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Manganese doped semiconductors such as ZnSe are classic phosphor materials that have been in
wide use for many decades, and a great deal of research has been done on their optical, physical
and magnetic properties. Recent developments in nanocrystal synthesis have enabled colloidal,
nanometer scale analogs of these classic phosphors, giving the semiconductor new size-
dependent physical properties and allowing for applications of these materials that require
solution processability. Through investigation of the photoluminescent and magneto-
photoluminescent properties of Mn”" in nanocrystals, this thesis both demonstrates that the old
understanding of the physical description of Mn*" still holds regardless of crystal size, and
demonstrates several properties not noticed in the classic bulk materials. Further, application of

these new materials to solar energy collection and optical thermometry is discussed.
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Chapter 1. Introduction

Abstract. Mn®"-doped semiconductors are classic phosphor materials. Shrinking the size of the
semiconductor crystal to the nanometer scale allows electronic tunability, solution processability,
and increased brightness. Despite the onset of quantum confinement, almost no new physics is
needed to describe the properties of Mn”" in these new, doped nanocrystalline materials.
Quantum confinement does affect the properties of the nanocrystal host, and the coupling of the
two systems leads to several new properties of doped nanocrystals. These new properties make
them not only ideally suited to a range of novel applications, but also allow contributions to the
already exhaustive understanding of these materials’ physical properties.

1.1 Overview.
Luminescent Mn”" doped semiconductors were first developed in the 1950s, and rapidly

gained widespread use in display technologies due to their efficiency and robustness,'” and are
still in use today. When the crystallite size of semiconductor materials reaches the nanometer
scale, the interaction of the edges of the crystal with delocalized charge carriers in the
semiconductor means that not only the material, but the size of the crystal determines the
physical properties. Although these nanocrystal (NC) phosphors have a much shorter history,
they have already found new applications from their bulk analogs due to their size-tunability and
solution processability.

Only within the last two decades have synthetic advances made Mn®" doped NCs a
reality.*® 1In these new materials, it is clear that the size of the NC affects the electronic
properties of the semiconductor, but it was not immediately obvious to what extent NC size
affects the properties of the Mn®". For example, early reports on Mn®" doped ZnS NCs claimed a
significant shortening of the Mn®" radiative photoluminescence (PL) lifetime upon quantum
conﬁnement,4 but this effect was soon shown to arise from luminescent surface defects with a
similar PL spectrum.” Even though Mn®" has been demonstrated to behave largely the same in
bulk and quantum confined semiconductors, various studies still claim observations of novel
Mn®" in NCs including “ultra-narrow” PL linewidths,® broad tunability of the PL,” excited state
Mn?*"*" oxidation,'® and size-dependent “giant” Zeeman splittings of the Mn®" PL."" Over the
course of this thesis, many of these effects will be demonstrated to be the results of experimental

artifacts, and possibly symptoms of an over-eagerness to invoke new physics.



Even though the properties of the Mn”" itself do not change substantially when in
quantum-confined crystals, these phosphors do not behave identically to their bulk counterparts.
Most noticeably, size dependent splittings of the exciton fine structure lead to longer exciton
lifetimes,'> which in turn results in higher efficiency for the sensitization of the Mn”" emission.
These splittings are additionally responsible for retained sensitization of the Mn®" emission in a
magnetic field, in contrast to bulk behavior where a magnetic field suppresses sensitization.
although the average coupling strength of the Mn®" is not dramatically effected by quantum
confinement (except in very small nanocrystals),”® the increased exciton density near the center
of the nanocrystal means that dopants located in this region will experience substantially stronger
coupling. Furthermore, the small crystal size limits the extent to which energy can migrate,
mitigating the effects of trapping and amplifying magnetic coupling and cross-relaxation.

Not only do the new properties of Mn>" doped NCs give them new applications ranging
from solar energy converters to microscopy, but the increased brightness and magnetic field-
independent PL allows study of these materials to contribute fundamental understanding to an
already extensive knowledge base. Investigating the novel properties of these nanocrystalline
materials will undoubtedly open further doors for application of these materials at the interfaces

of energy, magnetism, photonics, and quantum processing.

1.2 Properties of Luminescent Manganese in II-VI semiconductors.
Mn®" doped semiconductors can be divided, for the purposes of this study, into two

distinct categories: those with band-gap energies (E,) above and below ~2.2 eV. The reason for
this distinction is the position of the lowest-lying *T; ligand field excited state of Mn”". If the
band-gap energy is below that of this ligand-field state (e.g. in large/dilute CdSe and CdTe), the
luminescent properties of the material are determined predominantly by the semiconductor.
Although doped ‘“narrow-gap” materials are still of significant interest due to the magnetic
properties given by the Mn®" to the semiconductor, their discussion is out of the scope of this
review, and thorough discussion of these materials can be found elsewhere.'* " In “wide-gap”
semiconductors containing Mn?", exchange coupling of the semiconductor orbitals with the Mn**
d-orbitals yields efficient sensitization of luminescence from the Mn”>" ion. It should be noted

2+/3+

that in ZnO, a low-lying Mn charge transfer precludes sensitization of the ligand field

states.'®



Figure 1.1 shows a Tanabe-Sugano diagram for the lowest ligand-field states of Mn”".
For weak-field ligands (such as S or Se) in a tetrahedral environment, the ground state is the
high-spin, fully symmetric °A, state characterized by half-occupancy of the 5 d-orbitals. The
lowest-lying excited state is the *T; term, generated by moving one electron from the 7, set to an
e orbital. The spin-forbidden transition between the 4T1 excited state and the 6A1 ground state is
responsible for the strong orange luminescence band, characteristic of these materials.
Consistent with the spin-forbidden nature of this transition, the 6A1—>4T1 absorption is
notoriously weak (¢ ~ 1-10 M'em™) and the corresponding *T;—°A; luminescence is long-lived
with a lifetime on the order of ms.'”'®

Even though the absorption to the ligand-field bands in Mn”" is weak, the *T| state can be
efficiently sensitized through excitation of the semiconductor. In the case of sensitized PL, a
photon is absorbed by the semiconductor, making an electron-hole pair. This exciton can transfer
its energy to a higher-energy Mn*" d-d state (to conserve energy), and then thermalize to the “T).
Even though the delocalized carriers of the semiconductor do not have substantial overlap with
the very localized Mn®" d-orbitals, the fact that the semiconductor bands posses some Mn?" d or s
character (and vice-versa) gives rise to exchange coupling of these two systems," and thus

(1954

efficient transfer between them. Similarly, electroluminescent excitation through “impact
ionization” relies on the same exchange coupling and involves injecting high-energy electrons (>
2.2 ¢V) into the semiconductor conduction band, which can transfer their energy to the Mn”" d-d
excited state ladder.'” ?° Incidentally, exchange coupling additionally mediates the inverse of
these processes in “Auger”-type recombination between Mn”" and conduction band electrons,’'

or excitons,” as discussed in Chapter 4.
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Figure 1.1 A Tanabe-Sugano diagram for the ligand-field levels of Mn”" in a
tetrahedral (or octahedral) environment. The luminescent transition in marked at
its approximate position for Mn®" in tetrahedral sulfide or selenide lattices.
Orbital configurations of the ground- and luminescent excited-state are also
shown. Adapted from ref. 23.

In bulk semiconductors and epitaxial quantum dots, even exchange-mediated energy
transfer is not quite fast enough to fully outcompete electron-hole recombination, and thus the
PL branching ratio is substantially less than unity.'"** In colloidal NCs, however, nearly 100%
of emission from doped dots (not from an undoped subset due to poissonian doping statistics)?
is from Mn?". This is commensurate with a comparison of the measurement of the energy
transfer rate constant (~5 ns”' per Mn®" in both bulk” and NC systems®*?’) to the excitonic
relaxation rate constant (~0.1 ns™), which is much slower than in bulk or epitaxial NCs (~10 ns
?* due to confinement induced dark-bright exciton splitting.'>* Although the energy transfer
time in bulk and NCs is similar, the distribution of the sensitized nanocrystals within the exciton
volume is undoubtedly different. In a quantum confined crystal, the carrier wavefunctions are
well approximated by spherical Bessel functions, which put a substantial amount of carrier

density near the center of the NC."* Even though the volume (and thereby number of potential



dopant sites) outpaces the die-off of the carrier density at increasing distance from the NC center,
the probability of exciting a Mn”" near the center of the wavefunction is still higher in NCs than
in bulk. This difference in spatial distribution of excited dopants, combined with the
reproducibility of confined carrier wavefunctions as well as their inability to migrate may
slightly increase the rates of dopant-carrier Auger recombination processes such as that discussed
in Chapter 5, but direct comparison is difficult.”’

It is somewhat remarkable that energy transfer and Auger recombination between the
very localized Mn”" d orbital states and delocalized carriers occurs so rapidly (on the picosecond
timescale). Unlike the Coulomb-mediated biexciton or trion Auger processes that occur on a
similar or slower timescale despite near perfect wavefunction overlap,*® the coupling between
the Mn®" d-d states and free carriers proceeds through an exchange mechanism. Figure 1.2 shows
an example of an orbital exchange pathway responsible for the coupling of the Mn®" to an
exciton. Here, electrons from the Mn®" can fill empty orbitals in the valence band, and vice-
versa. This type of interaction is mediated mostly by the overlap of the orbitals in question, but

also by the energy differences between them.’'™

The requirement for good overlap favors
coupling of Mn®" d- orbitals with valence band holes (predominantly p-character), which is
nearly four times stronger than with conduction band electrons (predominantly s- character) due

to symmetry restriction on s-d interactions and lattice iconicity concerns.' *?

In quantum
confined semiconductors, the confinement of the exciton increases the overall overlap integral
due to a small amount of the wavefunction tunneling out of the NC, although the effect is
generally understood to be small except for in the smallest nanocrystals."> Even so, interactions
with Mn”" near the center of the exciton wavefunction are significantly enhanced, and magnetic
effects of confinement are non-trivial as evidenced by the size dependence of excitonic magnetic
polaron fields.'>* More complete discussions of microscopic exchange mechanisms and their

role in defining the properties of narrow gap NCs can be found elsewhere.'> '3 1323537
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Figure 1.2 A schematic example of kinetic p-d exchange between the half-filled

Mn®" d-orbitals and an electron-hole pair in the semiconductor. Although there

are other exchange pathways available, this motif is dominant.'> *? Energy

spacings and alignment are not to scale.

One of the few examples of a difference in the properties of luminescent Mn®" in NCs
from their bulk analogs is the lack of magnetic field-induced energy transfer quenching.'"** In
bulk semiconductors and epitaxial quantum dots, application of a magnetic field at low
temperature turns off energy transfer to Mn®", resulting in recovery of excitonic emission.** % *°
This effect is explained by a lack of spin conservation in the energy transfer process when the
A, Mn*" is frozen out in its m¢=-5/2 Zeeman level. In the |°A;(ms=-5/2),Exciton) —|'T;) energy
transfer, at least one unit of spin must be supplied by the exciton, which is not possible if it has
S=0.* 1In colloidal quantum dots, however, this effect is not observed, and the branching ratio
for energy transfer remains effectively unity up to fields as high as 55 T (Ref. ' and Chapter 2).
This dramatic difference between the bulk and nanocrystalline materials is likely a result of the
splittings, kinetic considerations, and slight differences in overlap and migration discussed above,
but no systematic investigation has yet been conducted."’ Incidentally, however, the fact that
magnetic fields do not turn off energy transfer in NCs allows us to study the magneto-
luminescent properties of Mn®" without the need for direct excitation of the weak d-d transitions.
This likely explains how studies such as that presented in Chapters 2 and 3 are able to contribute
to the decades-old body of literature on magneto-optical properties of Mn®" in semiconductors.

In Chapter 2, the bright sensitized PL at magnetic fields as high as 55 T reveals new
signatures of the Jahn-Teller effect in the Mn®" *T; excited state: At fields greater than 6 T

(where previous measurements had stopped), the circular polarization of luminescence in the



Faraday geometry decreases as a function of applied magnetic field. Modeling these experiments
based on a static Jahn-Teller distortion that essentially quenches all first-order spin orbit
coupling reveals that this turnover in the circularly polarized luminescence is a direct result of
the small remaining second-order spin-orbit coupling. This model used only parameters derived
from measurements on bulk single crystals, not only confirming the understanding of Mn”" fine
structure developed over decades of investigation,"'™* but additionally demonstrating that the
electronic structure of Mn®" is identical to that of bulk NCs, in contrast to other recent claims.® !
The modeling of these results in the static Jahn-Teller limit additionally demonstrates that any
remaining effects of unquenched first-order spin-orbit coupling do not appreciably affect the
magneto-luminescent properties of these materials, either bulk or nanocrystalline.

A significant issue for the luminescent and magnetic properties of Mn>" doped
semiconductors is the formation of coupled Mn®"-Mn?" dimers in appreciable numbers at
concentrations as low as only a couple percent.*® In their ground state, Mn>" dimers are coupled
antiferromagnetically, causing a reduction in overall sample magnetization."” Further, the PL
properties of dimers are different from monomers, hallmarked by a significantly reduced
radiative lifetime due to the Tanabe effect, wherein the coupling of spins lends allowedness to
otherwise spin-forbidden transitions.* ** Aided by the magnetic-field independent sensitization
of *T; Mn?", Chapter 3 presents the results of time resolved magnetophotoluminescence over a
range of concentrations demonstrating that Mn”" dimers are in fact ferro-magnetically coupled in
their excited state. DFT modeling of this excited state demonstrates that it is the Jahn-Teller
distortion of Chapter 2 that allows this ferromagnetic coupling through preferential orientation of
the empty d orbital of the *T state towards the bridging Se”. These results answer a debate over
the sign of excited state exchange coupling that began in 1963, yet was never settled due to the

difficulty in assigning single crystal zero-phonon lines in these materials.'® >

1.3 Synthetic Advances.
Nanocrystal analogs of classic semiconductor materials give them new properties based

on the size and shape of the crystal, and thus growth of nanocrystalline materials has been a
burgeoning frontier of materials science for the last several decades. Even though luminescent
Mn®" doped semiconductor phosphors have been in use since the 1960s and nanocrystalline

analogs of the same (undoped) semiconductors have been studied for several decades, high



quality doped nanocrystals are a relatively recent development. For example, it was proposed as
recently as 2005 that doping of CdSe NCs was impossible, due to kinetic competition during the
growth of the nanocrystal.”> In the race to develop synthetic routes that circumvent this
difficulty with doping NCs, several strategies have developed, although the field is rife with
false-positives of successful doping.'

