunneling rate constants emerging from a Gaussian distri-

to give:

bution of tunnel barriers are log-normally distributed.

This model captures the key features of the experimental data remarkably well.
Figure 6 plots the results of this model in comparison with the experimental data
from the Cu™:CdSe NCs. These data were chosen as representative of all three data
sets in Figure 4.5 and are used here because they have better signal-to-noise ratios
than the CdSe NC data and they show less nonradiative decay than the CulnSs
NC data at room temperature. For modeling this data set, the prompt lumines-

cence decay was fit at each temperature, and a single set of parameters was used
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to describe the delayed luminescence at all temperatures, with the exception of Ap,
which is temperature dependent as reflected in the data of Figure 4.5E (note that
Ap/(Ap + Ap) X Igelayed/Lo). The good agreement between the simulated and ex-
perimental delayed luminescence data summarized in Figure 4.6 implies that the rate
constants for delayed luminescence follow a temperature-independent log-normal dis-
tribution with an average value of kyynner =~ 5x10% s7t. The full distribution in kunnel
is derived from a o = 30% standard deviation about the mean the tunnel barrier
width, (a), with 8(a) » 1. Rate constants smaller than 10* s account for ~ 10%
of the delayed luminescence intensity. The prominence of such small rate constants
accounts for the remarkable observation of PL even seconds after photoexcitation.
The very similar delayed luminescence observed in all three data sets of Figure 4.5
indicates that the same log-normal distribution can be applied for all three NC sam-
ples investigated here, with different specific parameters to account for their different
prompt luminescence dynamics and nonradiative decay at elevated temperatures.
We note that although this model can reproduce the salient features of the data
very well, the simulated curves in Figure 6 do not represent optimized fits of the
data. Given the number of unknown variables in the model, we are unable to identify
a unique set of best-fit parameters by least-squares procedures. For this reason,
we do not analyze the specific model parameters further. Instead, we highlight the
general conclusions that can be drawn from this analysis, namely that a non-power-
law distribution of tunneling rates is required to describe the delayed luminescence
decay dynamics, and that the key features of this decay are reproduced well using
a temperature-independent log-normal distribution of tunneling rates, as would arise

from a tunneling process involving a Gaussian distribution of tunnel-barrier widths.
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Figure 4.6: Simulated PL decay curves for Cu™:CdSe NC data from Figure 4.5, calculated
using eq 4.2. The first 160 ys of the prompt luminescence decay at each temperature was
fitted to a sum of two exponentials, summarized by the average lifetime data shown in
Figure 4.5E. The delayed luminescence was modeled as a tunneling process using ky = 10°
st and a Gaussian distribution in tunneling barrier widths defined by (a) = 1.0 and o = 0.3,
with a tunnel decay constant of 5 = 10 (all given in reduced units). The same parameters
were used for simulation of the delayed luminescence at all temperatures with the exception
of Ap, which is temperature dependent. See main text and SI for additional details.
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4.5 Discussion

The data presented here reveal surprisingly similar delayed luminescence phe-
nomena in three qualitatively distinct types of colloidal semiconductor NCs, CdSe,
Cu™:CdSe, and CulnS,. From these results, we hypothesize that delayed luminescence
is a universal feature of the photophysics of colloidal chalcogenide-based semiconduc-
tor nanocrystals, and may perhaps be even more general among colloidal semicon-
ductor nanocrystals. In each of the materials investigated here, delayed luminescence
decay shows distributed kinetics that are not describable by a power law over the full
8 orders of magnitude in experimentally measured decay time. Such non-power-law
dynamics are not evident from previous reports of NC delayed luminescence because
data were not collected over sufficiently long time windows. Strikingly, for all three
nanocrystal types examined here, the delayed luminescence kinetics are temperature
independent between 20 K and at least 200 K. This distinctive temperature indepen-
dence provides strong evidence that delayed luminescence involves detrapping from
a metastable excited state via a tunneling mechanism as a general feature in vari-
ous types of semiconductor NCs. At temperatures approaching room temperature, a
thermally activated nonradiative decay channel emerges that appears to be material

(and likely sample) dependent.

Figure 4.7 uses a single-configurational-coordinate diagram to illustrate schemat-
ically the process of carrier detrapping via tunneling implied by the data presented
here. Analysis shows that the distributed decay kinetics displayed by the delayed
luminescence are reproduced well over all 8 orders of magnitude in time when us-
ing a temperature-independent Gaussian distribution in tunnel widths (o = 30%),
corresponding to a log-normal distribution in tunneling rates. Such a distribution
in tunnel widths could conceivably arise from a distribution in the displacement of
the metastable state’s potential energy surface relative to the emissive state’s surface

along the tunneling coordinate, or could arise from a distribution in tunneling driving
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forces; our data do not speak to the microscopic origin of the distribution. In either
scenario, such distributions are assumed to be generated by local chemical variations
at the NC surfaces, such as inhomogeneous ligand, ion, or surface-dipole distributions.

Despite the temperature independence of the delayed luminescence kinetics, the
delayed luminescence amplitude can change with temperature for a given sample. We
propose that this observation reflects the temperature dependence of the prompt lu-
minescence decay times and illustrates the competition within the emissive excited
state between prompt luminescence and formation of the metastable state. For the
same reason, materials with much longer prompt luminescence lifetimes (Cu™:CdSe
and CulnS,; NCs, compared to CdSe NCs) show much greater delayed luminescence
amplitudes relative to their prompt luminescence (Ap/(Ap + Ap), or liclayed/lo)-
In CdSe NCs, an additional competition exists involving formation of a luminescent
deep-trap state. The observation that delayed luminescence intensities are influenced
by changes in prompt luminescence lifetimes from 10 ns to 10 us illustrates that trap-
ping into the metastable state must occur over at least 4 orders of magnitude in time.
This finding is consistent with our previous conclusion of distributed trapping dy-
namics, inferred from the excitation-power dependence of room-temperature delayed
luminescence intensities in CulnSs NCs.©

We note in passing that the similarity in delayed luminescence decay dynamics
among these three very different NCs should not be construed as necessarily implying
similar microscopic identities of their traps. Instead, this similarity is likely due
in large part to the fact that the phenomenon itself is strongly biased toward the
scenario of nearly degenerate emissive and metastable trapped excited states;? A
trapped excited state too far above the emissive excited state is unlikely to form and
unlikely to detrap slowly, while a trapped excited state too far below the emissive

state may likely form but is unlikely to detrap to yield a delayed emission event.
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Figure 4.7: Single-configurational-coordinate diagram illustrating the generation of delayed
luminescence by detrapping from a metastable charge-separated excited state. Detrapping
occurs by tunneling from this metastable state to the emissive state (dashed arrow). Delayed
luminescence is observed upon subsequent radiative decay to the ground state (solid arrow).
The experimental decay dynamics indicate a Gaussian distribution in tunneling widths,
corresponding to a log-normal distribution in tunneling rates.
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As discussed in the Introduction, there is growing evidence of a mechanistic link
between delayed luminescence and photoluminescence blinking in colloidal semicon-
ductor nanocrystals.’3% The data and analysis presented here bolster proposals of
such a link. Although power-law behavior is often reported in blinking studies”®25
and has been reported for delayed luminescence as well,1'4® deviations from power-law
have been emphasized in recent blinking literature.?2® Deviations from power-law
kinetics are clearly evident in the delayed luminescence kinetics reported here. For
both delayed luminescence (this study) and blinking, 2% ?® log-normal distributions re-
produce the dynamics better than power-law distributions. Even more compelling is
the observation in blinking measurements on CdSe NCs that the “off” statistics (which
reflect detrapping dynamics analogous to the delayed luminescence decay dynamics
described here) are also temperature independent, ”®2%2:30 implying a tunneling pro-
cess for detrapping. The tunneling process illustrated in Figure 4.7 is thus directly
analogous to the tunneling mechanism of carrier detrapping invoked in several PL
blinking models. "% As stressed previously,” a ~ 25% variation in the mean trap
distance can generate a 107-fold variation in tunneling times, and hence could ac-
count for the broadly distributed blinking “off” dynamics. Here, we find that a 30%
variation in the mean tunnel width reproduces the distributed delayed luminescence
dynamics well (Figure 4.6). Whereas stochastic trap-state fluctuations must be explic-