For the sulfide lattices (e.g. CdS or ZnS), doping with Mn”" is not terribly difficult. In a
normal CdS hot-injection synthesis, simply adding Mn(oAc), results in high-quality doped NCs
with predominantly Mn®" emission.”"*>* Similarly, Mn®":ZnS NCs have been made by various
low-temperature methods.* %> Although Mn?" doped CdS and ZnS are classic phosphor
materials, they have the significant drawbacks of toxicity and instability (CdS)*® and far-UV
semiconductor absorbance (ZnS). Moving to ZnSe solves many of these problems, but doping
the selenide lattices proves much more difficult, due predominantly to softness of the selenide.’
Methods to circumvent this difficulty include use of the extremely reactive Mn®" precursor
dimethyl-manganese,” growing ZnSe shells around pre-formed MnSe cores,”’ or decreasing zinc
reactivity by thermolysis of NMesZnsSePh;o.® Recently, the “diffusion doping” strategy of
depositing a thin MnSe shell followed by diffusion of the Mn”" into the lattice has proved to be a
promising general doping strategy,’® but optimization for ZnSe has yet to be done. Already these
synthetic methods enabled the creation of entirely new materials, such as dilute Mn*":CdSe NCs
that show Mn”" emission when confinement increases their bandgap above 2.2 eV.*

Nanocrystal synthesis additionally allows for designer growth of heterostructures from
different materials, without analogy in bulk materials. These structures can be as simple as
core/shell structures, or can be more exotic as in rods, dots within rods, or tetrapods.5 %0 Eyen
the relatively simple core/shell architecture is an immensely powerful tool to the design of novel
materials, as the interface can become the dominant property of the material, such as in “type-1I"
particles, where the electron and hole become spatially separated because of band offsets
between the core and shell materials.’"® Elaborate shell structures can additionally be used for
very precise tuning of the NC bandgap.®® In terms of doped nanocrystals, this type of core/shell
architecture has even been used to vary the radial position of Mn®" dopants within a CdS/ZnS
NCs to demonstrate position-dependent effects on the energy transfer time.”® More simply,
growth of a shell of equal or larger bandgap material serves to isolate the core of the NC (and

therefore frequently the dopant) from surface defects or high-frequency vibrational modes,



usually leading to much higher PL quantum yields. Over the course of the last several years,
development of shell growth techniques has allowed these NC phosphors to achieve near-unity
quantum yields from Mn®" (e.g. Chapter 5). Sometimes, however, the lattice strain at the
core/shell interface or the reduction in symmetry from alloying can break the tetrahedral
symmetry around a Mn”" dopant, resulting in shifts of the PL spectrum from what is usually seen

in bulk materials.** ¢

1.4 New applications of luminescent Mn*" in nanocrystals.
Even though the physical properties of bulk and NC Mn*" doped wide-gap NCs are quite

similar, the processability, synthetic tunability, and exciton confinement of NCs give them new
potential applications from their bulk counterparts. Most basically, the ability to grow core/shell
structures allows demonstration in Chapter 5 that room-temperature quantum yields for Mn**
Zn;..,Cd,Mn,Se/ZnS can reach at least 0.88. In this system, not only is the energy transfer fast
enough to be very competitive with trapping, but the alloying of Cd into the predominantly ZnSe
core excludes some of the potential trap states by lowering the conduction band. Already,
solution processable phosphors with near unity quantum yield could have myriad potential
applications such as for fluorescence microscopy, printed displays, or lighting.

For fluorescence microscopy, the bright, stable, and soluble Mn>" doped ZnSe NCs are
already being used,’® ¢ but the saturation properties discussed in Chapter 4 make them ideal for
new methods in sub-diffraction limit microscopy. So-called ‘“super-resolution” microscopy
purposefully saturates parts of an image using structured illumination in order to circumvent the
diffraction limit. Using this kind of technique, the theoretical limit for resolution is the size of
the luminophore.®® Currently, most techniques use either luminescent proteins or organic dyes,
but these suffer from relatively rapid degradation under intense illumination. Previous reports
have used Mn”*" doped ZnSe quantum dots for super-resolution imaging, but used sub-gap
excitation to quench the Mn”" emission through excited-state absorption.”” Taking advantage of
the efficient PL saturation by the exchange-mediated Auger recombination demonstrated in
Chapter 4 could theoretically yield very similar results without the need for high-power
irradiation.

In NCs with the correct energy gap, the strong coupling of the fully-allowed excitonic

transition to the long-lived Mn>" T, excited state results in the novel property of “exciton



storage.”’™"" Here, the ~10* difference in radiative recombination rates between the exciton and
the Mn®" *T, state means that a small amount of thermal repopulation of the exciton results in
recovered excitonic emission. Recovery of excitonic emission is thus extremely temperature
dependent, but the temperature range over which it occurs can be tuned through changing the
energy gap between the Mn”" *T state and the exciton. Strong exchange coupling mediates rapid
thermal cycling between the states, implying full thermal equilibration on the timescale of
luminescence. This “strongly coupled dual emission” therefore implies that the ratio is only
dependent on temperature and not affected by quenching processes that might affect one state
over the other. For applications in optical temperature sensing, this property implies much more
reliable measurement in a broad range of conditions such as in biological environments where
pH or oxygen concentration might vary within a sample. Furthermore, the novel properties of
these materials motivated development of new metrics of sensitivity for ratiometric optical
temperature sensors, as discussed in Chapter 7.

Although the temperature dependent dual emission from Mn®" doped NCs has been
demonstrated to be general across different methods of tuning the energy difference between the

4T1 and excitonic states,63’ 63,70-72

it is informative to consider why this effect was never observed
in bulk semiconductors despite decades of experimentation with alloying. The most significant
difference between the confined nanocrystals used in these studies and bulk materials with the
same band gap is the lifetime of the exciton, which is several orders of magnitude longer in NC
materials. This means that, for the same bandgap material, much lower Boltzmann populations
would have been necessary to repopulate excitonic states enough to achieve equal Mn>" and
excitonic emission. Thus, the difference in excitonic lifetime would merely change the
temperature (for a given band-gap energy) at which dual emission occurs, but would not
preclude its observation. More likely, however, is that migration of excitons to trap centers in
bulk materials leads to non-radiative recombination wen carrier lifetimes are extended by several
orders of magnitude due to dual emission. Since energy transfer to Mn”" must compete with
trapping each time the energy is cycled through the exciton, thermal repopulation of excitonic
states in bulk crystals was most likely ignored as a thermally activated non-radiative process and
not noticed for its true potential. A similar mechanism of thermally assisted trapping during
cycles from the Mn”" state is undoubtedly present in NCs, but the ability to isolate the exciton

from such trap states by core/shell architectures means that particles are able to have very few or
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even zero competitive trap states available to the exciton, and thus continue to thermally cycle
through Mn”" ions until radiative emission. This implies, however, that the conditions on crystal
quality for high quantum yields are much more stringent on dual emitting NCs than other doped
or undoped NCs. Luckily, lowering the gap of the semiconductor also excludes many potential
traps, mitigating some of these requirements.

A seemingly trivial but nonetheless significant result of the coupling of the strong
absorbance of the exciton with the spin-forbidden 4T196A1 transition is that Mn*>" emission will
not be reabsorbed due to the weak oscillator strength of the 6A1%4T1 absorbance. Further, a
large Stokes shift due to strong vibronic coupling implies that overlap of the Mn”" absorbance
and PL spectra are minimal. This lack or reabsorption combined with the advantages of NC
solution processability make wide-gap Mn”"-doped NCs ideal for applications in luminescent
solar concentrators (LSCs). In these devices, sunlight is absorbed by a dye embedded in a
waveguide, which carries most of the emitted light to photovoltaics at the edge. Although many
potential loss mechanisms exist, reabsorption is the current limiting factor to implementation of
this technology since some photons are lost at each reabsorption event either due to less than
unity quantum yield or by emission into the “escape cone.””>”"

Chapters 5 and 6 discuss application of Mn*" doped ZnSe and Zn;,Cd,Se to LSCs.
Although several other NCs have recently been proposed for use in LSCs, they have been
predominantly based on heterostructures that use absorption from a large shell followed by
emission from a small core to reduce reabsorption.”*”® Unfortunately, the small core always has
some overlap with the emitted light due to its fully allowed absorption and near-zero stokes shift.
Although this may be mitigated to some extent by growing a larger shell, Rayleigh scattering
becomes significant before reabsorption is sufficiently suppressed, leading to increased losses.
Only doped semiconductors promise to essentially eliminate reasbsorption since they not only
couple strong NCs absorption to weak dopant absorbances, but also take advantage of the dopant
emission’s inherent Stoke’s shift. By this mechanism, reabsorption losses from Mn*" doped
ZnSe NCs in LSCs has been demonstrated to be essentially zero, with device efficiency limited
instead by polymer waveguide transparency.® Unfortunately, however, the condition that the
band-gap energy must be greater than 2.2 eV in order to sensitize Mn®" emission significantly
limits the amount of sunlight that these phosphors are able to absorb, even when Cd-alloying is

used to lower the gap near the 2.2 eV limit. To solve this, the experiments in Chapter 5

11



demonstrate that Cu’ doped CdSe gives similar reabsorption performance while increasing solar
absorption by nearly a factor of 4. One large advantage of an LSC, however, is that it need not
be opaque, and thus can find applications where transmitted photons could be repurposed (e.g.
windows or electronic displays). For such applications, Mn*" doped NCs are undoubtedly the

best choice.

1.5 The future of luminescent Mn*" in nanocrystals.
It is informative at this point to look at areas for future development of these materials

and their applications. First, broad application of the already established Mn”>" doped ZnSe or
Zn; 4CdxSe NCs will rely on movement away from the “cluster decomposition” method due to
the expense of precursors, synthetic complexity, and polydispersity of the resulting nanocrystals.
Other current syntheses using dimethyl manganese may be more facile, but the danger and
difficulty of handling this precursor, as well as the low Mn”" incorporation make this route less
than ideal. Progress has already been made in this respect through the “diffusion doping”
strategy reported by Vlaskin ez al.,’® but the parameters for doping ZnSe have not yet been
optimized. Additionally, growth of the high quality shells necessary for stability and quantum
yield currently involves several days of slow addition reactions. Recently developed high-
temperature shell growths are much more facile,”®' but these conditions often lead to exclusion
of dopants.

Doping Mn”" into different nanocrystalline lattices will undoubtedly lead to exciting new
applications. Some work has already been done in this respect for doping Mn”" into PbS,*
InAs,” and InP NCs,84 but the number of studies is relatively small. In octahedral lattices, the
strength of the ligand-field interaction goes up by a factor of 9/4, which would result in Mn*"
emission at roughly 1.5 eV based on the Tanabe Sugano diagram of Figure 1.1. In bulk GaP (a
tetrahedral lattice), Mn”" emission is observed at ~1.3 eV (likely due to increased ligand field
strength or lattice density), and shows a strong Jahn-Teller coupling similar to that discussed in
Chapter 2.% With the correct lattice, the utility of Mn”>" for LSCs could therefore be extended to
applications requiring absorption of more of the visible spectrum. Furthermore, GaP consists of
only earth abundant, non-toxic elements. To the best of our knowledge, NIR emission from

Mn®" due to either of these mechanisms has not been observed in nanocrystals.
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The magnetic properties of materials such as Mn”>" doped ZnSe have already found
applications such as in the spin injection layer for spin-LEDs.*® These devices, however, did not
take advantage of the luminescent properties of Mn”" and instead used the giant-Zeeman splitting
effects on the bands of the ZnSe. It is interesting, therefore, to examine how the magnetic and
luminescent properties of Mn®" might be combined. First, the demonstration of pure circularly
polarized emission from Mn”" dimers in Chapter 3 might prove applicable to spin photonic
devices similar to the spin-LED. Of course, this would require making materials containing
predominantly dimers, a nearly impossible task in bulk materials. However, synthetic routes
such as cluster seeded growth®’ may allow for realization of very non-statistical doping in
nanocrystals. Additionally, the exciton storage effect may prove to have interesting magnetic
applications, but systematic investigation of the magnetic properties of these systems has not
been done, mostly due to the high temperatures required for most samples demonstrating exciton

storage to date.

1.6 Summary
Over the course of this work, we demonstrate that Mn®" doped nanocrystals can both

teach us about the fundamental behavior of Mn”" in these classic phosphor materials and
demonstrate completely novel behavior due to their small size. Understanding of the
fundamentals of Jahn-Teller distortion and dimer exchange coupling combined with detailed
study of exchange-mediated energy transfer and Auger recombination give a complete picture of
classic and uniquely nanocrystalline phenpomena. The new nanocrystal-specific properties of
these classic phosphor materials open new doors for exciting applications of these materials

ranging from solar energy to magnetism and temperature sensing.
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Chapter 2. Static Jahn-Teller Effect in the
Luminescent Mn’" Excited State of Doped
Quantum Dots, Probed by Magneto-
Photoluminescence

Abstract. The circularly polarized d-d magneto-photoluminescence of Mn>" dopant ions in
ZnSe-based core/shell quantum dots has been measured at low temperatures and in high
magnetic fields up to 55 T. The data are explained well by ligand-field theory using a model that
invokes a static (strong) excited-state Jahn-Teller distortion and parameters taken from Mn?'-
doped ZnSe single crystals. These results provide new insights into the excited states of Mn*"
ions in II-VI semiconductor quantum dots. In preparation for submission in conjunction with
Jillian L. Dempsey, Victor Z. Polinger, Remi Beaulac, Alina M. Schimpf, Emily J. McLaurin,
Vladimir A. Vlaskin, Scott A. Crooker, and Daniel R. Gamelin.

2.1 Introduction
Mn*"-doped semiconductors have been used as phosphors for decades.* As an example,

the first thin-film electroluminescent (TFEL) device structures were fabricated from Mn*"-doped
II-VI semiconductors in the late 1950s.” In these phosphors, Mn’" acts as a luminescence
activator, harvesting energy from the surrounding matrix and converting it to a localized d-d
excitation, which then relaxes with a high radiative quantum yield. In addition to acting as a
luminescence activator, Mn>" also imparts unusual magnetic properties to semiconductors, most
dramatically the so-called "giant Zeeman splittings" of band-edge and excitonic states that arise
from Mn?"-carrier sp-d exchange.* > These giant Zeeman splittings can readily exceed the
available thermal free energy at moderate temperatures, leading to large carrier or exciton spin
polarization.® The remarkable magneto-optical properties of these materials, often referred to as
diluted magnetic semiconductors (DMSs), are also attractive for spin-photonics applications, in
which electron spin information can be generated, manipulated, and detected using light.* In
recent years, Mn®"-doped semiconductors have been used in pioneering demonstrations of spin-
based LEDs,’ spin-valves,’ and various fundamental effects such as tunneling anomalous
magnetoresistance® that could impact future information processing technologies.

Advances in nanoscience have introduced new opportunities to manipulate the electronic

properties of DMSs on unprecedentedly small length scales.” Epitaxial quantum dots (QDs)
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containing single Mn”" ions'®'* have demonstrated attractive features for quantum information
processing> and may portend the emergence of new technologies based on solitary dopant
optoelectronics ("solotronics").'® Advances in direct chemical syntheses of colloidal doped

1722 i part

semiconductor nanocrystals (NCs) have stimulated broad interest in these materials,
because colloidal QDs provide even stronger quantum confinement than their epitaxial analogs
and in part because of the chemical and processing flexibility offered by colloidal nanostructures.
As phosphors, colloidal Mn”**-doped ZnSe and related nanocrystals have been applied as

24-26

luminescent probes for super-resolution imaging,” in ratiometric optical thermometry, and

as zero-reabsorption spectral converters in luminescent solar concentrators.””” ** As DMS

nanostructures, colloidal Mn>*-doped QDs have revealed giant excitonic Zeeman splittings,*" >

32 gpontaneous photomagnetization,” and charge-controlled magnetization,” among other
phenomena, all arising from strong sp-d exchange coupling between delocalized band-like
charge carriers and localized Mn®" dopant spins.

Although the d states of Mn®" ions in II-VI semiconductors are generally considered
highly localized, a recent study” reported an unexpectedly large Zeeman splitting (AE) in the
Mn>* 4T1 — 6A1 PL of Zn;..Mn,Se/CdSe ‘inverted’ core/shell nanocrystals that is tunable via the
nanocrystal's quantum confinement. From this result, it was suggested that quantum confinement
can strongly influence the emission mechanism of Mn®" ions in DMS nanomaterials. The
possibility that the electronic structure of Mn?" in II-VI QDs may be different from that in bulk
Mn?"-doped II-VI materials is intriguing and warrants further investigation.

Here, we report magneto-photoluminescence (magneto-PL) data for Zn;.
Mn,Se/ZnS/CdS/ZnS QDs collected at magnetic fields up to 55 Tesla (T) and temperatures
down to 1.65 K. Between 0 and ~6 T, the PL circular polarization increases with increasing
magnetic field, and decreases with increasing temperature, and shows apparently simple
saturation magnetization consistent with a spin-only description of the Mn”" electronic structure.
The data in this temperature and field window appear indistinguishable from those of bulk Zn;.

% and quantum-confined

anxS,36 quantum-confined Zn;. . Mn,Se/CdSe core/shell nanocrystals,
7Zn; Mn,Se nanocrystals,37 all also measured in this same field and temperature range. The new
measurements at higher magnetic fields presented here, however, reveal that the PL circular
polarization actually reaches a maximum at around ~5 T (at ~1.65 K) before slowly decreasing

again up to 55 T. This maximum in the circular polarization of Mn*"-based PL has not
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previously been observed in either bulk or nanocrystalline DMSs and is indicative of a departure
from a simple spin-only description of the luminescent Mn>" *T, excited state. Detailed analysis
shows that these magneto-PL data are consistent with the existence of a strong (static) Jahn-
Teller splitting of the luminescent Mn®" *T; excited state. A microscopic model based on bulk
electronic-structure parameters of Mn®" successfully reproduces the essential features of the
experimental Mn>" magneto-PL temperature and magnetic-field dependence. This analysis
provides new insights into the electronic structures of Mn”" ions in both bulk and quantum-

confined semiconductors.

2.2 Experimental
Colloidal Zn;.Mn,Se/ZnS/CdS/ZnS NCs were synthesized as described previously.25

Briefly, Zn;. Mn,Se nanocrystals were prepared via the thermal decomposition of
(MeyN)z[Zna(SePh);o] in the presence of MnClz°4HzO.30 ZnS and CdS shells were grown by
sequential slow additions of zinc- or cadmium oleate and trioctylphosphine sulfide.*® ** The
nanocrystals were characterized by electronic absorption spectroscopy, photoluminescence, TEM,
EPR, MCD, and ICP-AES. Electronic absorption spectra are provided in the Supporting
Information (Fig. S1). The sample discussed in the main text has a composition of
Zn0.9845sMng 01455€/ZnS/CdS/ZnS, a core diameter d ~ 3 nm, an overall d = 6 nm, with E, = 2.8
eV and an average of 4.5 Mn?"/QD.

Magnetic circularly polarized luminescence (MCPL) measurements at fields up to 6 T
were carried out in a superconducting magneto-optical cryostat (Cryo-Industries SMC-1659
OVT) with a variable-temperature sample compartment and detection in the Faraday
configuration. Samples were prepared by drop-coating thin films of nanocrystals onto quartz
substrates. Samples were checked for depolarization (a decrease in the retention of polarization
purity of transmitted light due to strain or scattering, for example) by collecting the circular
dichroism signal of a chiral reference solution (Ni*" tartrate) placed before and after the sample.
Approximately 10% depolarization was observed at all experimental temperatures (1.8 — 80 K).
Photoluminescence excitation was provided by the linearly polarized 457.9 nm line of an Ar’ ion
laser (Spectra-Physics). Emitted light was passed through a quarter wave plate and linear
polarizer to separate left and right circular polarizations, dispersed through a 0.5 m single

monochromator (Acton), and detected using a liquid nitrogen cooled CCD (Princeton
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Instruments). Polarization ratios are reported as Al/l = (Ip — Ir)/(IL+ Ir), where ;. and Ir are the
intensities of left- and right-circularly polarized light following the sign convention of Peipho
and Schatz,40 as described in ref. *'.

High-magnetic-field MCPL measurements were performed at the National High
Magnetic Field Laboratory using the 60 T Long Pulse magnet which is powered by a 1.4 GVA
motor-generator.’' The pulse duration is approximately 2.3 seconds, during which the field is
swept up to peak field (55 T in these studies) as described by the pulse profile shown in Fig. S2.
Approximately 1000 luminescence spectra are recorded during each pulse, and the corresponding
instantaneous fields are measured by a dB/dt pick-up coil. Samples were prepared by drop-
coating thin films of nanocrystals onto GaAs substrates. Samples were immersed directly into
superfluid liquid helium for studies below 2K, or were mounted in a vacuum jacket filled with
helium exchange gas for higher temperatures. Excitation was provided by a 405 nm diode laser
(Coherent), and photons were coupled to and from the sample through a 600 um diameter optical
fiber. Polarization sensitivity was provided by a thin-film circular polarizer (optimized at 560
nm) sandwiched between the fiber and the sample. The collected PL was dispersed by a 0.3m
spectrometer (Acton), and detected with a liquid nitrogen cooled CCD camera (Princeton

Instruments).

2.3 Results and Analysis

2.3.A Experimental results. Figure 2.1A shows the magnetoluminescence spectra of
colloidal Zng9gasMnyg 0145S€/ZnS/CdS/ZnS NCs measured at 1.8 K, resolved into left and right
circular polarizations (/. and Ix, respectively). The PL spectra are dominated by the Mn*" *T; —
%A, internal transition at ~2.1 eV.*” In an applied magnetic field, the PL is circularly polarized,
consistent with previous measurements on bulk Mn”*"-doped ZnS and ZnSe single crystals,*® **
colloidal Mn*"-doped ZnSe/CdSe nanocrystals,”> and colloidal Mn*"-doped ZnSe/ZnS NCs.”’

Although some studies have reported only minimally (< 6%) polarized emission from Mn*" in

44, 45 35, 46

nanowires and epitaxial Zn; Mn,Se films, these experiments were all conducted on
samples with Mn®" concentrations greater than 6%, where reduction of observed MCPL due to
dimers or larger clusters could be appreciable.”*” The inset to Fig. 2.1A plots the magnetic field
and temperature dependence of the MCPL polarization ratio [Al/l = (I. — Ir)/(IL + Ir)] over the 0

— 6 T range. These data appear to saturate at a maximum of (Al/)msx = —0.28. Previous
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investigations have found |(Al/l)max| of approximately 0.4 (at 1.8 K, 4 T) for monomeric Mn*" in
ZnSe/CdSe® and ZnSe’’ nanocrystals, or 0.35 for dilute Mn®" in bulk ZnS single crystals
oriented with BJ|[111],* but [(Al/])max| is reduced by the presence of Mn>"-Mn”" dimers**” and
by depolarization effects. As in ref. *, the Mn>* PL is not noticeably suppressed by the applied
magnetic field, in contrast to the behavior observed in bulk crystals, nanowires, self-assembled
QDs, and thin films.** 474

Figure 2.1B shows the intensities of left- and right-circularly polarized PL for these NCs
at 1.65 K and plotted as a function of magnetic field up to 55 T. The difference in intensity
between the two polarizations increases rapidly at fields up to 5 T and then decreases slightly as
the field is increased to 55 T. Similar results were obtained for Zn;  Mn,Se/ZnS/CdS/ZnS

nanocrystals with a higher Mn®" concentration (see Supporting Information).
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Figure 2.1. (A) Magnetic circularly polarized photoluminescence (MCPL) spectra
of colloidal Zn; Mn,Se/ZnS/CdS/ZnS quantum dots measured at 1.8 K. Inset:
MCPL ratios (Al/l) measured from 1.8 to 60 K and 0 to 6 T. (B) Intensities of
circularly polarized Mn®" PL and (C) the MCPL ratio (Al/ = (I, — I,)/(I, + 1)) as

a function of magnetic field, measured at 1.65 K.
(Z1ng.984sMny 9145S¢/ZnS/CdS/ZnS QDs, avg. 4.5 Mn2+/QD, cored=3nm,d=6
nm, £, =2.8 eV)

Figure 2.1C plots Al/l for these ZngosasMngoi4sSe/ZnS/CdS/ZnS nanocrystals as

isotherms measured as a function of magnetic field up to 55 T. At 1.65 K, the Al/I reaches a
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maximum of —0.22 at 4.5 T, before decreasing in magnitude gradually to -0.14 at 55 T. The
quantitative discrepancy in MCPL polarization magnitudes between Figures 1A(inset) and 1C is
attributable to depolarization effects. Depolarization does not affect the field dependence, and
consequently these data are superimposable when scaled separately (see Supplementary
Information). At 4.45 and 10 K, the MCPL polarization ratios plateau at ~9 T and ~15 T,
respectively, and similarly decrease in magnitude with increasing fields. All three isotherms
converge at ~18 T, indicating identical Boltzmann population distributions for all three
temperatures at this field and above. The turnover in A//I is inconsistent with a simple spin-only
electronic structure of Mn®" and implicates a splitting of the luminescent T, state even at zero
magnetic field (see below).

Figure 2.2 plots the energies of the left (o1) and right (or) circularly polarized
luminescence maxima measured independently at 1.65 K vs magnetic field up to 55 T. The two
components split rapidly between 0 and 10 T, and then more slowly at fields above 10 T. Over
this entire range, the splitting never exceeds 1.2 meV, which it only reaches at 55 T. This value is
much smaller than the splitting reported in ref. ** for Mn-doped ‘inverted’ ZnSe/CdSe core/shell
nanocrystals (6 meV at 6 T). In fact, the splittings that we observe in these Zn,.
«Mn,Se/ZnS/CdS/ZnS nanocrystals are also smaller than expected from a simple cubic spin-only
Zeeman splitting of the Mn>" ground and excited states. In the simple model, the Zeeman
splitting would increase linearly to 5.8 meV at 50 T (assuming g = 2 for both the ground and
excited state with Gr emission arising from a |4T1,-3/2) - |6A1,-1/2> transition and Op emission
arising from a [*T,-3/2) — [°A},-5/2) transition). These magneto-PL results therefore merit a

more detailed analysis.

25



1.0
oL
S 05
[0}
E
£ 00
[%2)
X
B
o -0.54 ORr
—
o
1.0+
0 10 20 30 40 50

Field (T)

Figure 2.2. Magnetic field dependence of the energies of the left and right
circularly polarized components of the Mn”>" photoluminescence from colloidal
Zn;.Mn,Se/ZnS/CdS/ZnS nanocrystals, collected at 1.65 K.
(Zng.984sMny 9145Se/ZnS/CdS/ZnS QDs, avg. 4.5 Mn2+/QD, d=6nm, E, = 2.8
eV)

2.3.B. A microscopic model. From ligand-field-theory, Mn”" has a totally symmetric °A;
ground state and a *T, term as the lowest-energy d-d excited state in cubic II-VI semiconductor
lattices that provide weak tetrahedral fields, like ZnSe. The °A; ground-state magnetization is
quite well understood: Application of a magnetic field splits this state into six Zeeman
components that can be readily probed, for example, by EPR spectroscopy. The EPR spectra of
many Zn;.,Mn,Se and related semiconductor nanocrystals have been reported, and all show g ~
2.00, consistent with bulk Zn;.,Mn,Se.® Mn®" EPR spectra are typically dominated by electron-
nuclear hyperfine coupling involving the 7 = 5/2 Mn”" nuclear spin, but additional fine structure
can reveal very small second-order spin-orbit ("zero-field") splittings in axial lattices on the
order of 10° meV.”" The zero-field splitting of the ®A; ground state is thus small enough to be
neglected in our model.

In contrast with the °A; ground state, a thorough description of the Mn>" *T| ligand-field
excited state requires explicit consideration of orbital angular momentum. Because this term
possesses both spin and orbital angular momenta, it may be subject to strong first-order spin-
orbit coupling. It also has a Jahn-Teller-active configuration (d.’dp?), and may therefore
spontaneously distort the Mn®" coordination geometry, thereby reducing the effects of spin-orbit
coupling (the Ham effect).”® Analysis of zero-phonon lines in absorption, luminescence, and PL
excitation experiments on Zn;_,Mn,Se single crystals indicates that first-order spin-orbit coupling
is effectively quenched by strong Jahn-Teller coupling.”® >* Uniaxial stress experiments on the

same crystals demonstrate that this quenching involves strong coupling to an e mode (and

26



relatively weak # coupling).”* > The splitting from the Jahn-Teller distortion and remaining
second-order spin-orbit coupling will ultimately determine the characteristics of the Mn*"
magneto-PL.

Figure 2.3 illustrates the various splittings that define the luminescent excited state of
Mn?" in II-VI semiconductors. The *G free-ion term is split by the tetrahedral field to yield a *T;
term lowest in energy above the ground °A, state. The e-mode Jahn-Teller distortion described
above splits the 4T1 state into “E and 4A2 components separated by 3Ejr. Ejr has been estimated
for Mn*" in ZnSe to be at least 18.6 meV,56 but has not been definitively measured, and
covalency effects have not been quantitatively accounted for.”” In this strongly distorted excited
state, first-order spin-orbit coupling is negligible. Second-order spin-orbit coupling (Hso) further
splits the *A; term into two Kramers doublets (ms=£1/2, +3/2), separated by 2D =—1.43 meV as
determined by high-resolution photoluminescence excitation scans on Zn;,Mn,Se single
crystals.”® The sign of D was determined from analysis of the Zeeman splittings of zero-phonon
lines in very high quality Zn;.Mn,S single crystals.”’ Finally, application of a magnetic field lifts
the Kramers degeneracies of these doublets. These spin-orbit and Zeeman splittings are
described by equation 2.1.

H,=Hg+H,,.. =D =4S+ 1)+ 1,gB(S. cosf+1(S, +S_)sinb)

Zeeman

[2.1]
The first term of this Hamiltonian accounts for the zero-field splitting of the ‘A, term, and the
second term describes the effects of the magnetic field (Zeeman splitting). S,, S:, and S_ are spin
operators, S = 3/2 is the spin of Mn”" in its quartet excited state, ug is the Bohr magneton, B is
the applied magnetic field, and 6 is the angle between the magnetic field and Jahn-Teller
distortion axes. For initial calculations, the excited-state g value for Mn”" is assumed to be 2.00

(see below).

27



AE magnified 20x
F
1
4p 4 ! - —
s "AyE|
v\\\ "
\\\ - " P
\
T | »
\—H
4 \
Ty T
\ m=+1/2
4p,  m=x3/2
B=0-55T

HCoul HTd HJT HSO H

Zeeman

Figure 2.3. Splitting of the lowest excited Mn®" free-ion term (*G) by the actions
of a tetrahedral ligand field (Hrqg), a strong D,q Jahn-Teller distortion (H,r),
second-order spin-orbit coupling (Hso), and a Zeeman interaction with a magnetic
field along the z-axis (Hzeeman). Splittings are drawn to scale, with Ejr = 18.6 meV
and the spin-orbit splitting of 2D = —1.43 meV taken from ref. *°. One potential e-
type distortion from T4 to Dyq is illustrated in the inset.

The splitting 3Eyr is sufficiently large to use just the two doublets of the A, state as our
basis set for implementation of eq 2.1. In this case, the spin-orbit interaction is simply described
by a diagonal matrix with values of Hso along the diagonal, and Hzeeman takes the form of a
constant multiplied by the J = 3/2 spin matrices. Solving eq 2.1 as a function of B and 6 produces
eigenfunctions that are linear combinations of the four *A, Zeeman components. For the diagonal
eigenvectors, transition probabilities for emission of left- and right-circularly polarized light
(Amg = +1) in the *A, — ®A; transition are described by the squares of the matrix elements of
Table 2.1. These matrix elements were calculated following the procedure outlined in ref. **, and
give the same relative intensities as those calculated by Clebsch-Gordan decomposition and
those reported in ref. *°. These coefficients can then be used to construct the transition

probabilities for any mixed excited-state wavefunction.
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Table 2.1. Matrix elements describing the relative transition probabilities for
transitions between Zeeman sublevels of the *A, excited state and °A, ground state
of Jahn-Teller distorted Mn** as illustrated in Fig. 2.3. In the sign convention used
here, o; luminescence arises from Am, = +1 components of the ‘A, — °A,
transition.