710,13.25 apnsemble delayed

itly invoked to account for single-particle blinking dynamics,
luminescence measurements average over all such fluctuations within the ensemble,
allowing adequate description of the dynamics using a static distribution of tunnel
widths. Overall, the evidence in support of a direct mechanistic link between delayed

luminescence and luminescence blinking in colloidal semiconductor nanocrystals ap-

pears persuasive.

Blinking and delayed luminescence measurements also exhibit interesting con-
trasts. To assemble an adequate data set for analysis of blinking dynamics, mea-

surements are typically performed for long times on individual NCs, and data from
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multiple NCs are sometimes then collected together into a single data set that effec-
tively reconstructs the behavior of the NC ensemble. Analogous to the advantages
of applying photon-correlation methods at the ensemble level,3! the delayed lumines-
cence experiment is performed directly on the NC ensemble, and reflects the same
(or an even broader) sampling of events without selection bias. Delayed lumines-
cence measurements can be performed on free-standing colloidal NCs, eliminating
the effects of NC interactions with substrates or host polymers, which may lead to
potential intensity-modification or sample-orientation effects, or even to background
luminescence artifacts.3? Finally, ensemble delayed luminescence measurements allow
data collection at much lower excitation rates than are typically used in blinking mea-
surements, enabling traversal from a high-power regime in which the phenomenon is
excitation-power independent (as found in blinking “off -state dynamics”) to a low-
power regime in which it becomes power dependent.® Delayed luminescence measure-
ments thus offer a highly flexible experimental approach to exploring the underlying
microscopic processes involved in metastable trapping and detrapping, complement-

ing existing blinking techniques.
4.6 Summary

Surprisingly similar delayed luminescence dynamics are observed across a variety
of colloidal semiconductor NC materials. CdSe, Cu":CdSe and CulnS,; NCs all show
distinctly non-power-law decay dynamics when measured over 8 decades in time, and
these dynamics are independent of temperature from 20 K until at least 200 K, where
thermally activated nonradiative decay begins to appear. A model is presented that
reproduces the key observations in the delayed luminescence decay and its temper-
ature dependence. This model invokes detrapping wvia tunneling from a degenerate
charge-separated metastable state as the rate-determining process in delayed lumi-
nescence, and reproduces the data well using a log-normal distribution of tunneling

rates, such as obtained from a Gaussian distribution of tunnel widths. Several of
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the observations made in these delayed luminescence measurements are reminiscent
of analogous observations from photoluminescence blinking measurements, and spe-
cific relationships between delayed luminescence and blinking are discussed. Delayed
luminescence measurements are proposed as a flexible and complementary approach
to blinking measurements for understanding the microscopic processes responsible for

both phenomena.
4.7 Supporting Information

Additional sample characterization, spectroscopic data, and modeling parameters.

This material is available free of charge via the Internet at http://pubs.acs.org.



X-ray diffraction (XRD) of CulnS, NCs
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Figure 4.8: X-ray diffraction data for CulnSy nanocrystals used in this study, showing the

chalcopyrite phase.
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Magneto-photoluminescence decay traces
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Figure 4.9: Magneto-photoluminescence decay traces for right (oF) and left (™) circularly
polarized light for (A) Cu™:CdSe and (B) CulnSy NCs measured at 1.6 K, corresponding to
the MCPL data presented in Figures 4.4C,D of the main text. Decay data were measured
at the peaks of the PL spectra shown in Figures 4.4A,B.
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Absorption and PL of Cu™:CdSe NCs