6
m Al

5/2 3/2 172 -1/2 -3/2 =5/2

4
mg A2

302 m \/730
172
172 B m \/%

312 B m 1,

’\O‘R ’\GL

The Boltzmann population of each excited state was calculated under the assumption that
the excited-state lifetime (zym = 379 ws, 7.5 K) is significantly longer than the spin-lattice
relaxation time; an assumption supported by time-resolved MCPL measurements on Zn;_,Mn,Se
NCs.*” Finally, detection of the polarized luminescence in a coordinate frame rotated from the
crystal axes requires application of the Wigner D matrix, which effectively mixes the spin basis
functions.”” ® Because all experimental observations were performed in the Faraday
configuration (with the field axis parallel to the observation axis), the same angles describe both
the Zeeman and detection rotations. To simulate the experimental observations on an ensemble
of randomly oriented QDs, transition probabilities for each excited-state eigenfunction were
multiplied by the corresponding Boltzmann populations at a given temperature, polarization
ratios were calculated, and the results were averaged over all relative orientations of the Jahn-
Teller and observation axes. More detailed descriptions of the calculations are provided as
Supplementary Information.

2.3.C Calculated results. Figure 2.4A shows eigenvalues of equation 2.1 calculated as a

function of magnetic field from 0 to 20 T relative to the zero-field energy of the ms= + 3/2

doublet. For 8= 0, the application of a magnetic field does not mix the states, and the Zeeman
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sublevels split linearly with field. At 6= n/2 (BJ|[110]) or 0.955 (B||[111]), fields at which the 6
= (0 Zeeman levels crossed become avoided crossings because of mixing of the original basis
functions. By 20 T, the eigenfunctions are nearly re-diagonalized and the field-induced energy
changes are approximately linear again. Even after this re-diagonalization, the zero-field splitting
energy influences the energies of the Zeeman levels, resulting in angle-dependent energies even

at high fields.
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Figure 2.4. (A) Calculated Zeeman splittings of the zero-field-split *A(*T)) term,
plotted as a function of magnetic field up to 20 T for three representative angles
between the field and Jahn-Teller axes: 8= 0, n/2, and 0.955. (B) Calculated or
and or emission energies at 1.65 K plotted as a function of magnetic field up to
55 T. See text for details.

Figure 2.4B plots or and 61 emission energies calculated from the microscopic model
described above, relative to the zero-field emission energy. These curves represent average
energies of the pure electronic transitions from the various *A, Zeeman components (e.g., Fig.
2.4A), weighted by their relative transition probabilities (Table 2.1) and Boltzmann populations
and averaged over all orientations. The calculated field dependence of the emission energies
reproduces many of the key features of the experimental data in Fig. 2.2: At low field, the
energies split rapidly until approximately 1.5 T, at which point they plateau until ~10 T, where
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there is a change in curvature until the field dependence becomes approximately linear again at B
> ~20 T. These changes in curvature are associated with the avoided crossings of Fig. 2.4A. At
the maximum experimental field of 55 T, an energy difference of 1.9 meV is calculated, closely
reproducing the experimental splitting of 1.2 meV. The relatively minor differences between
experimental and calculated curves are attributed to higher-order effects neglected in this model.
Figure 2.5 shows the MCPL polarization ratios predicted by the model, superimposed
upon the experimental MCPL data up to 55 T. The model reproduces the key features of the data
very well, accurately predicting both the curvature of each isotherm and the temperature
dependence of the entire data set. This excellent agreement with no floating parameters validates
the electronic structure description illustrated in Fig. 2.3. Although the calculations appear to
overestimate the MCPL magnitude by a factor of ~2, this quantitative discrepancy likely arises
from a combination of sample depolarization (suggested by the polarization discrepancies
between Figs. 1A (inset) and 1C) and concentration effects in this particular measurement, as
discussed above. The model also agrees well with other measurements of related bulk®® and
QD***7 samples, which show a maximum MCPL magnitude of |(AI/])max| ~ 0.4 in the low-Mn?"-
concentration limit. We note that the sign of the MCPL ratio predicted from the relative dipole
strengths given in Table 2.1 is the opposite of that observed experimentally. This discrepancy is
not understood, but is not believed to be trivial in origin. For example, experimental sign
conventions may at times be inverted, but previous MCPL measurements on bulk Zn; Mn,S
single crystals®® and bulk-like Zn, Mn,Se nanocrystals (in our laboratories, not shown) also

show more intense Gr emission, ruling out an influence of quantum confinement.

31



0.00 0.0
©0.05- L 0.1
5 =
S Q
3 &
1 o
50.15 M <
o : L 0.3
Q :

-0.20-

. . 0.4

0 10 20 30 40 50
Magnetic Field (T)

Figure 2.5. Experimental (points, left axis) and calculated (curves, right axis)
MCPL polarization ratios (Al/I) up to 55 T at 1.65, 4.45, and 10 K.

A striking feature of the MCPL data is that the magnitude of A//I decreases after reaching
its maximum value, wheras a simple spin-only paramagnet would show saturation. This decrease
in polarization has not been previously noted, likely because no MCPL experiments on similar
systems have been reported at sufficiently high magnetic fields. Furthermore, MCPL
experiments on bulk crystals and epitaxial QDs are made more difficult by field-induced
suppression of Mn”" sensitization.”> *** **4"* The model successfully predicts this decrease in
polarization ratio at high fields. Inspection of the calculated results shows that this decrease
originates from the off-diagonal terms in the Zeeman matrix, i.e., the evolution of the excited-
state wavefunctions with applied magnetic field, illustrated in Fig. 2.4A. Moreover, the very
existence of this MCPL turnover derives from the existence of a zero-field splitting within the
emissive *A,(*T)) term. Specifically, it stems from the energetic proximity of the ms = +1/2 and
ms = +3/2 doublets (2D = -1.43 meV). Our simulations show that increasing D isolates the ms =
+3/2 doublet and suppresses the downturn in A//I vs B. The field at which the maximum
polarization is initially reached is only minimally sensitive to D (see Supplementary Information).

The static Jahn-Teller model used here predicts a slightly smaller decrease of A/ at high
fields than is observed experimentally. This discrepancy comes from restriction of this model to
just Zeeman interactions within the *A, term. This approximation is adequate at relatively small
fields (0 - 6 T) because the *A, term is reasonably well isolated from the nearest other state

(*E(*T)), Fig. 2.3). At very large magnetic fields, however, second-order Zeeman contributions
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from the “E term (and possibly even higher states) become more evident in the data. Similar
interactions with higher-energy terms have been addressed explicitly in other related cases, for
example in determination of g values within the *T, ground term of octahedral Co*" ions.®!
Expansion of the model to explicitly include all 12 sub-states of the parent *T; would
undoubtedly improve the simulations at very large magnetic fields but it would not significantly
improve our understanding of the data and is challenging due to the difficulty of calculating the
relative dipole strengths; such calculations were therefore not pursued.

Overall, the four-state static Jahn-Teller distortion model used here accurately predicts
the excited-state magnetization of Zn; ,Mn,Se/ZnS/CdS/ZnS nanocrystals, and hence accurately
accounts for the zero-field fine structure and the Zeeman splittings of the luminescent excited
state. The model successfully predicts the occurrence of a polarization maximum at ~5 T in the
low-temperature MCPL data. In particular, the field at which this maximum occurs is very
sensitive to the excited-state g value, and confirms an excited-state g value of 2.0. Somewhat
unexpectedly, our calculations additionally demonstrate that the data are adequately modeled by
an isotropic g value, despite the axial distortion of the Mn®" (see Supplementary Information).
Consistent with the modeling of zero-phonon lines in bulk Zn;.Mn,S single crystals,’’ this result
suggests that second-order Zeeman energies are negligibly small under these experimental
conditions. Further, this simple model neglects the effects of random strain in the crystal.
Random strain may influence the orientation of the Jahn-Teller distortion axes, but it does so
randomly over the ensemble of luminescent Mn®" ions and hence is accounted for in the
orientation averaging of the model. Minor discrepancies occur between the predictions of this
model and the experimental results at very large magnetic fields that can be attributed to the
breakdown of our assumption that the emissive ‘A,(*T)) state is electronically isolated from
other nearby d-d excited states of Mn”>". A more complex analysis of these high-field data may

possibly lead to refinement of the estimate of £jt in these systems.

2.4 Discussion
The data and analysis presented here demonstrate that the excited-state Zeeman splittings

of Mn”" ions doped into quantum-confined semiconductor nanocrystals are described well using
the mechanics of ligand field theory. Whereas the Mn”>" ground state possesses the full cubic

symmetry of the Zn®" cation site in ZnSe, the luminescent excited state of Mn®" in ZnSe is
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characterized by a strong axial Jahn-Teller distortion that quenches the first-order spin-orbit
coupling of the parent *T, term and places a zero-field-split *A, term lowest in energy. The low-
temperature luminescence comes from this excited state. Early measurements used a static Jahn-
Teller distortion model to analyze the zero-phonon lines of Mn”>" luminescence in ZnS** and
GaP* and achieved good quantitative agreement. Subsequent analyses invoked intermediate
Jahn-Teller coupling strengths to explain small sub-wavenumber splittings within the two main
zero phonon lines of the Mn*" PL in high-quality ZnS crystals,”’” but the complexity of this
model necessitated iterative fitting of several parameters. The high-magnetic-field experiments
presented here provide qualitatively new data that allow testing of the static Jahn-Teller
distortion model. The essential characteristics of the data that relate to the excited-state energy
splittings are predicted well by this model, and hence are consistent with a static Jahn-Teller
distortion in the luminescent Mn®" excited state. Furthermore, these data provide evidence that
the assumption of electronic isolation of the luminescent *A,(*T)) term in the four-state model
begins to break down at very high magnetic fields.

One outcome of these experiments is the observation that the MCPL data from these Zn;.
«Mn,Se/ZnS/CdS/ZnS nanocrystals can be very well modeled using an excited-state g value of
~2.0 and the corresponding excited-state Zeeman energies. Indeed, the nanocrystal MCPL data
reported here are very similar to those reported for bulk Zno.ggggMno,oo()lS,36 which possesses no
quantum confinement. This result indicates that quantum confinement does not impact the
luminescence of Mn”" in these doped quantum dots in a significant way.

At this stage, it is interesting to ask how, if at all, quantum confinement might influence
the electronic structures of transition metal ions in semiconductor nanocrystals. On one hand,
there is compelling evidence in the literature that the ligand-field excited state energies of 3d
transition metal dopants are not strongly influenced by nanocrystal quantum confinement. For
example, the A, — *T|(P) energies and band shapes in the MCD spectra of Co*"-doped ZnSe
quantum dots at various degrees of quantum confinement are indistinguishable.®**® On the other
hand, quantum confinement alters the band-edge potentials of the host lattice, and hence the
energies of donor- and acceptor-type charge-transfer transitions involving the transition-metal
impurity ions. Quantum-confinement-dependent charge-transfer energies have been observed
experimentally in Zn;.Co,Se and Zn;_,Co,Se/CdSe quantum dots.®> ¢ Charge-transfer excited-

state energies relate to the covalencies of the 3d wavefunctions, which in turn play critical roles
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in determining the intensities of d-d transitions®” and the types and strengths of inter-center
(dopant-carrier or dopant-dopant) magnetic exchange interactions.”® ® The fact that charge-
transfer energies do shift with quantum confinement thus indicates that each of these electronic-
structure characteristics must also change with quantum confinement to some extent, via the
small admixture of charge-transfer configurations into the ligand-field states. Overall, the high
similarity of Co®" d-d spectra in QDs and bulk semiconductors argues against a dramatic impact
of quantum confinement on the electronic structures of 3d impurity ions in QDs, supporting the

conclusions drawn above from the analysis of quantum dot Mn>" magneto-PL data.

2.5 Conclusion
The temperature and magnetic-field dependence of the Mn”*'-centered ‘T, — °A,;

photoluminescence of Zn;, Mn,Se/ZnS/CdS/ZnS QDs has been studied at -cryogenic
temperatures and in high magnetic fields up to 55 T. A microscopic model of the Mn®" excited-
state Zeeman splittings is presented that includes the effects of a static excited-state Jahn-Teller
distortion. The data are modeled in terms of a strong excited-state Jahn-Teller coupling with an
axial (e mode) distortion coordinate to yield an isolated zero-field-split *A,(*T)) state as the
luminescent excited state. Using only literature parameters from previous analyses of zero-
phonon lines in bulk Mn**-doped II-VI semiconductors and no floating parameters, this model
successfully reproduces the temperature and magnetic-field dependence of the Mn®" magneto-PL
from these QDs. Only at very high magnetic fields are there small deviations from the
predictions of the static Jahn-Teller distortion model, and these can be attributed to field-induced
mixing with nearby higher-energy Mn*" excited states not included in the model. The success of
this bulk static Jahn-Teller model in predicting the MCPL data reported here indicates that
quantum confinement does not have a significant impact on the Mn” “T;—°A,| luminescence in

these QDs.
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Chapter 3. Ferromagnetic Excited-State
Mn*" Dimers in Zn;_ Mn,Se Quantum Dots
Observed by Time-Resolved Magneto-
Photoluminescence

Abstract. Colloidal Mn”*"-doped semiconductor nanocrystals are solution processable analogs of
classic phosphor and diluted magnetic semiconductor (DMS) materials with promising
applications ranging from fluorescence microscopy to spintronic information processing. At
doping levels of only a few cation mole percent, Mn>" dimers form in appreciable concentration
and cause shortened photoluminescence decay times and reduced luminescence circular
polarization under applied magnetic fields. Here, we show that these differences allow the use of
time-resolved magneto-photoluminescence measurements to investigate the magnetic properties
of the luminescent dimer excited state in Zn; ,Mn,Se nanocrystals. These measurements reveal
that Mn®"-Mn”" dimers are coupled ferromagnetically in their luminescent excited state, in
contrast with the antiferromagnetic coupling of their ground state. We find that Mn®'-Mn*"
dimers also luminesce with much purer circular polarization than Mn”>" monomers under applied
magnetic fields. These results are explained well by perturbation theory and density functional
theory analyses of the microscopic orbital exchange interactions within the photoexcited Mn?'-
Mn®" dimers. This discovery of photoswitchable dimer magnetism (from S = 0 to S = 4) with
strong associated circularly polarized luminescence raises intriguing possibilities for optical spin
manipulation in doped semiconductors. Reprinted with permission from: Bradshaw, L. R.; May,
J. W.; Dempsey, J. L.; Li, X.; Gamelin, D. R., Physical Review B 2014, 89 (11), 115312.
Copyright 2014 American Physical Society.

3.1. Introduction
Mn?"-doped semiconductors such as ZnSe or ZnS have been used as commercial

phosphors for decades.'™ Doping Mn®" into such semiconductors allows efficient sensitization of
Mn?"-centered 4T1 — 6A1 d-d luminescence either through impact excitation of Mn>*
(electroluminescence) or via photoexcitation of the semiconductor followed by rapid energy
localization at Mn®"* * ° This localized d-d transition is formally spin forbidden, and is
consequently characterized by radiative decay times of milliseconds to microseconds (depending
on the lattice anion). Because of the small absorption oscillator strengths of this and the other d-d
transitions of Mn”", these doped semiconductors are also largely transparent at sub-bandgap
energies. Colloidal nanocrystals (NCs) of the same compositions enable unique applications of

these classic phosphor materials in solution-processed light-emitting devices,”® luminescent
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solar concentrators,” or optical imaging experiments,'® and have furthermore revealed entirely
new luminescence phenomena including intrinsic exciton/Mn®" dual emission not yet realized in
other forms of these phosphors.'' Finally, the magnetism of Mn®" also imparts exceptional
magneto-optical and magneto-electronic properties to the semiconductor, ultimately stemming
from Mn”"-carrier sp-d exchange interactions. These include giant Zeeman splittings of the
semiconductor band edges and strong circularly polarized magneto-luminescence,'” '
motivating the development of photonic device structures that exploit the interplay between light
and magnetism, such as spin-LEDs and spin-photonic transducers.'*"”

In their ground states, nearest-neighbor Mn?"-Mn*" dimers in II-VI and III-V
semiconductors are antiferromagnetically coupled and hence magnetically silent (|°A1,°A,), S =

'8 19 and consequently the effective Mn>" concentrations available

0), reducing the magnetization
for exchange interactions with free carriers.'” Dimer formation is therefore generally detrimental
to the desired magneto-electronics or magneto-optical materials performance. Recently, a
decrease in circular polarization of Mn®" d-d magneto-luminescence was reported at elevated
Mn®" concentrations in doped semiconductor nanocrystals, from which it was hypothesized that
circularly polarized PL arises primarily from isolated Mn”" ions. "

Essentially nothing is known about the excited-state magnetic properties of Mn®'-Mn*"
dimers in II-VI semiconductors, even though the ground-state magnetic exchange coupling of
such dimers has been studied extensively.’>*® An understanding of dimer excited states is
essential for evaluating how Mn®" concentrations influence magneto-luminescence in this
important class of materials, but the few relevant experimental results are either debated or
inconclusive. In 1963, for example, McClure analyzed the energies of sharp absorption lines in
the zero-phonon region of the monomer 6A1 — ‘B absorption of Zn;Mn,S at high Mn>*
concentrations in terms of a dimer spin ladder (|°A1,°A;) — ['E,°A})) and concluded a net
ferromagnetic |'E,°A,) excited-state exchange coupling,”’ but Langer and Ibuki later interpreted
these sharp transitions as arising from phonon coupling, not magnetic exchange.”® Subsequent
time-gated PL measurements showed that some of these lines originate from dimers (with faster
PL decay), and the transitions were assigned assuming the same antiferromagnetic coupling in
this excited state as in the |6A1,6A1) ground state.”’

Dimer formation can also affect intra-ion absorption and luminescence transition

probabilities: The spin ladders generated by exchange coupling within transition-metal dimers
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introduce new formally spin-allowed pair transitions that have increased absorption oscillator
strengths and radiative decay rate constants. This intensity-gaining mechanism has been
investigated widely among exchange-coupled ion pairs and is referred to as the Tanabe
mechanism.?**%7

Here, we describe the use of time-resolved magneto-photoluminescence spectroscopy to
study Mn”" spins in colloidal Zn;.,Mn,Se nanocrystals. We show that this technique allows
Mn**-Mn?" dimers to be resolved from Mn*" monomers, based on their shorter dimer
luminescence decay times arising from the Tanabe mechanism. This experiment thus allows
dimer excited-state magneto-optical properties to be analyzed separately from those of Mn?"
monomers. Time-resolved measurements show that the magnetic circularly polarized
photoluminescence (MCPL) of Mn®"-Mn?" dimers saturates at lower magnetic fields than that of
monomers, in a manner only consistent with a high-spin, i.e., ferromagnetically coupled (S = 4)
dimer configuration. Additionally, these data reveal essentially complete (~100%) circular
polarization in the dimer luminescence at magnetic saturation, in contrast with only ~40%
polarization in Mn?" monomer MCPL. This result is interpreted as resulting from a difference in
the specific Ams = *1 luminescence transitions available to the monomer and dimer excited states.
Perturbation theory and DFT calculations suggest that this dimer ferromagnetic excited-state
exchange coupling originates from the dominance of a single orbital superexchange pathway in
the luminescent |*T,°A,) excited state. These results resolve the 50-year-old question of Mn?'-
Mn®" dimer excited-state exchange coupling in doped semiconductors, and point to new

possibilities for optical spin manipulation in semiconductors of technological interest.

3.2. Experimental
3.2A. Nanocrystal synthesis and characterization.
Zn; Mn,Se nanocrystals were synthesized by lyothermal degradation of the tetramer

[Zn4(SePh)0](MesN), in the presence of MnCl, and Se similar to previously published
methods.”® ZnS shells were grown on these cores by successive additions of zinc oleate and
trioctylphosphine sulfide at 225 °C.3%4 All 7Zn;.,Mn,Se core NCs had diameters of d =2.9 - 3.1
nm, and the Zn;  Mn,Se/ZnS core/shell NCs had d = 3.7 - 4.0 nm. Mn>" concentrations were
determined by inductively coupled plasma atomic emission spectroscopy. All of the core/shell

nanocrystals made following these procedures showed similar absorption and PL spectra to those
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reported here, and all had room-temperature PL quantum yields of ~40%. Additional synthesis
and characterization details are provided as Supplemental Material.*!
3.2.B. Spectroscopic measurements.

PL experiments were performed on partially evaporated films of NCs sandwiched
between quartz plates. For magneto-optical measurements, samples were mounted in a
superconducting magneto-optical cryostat with a variable-temperature sample compartment
(Cryo-Industries SMC-1659 OVT or Oxford SM-2). Excitation was provided by a nitrogen-
pumped dye laser operating at 360nm, 20Hz, with an 800ps pulse width. The laser output was
coupled into a multimode fiber and then refocused onto the sample at an incident angle of ~10°
relative to the magnetic field axis. PL was collected along the field axis and passed through a
liquid crystal variable retardation plate (Meadowlark) set to A/4 at the emission maximum
followed by a linear polarizer to separate left and right circularly polarized components. The PL
was then coupled into a fiber and passed to a monochromator equipped with a LN, cooled CCD
and PMT detectors. PL decay kinetics were measured using a multi-channel scalar, averaging
over several thousand laser pulses. Polarization ratios are reported in terms of left- and right-
circularly polarized light intensities defined with the sign convention of Piepho and Schatz."
Because significant reductions in the MCPL ratios were noted for samples that depolarized or
scattered light, all samples were checked for depolarization by measuring the circular dichroism
signal from a chiral molecule placed before and after the sample prior to collection of MCPL
data. All samples reported here showed depolarization of less than 10%. Nevertheless, we
estimate uncertainties in absolute polarization ratios (Al/I) of ~+0.07.

3.2.C. Computational methods.

Quasi-spherical Zngs.,Mn,Segs quantum dots were constructed using the bulk ZnSe zinc
blende crystal structure with lattice parameter a = 5.6676 A.** The effective diameters of the
QDs are d ~ 2.2 nm, and in the absence of Mn”" the QDs have Cs, symmetry. Pseudo-hydrogen
atoms with nuclear charges of +1.5 and +0.5 were used to passivate uncompensated surface Zn*"
and Se’ ions (dangling bonds) by formation of fully optimized Zn—-H and Se-H bonds,
according to the scheme described in recent literature,”™** leading to a well-defined bandgap and
stable QD geometry. Dopants were introduced by substituting either one or two Zn”>" ions near
the center of the QD with Mn®" to form a monomer or a bridged Mn*"—Se*~Mn*" dimer,

respectively.
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Density functional theory (DFT) calculations were performed with the development
version of the Gaussian program.*’® Full geometry optimizations of the doped QDs were
performed in the ground and excited states for both the antiferromagnetic (AFM) and
ferromagnetic (FM) dimer configurations. Energies and electronic structures were obtained by
solving the Kohn-Sham equations self-consistently using the PBEIPBE hybrid functional
potential*”* with the LANL2DZ basis set,”” ' in which core electrons are replaced by an
effective core and only Zn®" (4s, 3d, 4p), Se* (4s, 4p), Mn*" (3s, 3p, 4s, 3d), and H (1s) atomic
obitals are described with explicit basis functions. This computational scheme has been
successful in describing the electronic structures of Zn;_, TM,O (where TM = C02+, Mn2+),43’ 52,53
Cdl,anxS,54 and Cd;_Mn,Se> nanocrystals. Convergence to the correct spin configuration was

determined by analysis of the Mulliken spin density on each of the Mn?" dopants. All molecular

orbital plots were generated with an isosurface value of 0.035.

3.3. Results and Analysis
3.3.A. TR-MCPL data and simulations.
Figure 3.1A shows room-temperature electronic absorption and 1.7 K magneto-

luminescence spectra of 1.5% (x = 0.015) Zn;.,Mn,Se/ZnS NCs (core d ~ 3 nm, shell thickness ~
0.5 nm). The absorption spectrum is dominated by the ZnSe core, with a first excitonic
absorption maximum at ~400 nm. Luminescence spectra of the same sample show only the
sensitized Mn*" 4T1 — 6A1 d-d band centered at ~590 nm. At low temperatures and in the
presence of a magnetic field, this Mn>" PL is partially circularly polarized, with greater ¢~
intensity than ¢ intensity. There was no detectable Zeeman splitting of the *T; band (<~1 meV
at 1.7 K and 6 T, see Supplemental Materials’®), and we were thus unable to confirm the recent
report'? of quantum-confinement-induced giant (5-10 meV) Zeeman splittings within the *T,
excited states of Mn”" ions in quantum dots. *T; Zeeman splittings of the magnitude proposed in
ref 12 are not easily reconciled with the otherwise normal spectroscopic properties of Mn”" ions
in ZnSe QDs (PL decay time and energy, EPR g value, etc.) and with the notion that this
luminescent excited state is highly localized at the Mn®" center. The inset to Fig. 3.1A plots the
MCPL polarization ratio (Al/l, as defined in eq 1) vs applied magnetic field, measured at 1.7 K.
Al/l increases rapidly with applied field before leveling off between ~3 and 6 T at a value of Al/l
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~-0.30. This value of Al/I is essentially identical to that measured for the same luminescence in
bulk Zn;,Mn,S single crystals.5 7

Alll = (I - L)/(I+ + ) 3.1

Figure 3.1B shows room-temperature PL decay traces measured for similar Zn;.

«Mn,Se/ZnS NCs containing various Mn*" concentrations. At 0.1% Mn2+, the PL decay is mono-

exponential with a lifetime of 7= 790 ps. As the Mn®" concentration increases to 3.5%, the

decay accelerates and becomes multi-exponential. At 3.5% Mn*", the time required to decay to

1/e of the initial intensity is 240 ps.
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FIG 3.1. (A) Room-temperature absorption (left axis, black) and 1.7 K, 6 T
magnetic circularly polarized luminescence spectra of 1.5% Zn;,Mn,Se/ZnS
nanocrystals. Inset: Magnetic-field dependence of the MCPL ratio, Al/l. (B)
Room-temperature time-resolved PL traces for Zn; ,Mn,Se/ZnS NCs with Mn>*
concentrations from 0.1 to 3.5% as indicated. All nanocrystals have core d ~ 3 nm
and shell thickness ~ 0.5 nm.

Figure 3.2A plots decay traces for the 590 nm PL of 0.46% Zn;Mn,Se/ZnS NCs,
measured at 1.7 K in a 6 T magnetic field (Faraday geometry) and resolved into ¢* and ¢
components. Both circular polarizations show mono-exponential decay with 7= 720 us. Figure

3.2B shows PL decay traces measured for 3.5% Zn; .Mn,Se/ZnS NCs under the same conditions.
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These decay traces are multi-exponential, but are both fit reasonably well to two exponentials
with time constants of 750 us and 160 us. Unlike the traces in Fig. 3.2A, the 6 and ¢~ decay
traces of the 3.5% Zn;, Mn,Se/ZnS NCs do not overlay one another when normalized, a
difference highlighted by plotting A/l vs time as shown in Fig. 3.2C. For the 0.46% Mn>"
sample, Al/I is nearly constant at about -0.31. In contrast, the 3.5% Mn>" NCs show a
pronounced evolution of A/l from ~-0.15 at short times to ~-0.31 at times longer than ~2 ms.
The smaller AZ/I at short times implicates a subset of luminescent Mn®" jons that emit on a faster
timescale with a less negative (or possibly even positive) polarization ratio. As detailed below,
this subset can be identified as luminescent exchange-coupled Mn®’-Mn?" dimers. For
quantitative analysis, we define the magnitude of the time-independent MCPL polarization (Pry)
as the long-time asymptote of A/l (¢t > 2.5 ms, experimentally), and the magnitude of the time-
dependent MCPL polarization (Prp) as the difference between Al/l at ¢t = 0 and Pry, as described
by eqs 2a and 2b. For the 3.5% Mn?* sample of Fig. 3.2, Pr; =-0.30, Prp = +0.15, and Prp/P11 =
-0.50.

Py = (%),_m (3.2a)

Pyp=(4)_—Pu (3.2b)
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FIG 3.2. (color online) Time-resolved 6" and 6~ PL decay traces from (A) 0.46%

and (B) 3.5% Zn;..Mn,Se/ZnS NCs (core d = 3nm, respectively), both measured

at 1.7K, 6T in the Faraday geometry. (C) Time-resolved MCPL (AZ/I vs t) traces

for the same samples measured under the same conditions.

Figure 3.3 plots Prp/Pr vs Mn>" concentration for a series of Zn;.Mn,Se/ZnS NCs.
Increasing from the low-Mn*" limit up to 3.5% Mn2+, Prp/Pr1 grows sub-linearly from zero to ~-
0.50. Figure 3.3 also plots CW (time-integrated) 1.7 K, 6 T MCPL ratios vs Mn®" concentration
for the same samples. A/l decreases from about -0.30 at <1% Mn*" to -0.20 at >3% Mn”" (note
the negative scale) roughly in proportion to Prp/Pry, but with substantially greater scatter among
the data points. These trends are interpreted as reflecting dimer formation as Mn*" concentrations
increase. If Mn®" were distributed statistically over the available ZnSe cation sites, the
probability, D, of a given Mn®" ion being part of an isolated nearest-neighbor Mn*"-Mn”" dimer
would be roughly D = 12x(1 - x)'*.>® Between 0 and 3.5% Mn”", D increases sub-linearly from
zero to ~0.22. The solid line in Fig. 3.3 plots D vs Mn®" concentration, scaled vertically to
approximate the MCPL data. The curvature of D reproduces the experimental data well,
supporting the conclusion that Mn?"-Mn”" dimer formation is responsible for these changes in

time-dependent and CW MCPL signals with increasing Mn®" concentration. As a corollary, the
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agreement found in Fig. 3.3 suggests that the individual monomer and dimer MCPL polarization

ratios are not significantly concentration dependent.
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FIG 3.3. (color online) Mn>" concentration dependence of Prp/Pry (left axis, blue

circles) and time-integrated Al/I (right axis, red squares), measured at 1.7K and
6T. Note the negative axes. The solid curve plots the calculated probability that a
Mn®" jon is part of a nearest-neighbor dimer, scaled arbitrarily to overlay the data.
The solid curve runs from zero at 0% Mn>" to 0.22 at 3.5% Mn*".

To analyze the MCPL time dependence, we describe the time-dependence of Al/l as
arising from a superposition of time-dependent monomer and dimer emission with static

polarizations, as in eq 3.

L,0-(4), +1.0-(4),
L, (t)+1,@) (3.3)

¥ 0=

Here, I1,(f) and 14(¢) denote decaying luminescence intensities of monomers () and dimers (d),
respectively, and (Al/l),, and (Al/l)4 refer to the individual time-independent MCPL polarization
ratios of each. Because photoexcited dimers decay faster than photoexcited monomers, Al/(¢)
converges to (Al/l), at long times. Normalizing the total intensity at = 0 and assuming crudely
that all luminescence comes from either monomers or dimers (/,(0)+ 13(0)= 1), eq 3 simplifies

toeq4atr=0.

4 0)=(1-1,00))-(4) +1,00)-(4"), (3.4)

48



The experimental quantities Prp and Pr; can now be expressed in terms of these same parameters,

as shown in eqgs 5a and 5b.

Py=(4) . =(4) (3.52)

Py =(4)_, =Py =1,0)((4),-(4),) (3.5b)

Prp (as well as Prp/Pry) 1s therefore directly proportional to 74(0) (the intensity of dimer emission
at ¢ = 0). Under the assumption that monomer and dimer MCPL ratios and relative quantum

yields are concentration independent over this limited range of concentrations, 74(0) is

proportional to D. Note also that (4-) —(4f) is the only magnetic-field-dependent term in eq 5b.