S
S 04 A
2 A~ e
9 0.2} PN =
o) 3' S
<

0.0

3.0 2.5 2.0 1.5
Energy (eV)

Figure 4.10: Electronic absorption and PL spectra of the Cu':CdSe nanocrystals used in
MCPL measurements (d ~ 3.2 nm), taken at room temperature in toluene.
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Gated spectra of CdSe NCs
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Figure 4.11: (A) Prompt (red curve, pulse ON) and delayed (blue curve, pulse OFF, inte-
grated between 640 ns and 35 us after the end of the excitation pulse) photoluminescence
spectra of CdSe NCs. A constant baseline was subtracted from the delayed luminescence
spectrum. (B) Luminescence decay curves measured for the same sample of CdSe NCs at
wavelengths of exciton emission (green, 555 nm, 20 nm bandwidth) and trap emission (black,
685 nm, 20 nm bandwidth). A constant baseline was subtracted from the dynamics. All
data collected at 5 K.



Table 4.1: Parameters used for modeling Cu™:CdSe NC temperature-dependent lu-
minescence decay data described in the main text. The results of this modeling are
depicted in Figure 4.6. For all temperatures, Gaussian parameters of <a> = 1.0 and
o = 0.3 were used, and § = 10. These parameters are all given in reduced units,
defined by (a) = (adim)/(adim) = 1.0, 0 = 0qim/{adim), and B = Bdim(aqim). For all
temperatures, kg = 10% s1.

T (K) A;(x103) 71(x1077s)  A2(x10%) 72(x1076s)  Ap (a) o B  ko(10%°s71)

20 9.99 7.89 4.20 3.40 35456 1 0.3 10 1
40 10.31 6.62 4.13 2.87 28327 1 0.3 10 1
80 11.23 5.75 3.24 2.82 18403 1 0.3 10 1
160 8.84 5.01 2.75 2.36 8056 1 0.3 10 1
200 7.56 5.56 2.14 2.36 6199 1 0.3 10 1
295 5.60 6.32 1.10 2.23 2005 1 0.3 10 1
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Appendices



Appendix A
ACRONYMS AND SYMBOLS

APD: Avalanche Photodiode Detector
CCD: Charged Coupled Device

cCDF: Complimentary Cumulative Distribution Function
CDF: Cumulative Distribution Function
DAP: Donor-Acceptor Pair

npr: Photoluminescence Quantum Yield
EPR: Electron Paramagnetic Resonance
FWHM: Full width at half maximum

hv:  Photon energy

ICP-AES: Inductively Coupled Plasma Atomic Emission Spectroscopy
K: Kelvin

KS: Kolomogorov-Smirnov

A Wavelength

LED: Light Emitting Diode

LN,: Liquid Nitrogen

MCD: Magnetic Circular Dichroism

NA: Numerical Aperture

NC: Nanocrystal

PL: Photoluminescence

PMT: Photomultiplier Tube

QY: Quantum Yield

SI:  Supporting Information

o:  Standard Deviation

o~ Left Circularly Polarized Light

ot:  Right Circularly Polarized Light
SP:  Single Particle

XRD: X-Ray Diffraction
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Appendix B
MICROSCOPE COMPONENTS FOR PL BLINKING

Figure B.1: Confocal fluorescence microscope in epi-geometry.
i: Pulsed diode laser (Picoquant)

ii: Excitation filter

iii: Neutral Density Filter

iv: Long-pass dichroic mirror

v: 1.4 NA objective (Nikon, Plan-Fluor)

vi: Piezoelectric nanopositioning stage (PI)

vii: Long-pass emission filter (Chroma)

viii: 50/50 beam splitter

ix: Avalanche photodiode detector



Appendix C
MICROSCOPE COMPONENTS FOR SP SPECTRA
Vi

A
V .

tl¢

Figure C.1: Confocal fluorescence microscope in epi-geometry.
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Long-pass emission filter (Chroma)
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Columnating and focusing lenses

Spectrograph and LNy cooled charged coupled device detector
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