These equations now allow a quantitative analysis of the experimental TR-MCPL results.

Figure 3.4A plots the magnetic-field dependence of the TR-MCPL measured for the
0.52% Mn*" sample from 0 to 4.5 T at 1.7 K. At zero magnetic field, A//I(r) = 0 at all times. As
the field is applied, Pr; becomes progressively larger, eventually leveling off at ~ -0.38. This
result is similar to that observed in the CW MCPL at small x and confirms assignment of the
long-time MCPL to Mn®" monomers. Prp also becomes more pronounced with increasing
magnetic field. Samples with 1.5% and 3.5% Mn*" show similar trends. Figure 3.4B plots the
magnetic-field dependence of Prp and Py for the 0.52% Mn?* sample, both normalized in the
linear (Curie) region of the saturation magnetization. The dashed curves in Fig. 3.4B show 1.7 K,
g = 2 Brillouin magnetization curves calculated using eq 6 for various hypothetical spin states,
assuming g = 2.0. Here, up is the Bohr magneton, £ is the Boltzmann constant, and N is a scaling

factor.

_1 , 8MgH ) guH
M(H)—zNg,uB[(ZS+1) coth((2S+1) o j coth( o H (3.6)

For comparison with the experimental data in Fig. 3.4B, these Brillouin curves have also been
normalized at 0.25 T. Such normalization emphasizes the different curvatures of the saturation
magnetization of different spin states, with the highest spin states saturating at the lowest
magnetic fields and normalized magnetization magnitudes. When plotted in this way, the
saturation value of Pry is significantly greater than that for Prp, suggesting that Prp arises from a

luminescent state with a greater net spin.” Specifically, the Py data resemble an S = 3/2 state,
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consistent with this luminescence coming from the Mn>* 4T1 excited state, but the Prp data most
closely resemble the S = 4 Brillouin function. This analysis strongly suggests that dimers

luminesce from a high-spin excited state.
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FIG 3.4. (color online) (A) Time-resolved MCPL of 0.52% Zn;.,Mn,Se/ZnS NCs,

measured from 0 to 4.5 T at 1.7 K. (B) Prp (blue triangle) and Py (red circle)

values from the traces in (A) plotted vs applied magnetic field and normalized at

0.25 T. The dashed lines plot Brillouin magnetization functions calculated for S =

1/2to 5 (g =2, 1.7 K), also normalized at 0.25 T.

Equations 3-5 were used to simulate both the TR-MCPL and saturation magnetization
data and the results are summarized in Fig. 3.5. Simulations of the 3.5% Mn*" TR-MCPL data of
Fig. 3.2B,C are described here because Prp is most prominent in these data. Although the PL
decay curves in Figs. 1 and 2 are non-exponential for this sample, the simulations were
performed using the simplifying assumptions that (a) all monomers decay with the same
exponential lifetime as measured in the lowest concentration sample (7, = 800 us) and show the
same MCPL ratio ((Al/l),, = -0.32 at saturation, with S = 3/2 magnetization), and (b) all dimers
also decay with the same single exponential lifetime. Thus, the model’s variable parameters are
dimer PL lifetime, the fraction of photons emitted from dimers, the dimer spin state (which was
assumed to be < 4), and (Al/]),. As detailed below, the individual TR-MCPL decay curves alone

could be simulated by many combinations of those four parameters, but their magnetic field

dependence could only be reproduced with S = 4 and (Al/l); ~ +1.0 at 4.5 T, i.e., essentially
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complete circular polarization, providing a unique set of viable simulation parameters for both
experiments. With these parameters, photoexcited dimers account for ~5% of the total integrated
PL for this sample and decay with 7, =300 us.

The inset to Figure 3.5A plots 6 - and 6 -polarized PL decay traces simulated using the
above parameters, overlaid with the experimental data from Fig. 3.2B. The simulated 6" and ¢~
PL decay traces reproduce the experimental data well. For illustration of the various monomer
and dimer contributions, the main panel of Fig. 3.5A plots the four individual 6'- and o'-
polarized PL decay traces calculated from these simulation parameters. Figure 3.5B plots the
simulated TR-MCPL trace (Al/I(¢) vs ) along with the experimental TR-MCPL data from Fig.
3.2C. The simulated TR-MCPL curve also agrees well with the experimental data. A noteworthy
observation from this analysis is that the apparent decay time of Prp (~600 Us) does not match
the dimer decay time (7; = 300 ps), but rather is the weighted average of this and the monomer

decay time, as described by eq 3.
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FIG 3.5. (color online) (A) Simulated circularly polarized PL decay curves for
monomers (blue, 7,, = 800 us, (Al/l), = -0.32) and dimers (red, 7; = 300 us,
(Al/l)g = +1.00). 0 and ¢ components are shown as dashed and solid lines,
respectively. The integrated dimer PL accounts for 5% of the overall PL in this
simulation. Inset: The simulated summed ¢ and o PL intensities overlaid with
the experimental data from Fig. 3.2B. (B) The simulated MCPL ratio from (A) as
a function of time (solid red line), overlaid with the experimental data from Fig.
3.2C. (C) Simulated magnetic field dependence of Prp obtained by scaling the
monomer and dimer MCPL polarization ratios by the S = 3/2 and S = 4 Brillouin
functions, respectively.

Figure 3.5C plots the simulated magnetic field dependence of Prp, for comparison with
the experimental data in Fig. 3.4B. As noted in the discussion of eq 5b, the field dependence of
Prp is only sensitive to the values of S and (A//I), and not to emission intensities or lifetimes.
Because S,, and (Al/]),, are known from the low-concentration limit, S; and (Al/l); are the only
unknown parameters. To simulate the TR-MCPL magnetic field dependence, 1.7 K monomer

and dimer TR-MCPL traces were calculated for each magnetic field by scaling (Al/),, and (Al/]),



at each field by their respective Brillouin magnetization functions (eq 6, S,, = 3/2 and S; < 4).
From these simulated traces, Prp was then determined at each field by the same methods used to
analyze the experimental TR-MCPL data, and the resulting curve was normalized at 0.25 T as in
Fig. 3.4. The experimental data could only be reproduced with S; = 4 and (Al/l); ~ +1.0. This
dimer MCPL ratio in turn defines a unique set of simulation parameters for the full model,
necessitating that dimers account for ~5% of the total integrated PL. This fraction is smaller than
D ~ 22% based on Mn>" concentration, a difference that could have many origins including

poorer sensitization or smaller PL quantum yields for the dimers.

3.3.B. Interpretation of the sign and purity of the dimer MCPL.
From the simulations summarized in Fig. 3.5, the magnetic-field dependence of Prp

implies that dimer MCPL is ~100% circularly polarized, with the opposite sign of the monomer
MCPL. Figure 3.6 illustrates the proposed origin of this purely 6" polarization schematically.
Assuming a cubic spin-only picture for illustrative purposes, magnetized monomers at low
temperatures luminesce from only the ms = -3/2 Zeeman component of the *T; excited state. In
the Faraday geometry, only transitions with Am, = *1 are allowed, yielding right (¢") and left (6"
) circularly polarized luminescence respectively. The monomer MCPL ratio is therefore defined
by the relative probabilities of the ms = -3/2 — -5/2 (¢") and m = -3/2 — -1/2 (¢") transitions,
which are different for non-trivial reasons.’’ In exchange-coupled Mn*"-Mn”" dimers, however,
the total luminescence is dominated by spin-allowed (AS = 0) components of the dimer spin
ladder, as per the Tanabe mechanism. As illustrated in Fig. 3.6, luminescence from a
ferromagnetically coupled (S = 4) dimer excited state is thus dominated by transitions to the S =
4 dimer ground state. From Fig. 3.6, MCPL from the fully magnetized S = 4 dimer excited state
originates from the ms = -4 Zeeman sublevel and can only occur with Ams = +1, because no Am
= -1 transition to the S = 4 ground state is available (i.e., no ms = -5 component of this state
exists). Therefore, to the extent that the overall PL is dominated by the AS = 0 dimer transition,
the MCPL from coupled Mn*"-Mn*" dimers is purely 6" circularly polarized. Although Jahn-
Teller distortions and spin-orbit coupling undoubtedly make the actual luminescent excited states
of both monomers and dimers more complicated than illustrated in Fig. 3.6, these spin-only

pictures capture the essence of the experimental observations.
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FIG 3.6. (color online) Schematic depictions of the transitions defining MCPL
ratios for monomers and dimers in Zn;..Mn,Se and related systems in the spin-
only limit. In monomers (left), MCPL is determined by the relative transition
moment probabilities of Amg = -1(c-, blue arrow) and Am = +1(c+, red arrow). In
dimers (right), the ground-state is antiferromagnetically coupled and the
luminescent excited state is ferromagnetically coupled. The dimer luminescence
intensity is dominated by the spin-allowed AS = 0 transition. In the dimer MCPL,
only the Ams = +1(c6+) component of this transition conserves angular momentum,
leading to 100% circular polarization with the opposite sign as in the monomers.
Splittings are not to scale.

3.3.C. Interpretation of the sign of Mn**-Mn?* excited-state superexchange coupling.
The change in sign of the Mn?"-Mn”" dimer magnetic-exchange coupling constant upon

photoexcitation can be understood by evaluating the available microscopic superexchange
pathways in the dimer ground and excited states. Figure 3.7A illustrates the d electrons of two
coupled tetrahedral Mn®" ions schematically. When both Mn®" ions are in their °A; ground states
(I°A1,°A})), all five d orbitals of each ion are singly occupied. In this configuration, Pauli
exclusion dictates that partial spin transfer from one Mn”" to the other can only occur if the
electrons on each Mn®" have the opposite spin, i.e., only antiferromagnetic superexchange
pathways exist. In the luminescent [*T;,°A;) excited state of the dimer, however, one of the Mn*"
ions has an e’%,” configuration involving an unoccupied # orbital and a doubly occupied e orbital.
Spin transfer from a half-full to an empty #, orbital favors net parallel (ferromagnetic) alignment

of the Mn”" spins, as illustrated by the thick blue arrow in Figure 3.7A for the [*T,°A;) dimer
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excited state. Similarly, spin transfer from the doubly occupied e orbital to a half occupied
orbital on the other Mn®" (thin blue arrow in Figure 3.7A) also favors parallel spin alignment, but
at this stage, e-based pathways are neglected for simplicity under the assumption that their
interactions are much weaker. At the same time, other antiferromagnetic pathways similar to
those of the dimer ground state may still exist (dashed arrows in Fig. 3.7A). Because
ferromagnetic and antiferromagnetic pathways are both available in the [*T;,°A;) dimer excited
state, the sign of the overall exchange coupling constant depends on the relative strengths of the
active exchange pathways, which in turn primarily reflect overlap of the pertinent d orbitals with
the valence orbitals of the bridging selenide. From the observation of net ferromagnetic Mn?'-
Mn*" coupling in the luminescent dimer excited state, we conclude that the empty 7, orbital must

have substantial overlap with the bridging Se” mediating the superexchange.
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FIG 3.7. (color online) (A) Schematic summary of spin-transfer processes
responsible for ground- and excited-state magnetic exchange coupling of Mn*'-
Mn®" dimers in ZnSe. The dashed red arrows denote spin-transfer processes
favoring antiferromagnetic Mn?"-Mn”" coupling, and the solid blue arrows
denote spin-transfer processes favoring ferromagnetic coupling. (B) Two
possible Jahn-Teller distortions of the Mn>* 4T1 excited state (Csy and Dag), and
the corresponding d-orbital splitting patterns.

Dimer exchange interactions can be assessed more quantitatively using perturbation
methods. The exchange interaction between two ions A and B is formulated in terms of the

Heisenberg-Dirac-van Vleck effective Hamiltonian shown in eq 7.
H= _2Jdd‘§A ° ‘§B (7)
Here, J,4, 1s the exchange coupling constant and S A §B represent the Mn”" spins. Experimentally,

the ground-state coupling constant of Mn®'-Mn®" dimers in ZnSe is Ji ~ -1.0 meV, i.e.,
antiferromagnetic.®> ® This coupling constant can be described with reasonable accuracy using

4™ order perturbation theory.®' Interestingly, similar perturbation calculations performed for
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Cr**-Cr*" dimers in ZnSe predict that ferromagnetic coupling may be possible in these dimers
under certain circumstances.®? Cr*" has an e2t22 electronic configuration, and hence has
ferromagnetic superexchange pathways analogous to the #,-#, ferromagnetic pathway of the Mn?"
T, excited state illustrated in Fig. 3.7A. Notably, the magnitude and even the sign of the Cr*'-
Cr*" dimer exchange coupling was predicted to be sensitive to the Cr*" Jahn-Teller distortion.”

To assess the superexchange coupling in the |*T;,°A;) Mn®"-Mn*" dimer excited state, we
take a similar 4™-order perturbation approach, based on the formalism developed by Weihe and
Giidel for molecular transition-metal dimers.”® Details of these calculations are provided as
Supplemental Materials.®® From the perturbation formalism, the most sensitive parameter
determining the strength of an individual superexchange pathway is the overlap of the relevant d-
orbital with the bridging ligand valence orbitals, which determines that pathway's transfer
integral. Calculation of the pathway-specific transfer integrals for the Mn?"-Mn”" excited state is
exceedingly difficult because of the Jahn-Teller distortion of this excited state. We therefore
calculate two extreme scenarios for illustrative purposes: (i) the nine individual #,-#, transfer
integrals are all equal to the average transfer integral, and (if) superexchange proceeds solely
through a single dominant #-#, pathway whose transfer integral is therefore nine times the
average. For simplicity, we neglect pathways involving the e orbitals, and we estimate the
excited-state transfer integrals from the ground-state exchange coupling strength, neglecting
changes due to overall bond-length contraction upon photoexcitation. Because the transfer
integral is the only unknown parameter in these calculations, it can be fixed to reproduce the
experimental ground-state coupling constant, and then used to predict the excited-state coupling.

In the limit where ground-state superexchange proceeds through nine equivalent #-f,
pathways, the experimental ground-state J;; = -1.0 meV implies an average transfer integral of
0.6 eV. Applying this transfer integral to the dimer excited state, the six remaining
antiferromagnetic pathways contribute -0.4 meV each and the three ferromagnetic pathways
contribute +0.05 meV each, to yield an overall coupling constant of J;«(ES) ~ -2.5 meV
(antiferromagnetic). This scenario is thus inconsistent with the experimental observation of
ferromagnetic excited-state coupling, from which we conclude that ferromagnetic superexchange
pathways must play a greater-than-average role.

In the limit of just one active superexchange pathway, the experimental ground-state Jz,

implies a transfer integral of 1.0 eV. If upon photoexcitation, the empty orbital does not
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participate in the dominant superexchange pathway, then the excited-state superexchange
remains antiferromagnetic, and the reduced charge-transfer energy increases the magnitude of
Ju(ES) to ~-3.6 meV. On the other hand, if photoexcitation removes an electron from the d
orbital involved in the principal superexchange pathway, then the excited-state superexchange is
ferromagnetic with Jz(ES) ~ +0.4 meV. This result qualitatively supports the conclusion that the
empty #, orbital of the photoexcited Mn”" ion must be directed at the bridging selenide such that
it dominates the excited-state Mn?"-Mn”" superexchange.

We hypothesize that the Jahn-Teller distortion of the *T; excited state, which splits the d
orbital degeneracies, plays an important role in orienting the empty #, orbital for effective
ferromagnetic superexchange. Figure 3.7B illustrates two of the possible Jahn-Teller distortions
of the *T, excited state.*” In Fig. 3.7B(left), Mn>" undergoes a Cjs, distortion involving
contraction along the Mn®"-Se*(bridge) axis, orienting the empty a; orbital for effective
superexchange. In Fig. 3.7B(right), Mn?" undergoes a D distortion involving dihedral
compression and positioning the empty b, orbital for effective superexchange. These distortions
would not only favor a single superexchange pathway, but would also increase the overlap
integral for the one destabilized (empty) orbital, thereby increasing the magnitude of J;;. A more
detailed description of the Jahn-Teller effect in the luminescent Mn>* 4T1 excited state will be
presented elsewhere.®®

3.3.D. Density functional theory calculations.

Additional insight into the excited-state Mn*"-Mn”" exchange coupling is obtained from
DFT calculations. The energies of ZngsMn,Sess nanocrystals containing Mn?"-Mn*" dimers in
their ground state and first electronic excited states were calculated for scenarios in which the
dimer spins were forced to align either ferromagnetically or antiferromagnetically. The energy
difference between these two cases was then used to calculate J;; according to eqs 8a and 8b,

which reflect the energies of the S=0 — 5 (GS) and S =0 — 4 (ES) Land¢ spin ladders.

GS GS
_ EAFM — EFM

Jgy = AL I 8
dd 30 (8a)

All total-energy calculations were performed after complete geometry optimization,

which accounts for changes in cation site symmetry, orbital overlap, and hence exchange
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energies upon relaxation of the electronically excited Mn®" ion. For the ground state, the value of
Jua calculated in this way is -0.68 meV, which agrees reasonably well with the experimental
value (~-1.0 meV)."***% In the dimer excited state, the ferromagnetic configuration was found
to be more stable than the antiferromagnetic configuration by 24.5 meV, corresponding to J;; =
+1.36 meV (eq 8b). DFT calculations thus predict net ferromagnetic exchange in the luminescent
excited states of Mn?"-Mn”" dimers, in agreement with experiment.

Figure 3.8 shows density-of-states (DOS) diagrams calculated for the
antiferromagnetically coupled Mn?"-Mn”*" ground state (|°A;,°A;)) and the ferromagnetically
coupled Mn*"-Mn*" excited state (|*T|,°A})). In the ground state (Fig. 3.8A), antiferromagnetic
coupling gives a symmetrical spin population with no net spin (S = 0). In the excited state (Fig.
3.8B), the spin projection of the dimer is no longer symmetrical. Specifically, new 3 spin density
appears near the valence band edge (the spin-down e electron), and the empty spin-up ¢, orbital
now resides within the ZnSe gap. Additionally, the d orbital manifolds are broadened relative to

the ground state, reflecting splittings due to low-symmetry structural relaxation.

59



— total e 207 (5,p,0) o SE” (5,0) m Mn’ (d) [5X mag.]
A g A

BT Ev) BT E) £ 4 E] 0 2 4
Energy (eV)
— total --we- Zn’* (5,p,d) - Se” (5,0) m Mn** (d) [5X mag.]

FIG 3.8. (color online) Results from DFT calculations on ZngsMn;Sese
nanocrystals (A B) Density-of-states diagrams for the antiferromagnetically
coupled °A1,°A}) ground state (A) and the ferromagnetically coupled |4T1,6A1>
excited state (B). The top and bottom of each plot denote o and B spins,
respectlvely (C D) Structural changes upon photoexcitation of Mn”>" monomer
and Mn*"-Mn’" dimer. Ground-state (black) and excited-state (red) structures
are illustrated, and the most significant changes in bond lengths and angles upon
excitation are indicated. (E) Electron density contours of the Mn**-Mn*" dimer
LUMO and HOMO in the ferromagnetically coupled |'T;,°A|) excited state,
which correspond prlmarlly to the empty and doubly occupled orbitals of the
photoex01ted Mn’®" ion, respectively. Mn”" ions are shown in purple, Zn**
blue, and Se” in yellow.
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Figure 3.8C shows the calculated distortion upon excitation of an isolated Mn®" ion to its
T, state. All four Mn*"-Se’” bonds contract because of depopulation of a #, antibonding orbital,
but two of the bonds contract more than the other two, breaking the T4 cation symmetry. This
distortion resembles a partner function of the Jahn-Teller-active T, stretching coordinate, in
which two bonds contract and two elongate. A similar distortion is calculated for the excited
Mn®" in the |'T1.°A,) dimer excited state (Fig. 3.8D), but the distortions appear smaller.
Importantly, one of the shortened bonds is to the bridging Se”, indicating the depopulated 7,
orbital is directed toward this Se”, favoring ferromagnetic Mn*"-Mn”" superexchange coupling
(Section C).

Figure 3.8E(LUMO) shows a contour plot depicting this empty orbital in the dimer
excited state. This empty orbital indeed shows a substantial o-type antibonding interaction with
the bridging Se” p orbital, reflecting the primary ferromagnetic superexchange pathway of the
luminescent |4T1,6A1> excited state. Details of the excited-state distortions, and contour plots for
all 20 d-based dimer orbitals, are provided as Supplemental Materials.*’

An interesting result from the DFT calculations is that the HOMO is also significantly
hybridized with the bridging Se* in the [*T;,°A;) excited state (Fig. 3.8E(HOMO)). This
covalency arises from the relatively high energy of this B-spin electron (Fig. 3.8B) because of the
single-site Coulomb interaction, and it implies a significant contribution to excited-state
magnetic exchange coupling involving this HOMO. This interaction was neglected in the
perturbation treatment of Section C because of the smaller metal-ligand overlap of the cubic e
orbitals. Importantly, superexchange involving this orbital also stabilizes the ferromagnetic
configuration of Mn*"-Mn”" dimer spins.®

Overall, the DFT calculations predict ferromagnetic exchange coupling in the first
electronic excited state of Mn®"-Mn®" dimers in ZnSe, in agreement with experiment. The DFT
calculations illustrate symmetry-reducing Jahn-Teller distortions in the first excited states of
Mn®" monomers and Mn?"-Mn”" dimers in ZnSe, which in the latter promote overlap of the
empty d orbital of , parentage with the bridging Se”, in good agreement with expectations from
perturbation analysis. The DFT calculations further suggest an additional effective ferromagnetic

exchange pathway involving the excited-state HOMO.
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3.4. Summary
The excited-state magnetism of photoexcited Mn?"-Mn*" dimers in Zn;.Mn,Se

nanocrystals has been investigated using time-resolved MCPL spectroscopy. These experiments
reveal ferromagnetic exchange coupling in the luminescent [*T,°A;) electronic excited state of
Mn®"-Mn?" dimers, in contrast with the antiferromagnetic exchange coupling universally
observed in the |6A1,6A1> ground states of Mn>"-Mn*" dimers in ZnSe and related semiconductors.
Perturbation theory and DFT calculations indicate that this change in the sign of J;; derives
primarily from a ferromagnetic superexchange pathway involving spin transfer into the empty #,
orbital of the excited Mn”" ion. Both perturbation and DFT analyses indicate that this empty 7,
orbital has a lobe oriented toward the bridging Se”, well situated for effective ferromagnetic
superexchange. Ferromagnetic superexchange involving the doubly occupied e orbital in the
dimer excited state is also suggested by DFT calculations. This new information about the
magnetic properties of photoexcited Mn*-Mn”" dimers in II-VI semiconductors appears to
resolve a long-standing question in the literature, and may warrant revisiting the assignment of
single crystal absorption and emission spectra for this class of materials.

The observation of ferromagnetic exchange coupling within the excited states of Mn*'-
Mn®" dimers in ZnSe could potentially have interesting ramifications for optically switchable
magnetism in semiconductors relevant to spin electronics. Although the materials investigated
here are not immediately applicable for optical switching, the sensitized § = 0 — 4
photoexcitation within a semiconductor, combined with the 100% circularly polarized
luminescence of this excited state under a magnetic field, is highly attractive for further
investigation in this regard. For example, future synthetic advances may open routes to materials
containing only dimers or related small clusters.”’ In such materials, these photoinduced spin-
state changes would manifest themselves as giant Zeeman splittings of the semiconductor band
structure in ways that could be useful for optically triggered spin filtering or spin transduction

applications.
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Chapter 4. Luminescence Saturation via
Mn’"-Exciton Cross Relaxation in Colloidal
Doped Semiconductor Nanocrystals

Abstract. Colloidal Mn*"-doped semiconductor nanocrystals such as Mn>":ZnSe have attracted broad
attention for potential applications in phosphor and imaging technologies. Here, we report saturation of
the sensitized Mn®" photoluminescence intensity at very low continuous-wave (CW) and quasi-CW
photoexcitation powers under conditions that are relevant to many of the proposed applications. Time-
resolved photoluminescence measurements and kinetic modeling indicate that this saturation arises from
an Auger-type nonradiative cross relaxation between an excited Mn®" ion and an exciton within the
same nanocrystal. A lower limit of k = 2x10'* s is established for the fundamental rate constant of the
Mn?(*T))-exciton cross relaxation. Reprinted with permission from: Bradshaw, L. R.; Hauser, A.;
McLaurin, E. J.; Gamelin, D. R., Journal of Physical Chemistry C 2012, 116 (16), 9300-9310.
Copyright 2012 American Chemical Society.

4.1. Introduction
Mn®" is an effective luminescence activator in many semiconductor matrices, and

consequently Mn’"-doped semiconductors have been employed as phosphors in
photoluminescent and electroluminescent technologies for many years.'” In photoluminescence
(PL), photoexcitation of the semiconductor is followed by rapid (picosecond) non-radiative
energy transfer to excite Mn®" to its *T; state (Mn*), which then relaxes back to the °A; ground
state radiatively with approximately millisecond lifetimes, depending on the lattice and
temperature.*® The long Mn?" *T; excited-state lifetime is a bottleneck at large excitation rates,

' In bulk Mn*"-doped semiconductors, a

however, causing luminescence saturation.
combination of Mn”>" concentration-dependence and PL time-dependence measurements has led
to the conclusion that saturation is not only associated with depletion of ground-state Mn®" but
also depends on Mn* energy migration and non-radiative Mn*-Mn* cross relaxation.'"* In EL
devices, Mn*-electron Auger-type de-excitation has also been identified as an important
deactivation mechanism.'>'*"

Considerable recent effort has turned to doping semiconductor nanostructures with Mn*".
Exploration of these classic phosphor materials on nanometer length scales has uncovered

completely new physical properties,**"**

the technological potential of which cannot be fully
assessed until the properties themselves are understood at a fundamental level. For example, the

ability to detect and manipulate individual spins has been demonstrated in epitaxial "self-
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assembled" quantum dots doped with single Mn®" ions,”?’

making these materials potentially
attractive for quantum information processing® and solitary dopant optoelectronics
("solotronics").” Colloidal Mn*"-doped quantum dots with strong quantum confinement have
shown spontaneous photomagnetization® and charge-controlled magnetization’' at elevated
temperatures, both involving orientation of localized Mn”" spins by delocalized charge carriers
via strong sp-d exchange coupling. Energy gap tuning using the quantum confinement effect has

7,32,33

revealed intrinsic dual emission in colloidal Mn*"-doped semiconductor nanocrystals, and

phase transfer into aqueous solution has opened doors for application of colloidal Mn*"-doped
semiconductor nanocrystals in bioimaging.**>°

Recently, three groups have reported PL saturation with increasing excitation power in
colloidal Mn*"-doped semiconductor nanocrystals.>’** One group has attributed Mn>" PL
saturation to complete depletion of ground-state Mn®" in the nanocrystals.’” Another has
described saturation from Mn”" photoionization via two sequential absorption/energy-transfer
cycles, generating Mn®" plus a hot electron.*® The third describes saturation from exciton-exciton
Auger recombination prior to energy transfer to Mn®".** These experiments were all performed
using very large pulse energies (up to 20 mJ/cm?) to achieve multiple photoexcitation events per
nanocrystal within single laser pulses. Although the PL saturation in colloidal nanocrystals may
at first appear similar to that in bulk, key experimental differences are evident: Whereas PL
saturation in bulk becomes more facile with increasing Mn®" concentration, in the nanocrystals it
becomes less facile,”” and whereas PL saturation in bulk is characterized by a reduction in Mn*"
PL decay time, the nanocrystals show no change in Mn>" PL decay times in the saturation
regime.”® The dominant process underlying PL saturation in Mn”>"-doped semiconductor
nanocrystals thus appears to be fundamentally different from the one that dominates in bulk
semiconductors. Given the broad interest in Mn”"-doped semiconductor nanocrystals for optical
imaging, magneto-optics, and photophysics, as well as the general historical importance of Mn?'-
doped semiconductor phosphors, a thorough understanding of these PL nonlinearities in Mn?'-
doped semiconductor nanocrystals is needed.

Here, we describe the excitation power dependence of PL from colloidal Mn*"-doped II-
VI nanocrystals under continuous-wave (CW) and quasi-CW photoexcitation conditions. A sub-
linear dependence of the time-integrated Mn®" PL on excitation power is observed even at very

low excitation powers, with complete saturation achieved using only modest excitation powers.
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The nanocrystal PL quantum yields are reduced by over an order of magnitude traversing from
the low-power limit to the saturation regime. Two-pulse photoexcitation measurements
unambiguously demonstrate that the reduction in quantum yield is associated with the population
of excited Mn®" ions. Time-resolved PL measurements implicate a fast (picosecond) non-
radiative Mn*-exciton Auger-type cross relaxation as the fundamental origin of the PL saturation.
These results are simulated using a kinetic model that accounts for Mn*-exciton cross relaxation
explicitly, from which a cross-relaxation rate constant of at least 2x10'° s is determined. These
results emphasize the importance of the very long Mn®" *T, excited-state lifetime in governing
the photophysical properties of Mn*"-doped semiconductor nanocrystals, and have implications

for future applications of such nanophosphors involving high-power photoexcitation.

4.2. Experimental
4.2A. Synthesis and general characterization.
Mn®"-doped CdS, and core-doped core/shell ZnSe/ZnS and core/multishell

ZnSe/ZnS/CdS/ZnS nanocrystals were synthesized as described previously.** Mn”>":ZnSe
nanocrystals were made by thermal decomposition of the tetramer, (Me4N),[Zn4(SePh);¢] in the
presence of MnClL.*' These nanocrystals were then coated with ZnS or CdS shells by successive
slow additions of zinc- or cadmium oleate and trioctylphosphine sulfide.*** Mn?":CdS
nanocrystals were made by injecting a solution of S in octadecene into a hot (305°C) solution of
CdO and Mn(OAc), in oleic acid, oleyl amine, and octadecene.* Samples were characterized by
electronic absorption spectroscopy, TEM, ICP-MS, EPR spectroscopy, and photoluminescence
quantum yield measurements (Hamamatsu integrating sphere). Relevant results from these
characterization experiments are included in Supporting Information. Unless otherwise stated,
the results presented in this manuscript were collected using Mn”":ZnSe/ZnS/CdS/ZnS
nanocrystals (= Zng.995sMng 00455¢/ZnS/CdS/ZnS QDs), which showed the greatest photostability,
but similar results were obtained for all systems studied. The results from parallel experiments
performed on Mn”":ZnSe/ZnS nanocrystals are included in Supporting Information.
4.2.B. Photoluminescence measurements.

PL samples were prepared by sandwiching drop-coated films of quantum dots between

two sapphire disks. Films were prepared to have optical densities below 0.1 at the excitation

wavelength. A brass foil with a 500 wm pinhole was mounted on the outside of the disks, and the
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samples were cooled to 7.5 K in a He flow cryostat. Illumination and PL collection were both
performed through the pinhole to ensure a uniform excitation density and to reduce the effects of
scattering. The experimental results were influenced by the excitation beam intensity profile,
with Gaussian profiles yielding noticeably less defined saturation curvature than the top-hat
profiles provided by use of the pinhole. Laser powers were measured with a Coherent Lab-max
power meter using an LM-2 UV head. Powers measured before the cryostat were converted to
power density by measuring the fraction of the beam that passed through the pinhole in the
absence of sample, accounting for losses due to reflection off the cryostat windows. A shutter
was inserted in front of the cryostat to minimize possible long-term radiation damage.

The UV lines of an Ar' ion laser (~357 nm) were used for CW photoexcitation. Quasi-
CW PL measurements were performed using the frequency doubled output of a Ti:Sapphire laser
(150 fs pulses, 76 MHz, ~385 nm). The excitation beam was collimated to a diameter of 3 mm
and brought in to the sample at a steep angle (~10°).

Time-integrated PL spectra were collected by passing the collected light through a fiber
to a monochromator (0.5 m, 150 g/mm grating blazed at 500 nm) equipped with a LN, cooled
CCD detector. Each spectrum was collected over a 5 second integration window. All variable-
power measurements were performed both by increasing and by decreasing the power across the
full power range to ensure the absence of radiation damage. Time-resolved PL data were
collected using a streak camera mounted on a 0.5 m monochromator (50 g/mm, 600 nm blaze).
The single-pulse excitation experiments were performed using the 337 nm output of a N, laser
operating at 18 Hz with a pulse duration of ~0.8 ns. Time-resolved PL was measured using a
PMT and a multi-channel scalar. The two-pulse variable delay experiments were performed
using the Ti:Sapphire output and a pulse picker triggered by a function generator. This
configuration allowed photons to be delivered to the sample in pairs of pulses every 10 ms, with
variable delay between the two pulses, and with constant time-integrated power. For these
experiments only, the beam was focused to a spot size of ~50 um on the sample, resulting in

energy densities reaching ~16 uJ/cmZ.
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4.3. Results
4.3.A. Photoluminescence power dependence.
Figure .4.1 summarizes the excitation power dependence of the time integrated PL for a

series of Mn*"-doped II-VI semiconductor nanocrystals, measured at 7.5 K under CW and quasi-
CW excitation conditions. Low temperatures were used in these measurements to eliminate
potential contributions from laser heating on PL quantum yields and lifetimes (the PL quantum
yield of the Mn”":ZnSe/ZnS/CdS/ZnS nanocrystals was temperature independent below ~200 K,
see Supporting Information), but similar results were also obtained at room temperature.

Figure .4.1A shows PL spectra collected for Mn”>":ZnSe/ZnS/CdS/ZnS nanocrystals at
several CW excitation powers. The spectra are dominated by the intense Mn>"™ *T; — °A,
luminescence band centered at 590 nm, and also show weak excitonic luminescence centered at
445 nm. The Mn”" PL intensity increases with increasing excitation power over the experimental
power range of 1 - 20 mW (<0.1 - 1.1 W/cm?), but the increase is not linearly proportional to the
excitation power. At high excitation powers, the Mn®" PL becomes independent of excitation
power. In contrast, the excitonic PL intensity increases linearly with increasing excitation power
over the entire power range. In addition to these two PL features, a weak, broad PL band is
evident near the Mn>" PL peak. This broad band is attributed to surface-trap emission. This PL is
readily separated from that of the Mn”>" because of its linear power dependence (see Supporting

Information).
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Figure 4.1. (A) Power dependence of the time-integrated, 7.5 K
photoluminescence from Mn”":ZnSe/ZnS/CdS/ZnS QDs under CW excitation. 20
mW in this experiment corresponds to 1.1 W/em?” and ke = 2.3x10* s™! (see text).
(B) The integrated Mn”>" (squares) and excitonic (circles) PL intensities of the
same sample plotted vs ke, from both CW (open) and quasi-CW (filled)
excitation. (C) Normalized Mn?" PL intensities from several Mn2+-doped
nanocrystals plotted vs kex. Squares: Zng.g9ssMng g045Se/ZnS/CdS/ZnS QDs (avg.
4.5 Mn2+/QD, d = 6.0 nm, £, = 2.8 V). Circles: Zng934Mng 0165¢/ZnS QDs (avg.
19 Mn2+/QD, d=6.0 nm, E, = 3.0 eV). Triangles: Zng.99sMng g0sSe/ZnS QDs (avg.
3 Mn2+/QD, d = 3.5 nm, E, = 3.1 eV). Diamonds: Cdg99sMngosS QDs (avg. 5
Mn2+/QD, d=4.5nm, E, = 2.8 eV). For comparison, the data are normalized at
kex = 3.1x10* s,

Figure 4.1B plots the integrated Mn”>" and excitonic PL intensities from Fig. 4.1A vs
nanocrystal excitation rate constant, along with similar data collected using quasi-CW excitation.
The excitation rate constant is defined as k.x = 0g,, where © is the nanocrystal absorption cross

section at the excitation wavelength and g, is the photon flux. For example, for the quasi-CW
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data in Fig. 4.1B, careful measurement through a pinhole centered in the cryostat gave an
irradiation intensity of In. = 5 W/em® at the maximum laser power of 60 mW (A = 385 nm),
corresponding to a photon flux g, = I'hv = 10" s'em™. A value of 6 ~ 5x10™"° ¢cm® was
estimated at this wavelength from literature oscillator strengths.***® Together, these values give
an excitation rate constant of kex = 5x10% 5! at Imax for this particular measurement.

The CW and quasi-CW excitation modes yielded indistinguishable PL results. For both,
sub-linear Mn®" PL power dependence was observed at all excitation rate constants, even below
~5x10% s”'. At an excitation rate constant of 5x10* s the Mn*" PL was completely saturated.
Because of this strongly sub-linear power dependence, the Mn>" PL quantum yield also changed
with excitation power. In the low power limit, the quantum yield was 73%. At the highest power
in Fig. 4.1B, the quantum yield had dropped to only 4.2%. Mn”>" PL in doped semiconductor
nanocrystals is thus highly nonlinear even with modest CW excitation powers. In contrast to the
Mn®" PL saturation, the excitonic intensity increased linearly with excitation power over the
entire power range examined here, having a constant quantum yield of ~0.4%.

Mn?"-doped nanocrystals of several different compositions were examined, and all
showed similar Mn®" PL saturation. Figure 4.1C plots the data from four different samples
including those of Figs. 1A and B as well as Mn*":CdS and Mn”*":ZnSe/ZnS nanocrystals.
Despite differences in PL decay times (both Mn”" and excitonic), Mn®" concentrations, and PL
quantum yields, saturation was observed over a similar range of k. in all samples. These results
indicate that facile Mn®>" PL saturation is a general property of Mn®'-doped semiconductor
nanocrystals.

4.3.B. Time-resolved photoluminescence.

Figure 4.2 plots the Mn>" *T; — ®A; PL decay vs time, measured following pulsed
excitation. This PL decay is characterized by a single exponential with 7, = 379 us, consistent
with previous measurements on related samples.® On the same time axis, Fig. 4.2 also plots
integrated Mn?" PL intensities measured using pairs of excitation pulses with long delay times
between pairs. The data are plotted as a function of the delay time between the two pulses in
each pair (top, see Experimental). These experiments were performed with 16 I,LJ/cm2 excitation
power at 385 nm, with which ~10% of the nanocrystals were excited per pulse. Starting from
delay times well beyond the Mn®" *T; lifetime (>3 ms), the points in Fig. 4.2 show that the

integrated Mn”>" PL intensity decreased as the two pulses were brought closer together. The
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change in integrated Mn”" PL intensity plotted vs delay time between pulses is characterized by a
single exponential with the same apparent time constant as the Mn®" *T; PL decay (~379 us).
This result identifies the reduction in Mn”?" PL intensity in Fig. 4.2 as arising from
photoexcitation of nanocrystals by the second pulse within the Mn”*" *T; excited-state lifetime of
the first excitation pulse, i.e., photoexcitation of nanocrystals that already contain excited Mn’".
By extension, these results allow the conclusion that the PL saturation in Fig. 4.1 also arises from
photoexcitation of nanocrystals that already contain excited Mn”>". By correlating it with the
Mn®" excited-state population, other possible origins of the PL saturation such as laser heating®’

or photo-charging®® are excluded.
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Figure 4.2. Right axis: Mn?" PL decay in the Mn®":ZnSe/ZnS/CdS/ZnS
nanocrystals of Fig. 4.1. The solid line shows a single exponential decay curve
with 7= 379 ps. Left axis: Integrated Mn®" PL intensity measured with pairs of
excitation pulses, plotted as a function of the delay time between the two pulses.
The top panel depicts this experiment schematically. Error bars represent standard

deviations of four measurements. The grey dashed line shows the 7= 379 us
decay of the Mn®" PL. Data measured at 7.5 K.

Figure 4.3 summarizes the influence of excitation power on the Mn*":ZnSe/ZnS/CdS/ZnS
nanocrystal PL time dependence using quasi-CW excitation conditions (150 fs pulses, 76 MHz
repetition rate). Fig. 4.3A shows a streak camera image collected following an excitation pulse at
time = 0. The Mn?" PL intensity is effectively constant over the entire dark time between
excitation pulses (13 ns). On the other hand, the excitonic photoluminescence shows a burst of

intensity, followed by decay.
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Figure 4.3. (A) Streak camera image (7.5 K, 0.4 W/cm?) showing the time
dependence of the excitonic and Mn?" PL from the Mn’":ZnSe/ZnS/CdS/ZnS
nanocrystals of Fig. 4.1. The red line plots the excitonic luminescence intensity
(integrated between 439 and 481 nm) vs time. (B) Excitonic PL measured using
low- and high-power excitation, both at 7.5 K. The dotted line represents the
instrument response function. (C) Mn®" PL decay traces collected with low- and
high-power pulsed excitation at 7.5 K (18 Hz repetition rate, 337 nm). The inset
shows saturation of the integrated Mn>" PL with increasing pulse energy density
under the same experimental conditions.
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Figure 4.3B plots normalized excitonic PL decay traces collected at low and high
excitation powers. These excitonic PL decay traces are fit well using a bi-exponential function
with two distinct time constants, 7; = 29 ps and 7 = 308 ps. The fast and slow components
account for 34% and 66% of the overall excitonic PL. Exciton-to-Mn®" energy transfer takes
place within a few tens of picoseconds.®” The excitonic PL having 7 = 308 ps thus decays too
slowly to come from doped QDs, and is attributed to undoped QDs. The excitonic PL decay time
of 71 = 29 ps agrees well with those of other doped QDs, and this component is thus assigned to
doped QDs. 71 = 29 ps is close to the instrument response function, and faster decay would not
be resolved. This value is therefore considered a measure of the slowest energy transfer
processes within the ensemble of doped QDs. These assignments are supported by analysis of
Mn®" distributions within the ensemble of nanocrystals (vide infra).

Figure 4.3B also demonstrates that the excitonic PL decay dynamics are unchanged over
the excitation power range in which the Mn®" PL saturates and its quantum yield decreases by an
order of magnitude. As discussed in the Analysis section, this result implies that the non-
radiative processes responsible for Mn®" saturation occur on the same timescale as exciton-to-
Mn®" energy transfer.

Figure 4.3C plots the Mn®" PL decay measured following pulsed excitation at low and
high excitation powers (18 Hz repetition rate, 337 nm). The inset illustrates PL saturation at the
high-power conditions used for this measurement. There is no discernable change in Mn>" PL
decay time upon traversing from low- to high-power excitation, indicating that PL saturation is

not associated with a reduction in the intrinsic Mn*" PL quantum yield.

4.4. Analysis
4.4.A. Staircase excitation model.
Figure 4.4A describes the well-established scheme by which a nanocrystal containing m

Mn®" dopants is photoexcited. After photoexcitation of the nanocrystal (with rate constant key),
the resulting exciton (QD*) can recombine (kqp) or be quenched via nonradiative energy transfer
to Mn>" (m-ke). The excited Mn>* (Mn*) decays with rate constant kwvi,. The rate constants kqp
and kwv, described here represent the sum of radiative and non-radiative contributions. All four of

the above rate constants (kex, kqp, ket, kvn) have been determined experimentally.
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Figure 4.4. (A) Schematic description of low-power photoexcitation of a Mn>'-
doped nanocrystal containing m Mn”" ions. QD — QD* photoexcitation proceeds
with a rate constant of k.x. The photoexcited QD can relax by recombination (kqp)
or by energy transfer to Mn”" (k). The excited-state Mn®" relaxes with k. States
are denoted by the number of excitons, the number of excited-state Mn** ions, and
the number of ground state Mn*" ions, i.e., [#QD*, #Mn*, #Mn). (B) Schematic
description of photoexcitation of a Mn*"-doped QD that already contains an
excited-state Mn®" ion. In addition to recombination and energy transfer to Mn*",
QD* may now relax via one of two Auger cross-relaxation processes (ka1 and k;»),
differentiated by their final states. (C) In a nanocrystal with m Mn”" ions, multiple
sequential photoexcitation events can yield x < m excited Mn®" ions, with
corresponding changes in cross-relaxation and energy-transfer rates.

Figure 4.4B illustrates how the excited state dynamics may change when the excitation
rate is large enough that the nanocrystal absorbs a second photon while one of the Mn®" dopants
is still in its excited state from a preceding photoexcitation event. This situation introduces new
Auger-type cross-relaxation processes. Two types of cross relaxation can be distinguished on the
2

basis of their final states (exciton or Mn>"(*T})), and these are indicated by the rate constants

and ky, respectively. For example, the excited Mn”>" may transfer its energy to the exciton to

76



yield ground-state Mn>" and a hot exciton, which may then relax nonradiatively to return to QD*.
Similarly, the exciton may transfer its energy to Mn* to yield an upper Mn”" excited state, which
may then relax nonradiatively back to the *T, state. The possibility of branching between the
exciton and Mn®"(*T)) final states during relaxation is also accounted for in this model. In all
processes, thermalization is assumed to be rapid relative to luminescence.

Figure 4.4C extends the scenario of Fig. 4.4B to account for any arbitrary number of
sequential excitations per nanocrystal, including the possibility of exciting all Mn®" ions to their
4T1 excited states. This “staircase” excitation scheme forms the basis of the kinetic model
employed here. For small k. relative to ke and kqp, eqs 1 and 2 describe the population
dynamics implied by Fig. 4.4C in terms of a set of coupled differential equations for a
nanocrystal containing m Mn*" dopants, for x = 0, 1, 2, ..., m, where x is the number of excited
Mn®" jons in that nanocrystal. Equation la describes the Mn* population dynamics. In the special

case of x =0, eq. 1b applies.
d|QD,xMn* (m — x)Mn)

QD*,(x —DMn*,(m —x + 1)Mn>

=—(k,, +xky,)

QD,xMn*,(m — x)Mn) + (m — x + 1)k,

dt
+ (kgp + ¥k )| QD* ,xMn* (m = X)Mn) + (x + Dy, |QD,(x + DMn* (m — x 1 )Mn)
(4.1a)
d|QD,0Mn*,mM
@ dn M) ~k,,|QD,0Mn*,mMn) + ko, |QD*,0Mn*, mMn) + ky;, | QD,1Mn* (m-1)Mn)
t
(4.1b)

Similarly, eq. 2 describes the excitonic (QD*) population dynamics implied by Fig. 4.4B.

d|QD*,an*,(m - x)Mn)

= —(kgp + Xy, + 1k, + xk,y + (m = 1)k, )| QD*,xMn*,(m - x)Mn)

dt
+k,.|QD,xMn*,(m - x)Mn) + (x + 1)(ky, + k,,)|QD*,(x + )Mn*,(m — x — 1)Mn)
(4.2a)
For the special case of x = m, eq. 2b applies.
% %
4QD ’mZIn OMn) _ ~(kqo + mky,, + mk,, +mk,, )| QD* mMn*,0Mn) + k,,|QD,mMn*,0Mn)
(4.2b)

In formulating eqgs 1 and 2, three assumptions have been made: (7) k.x does not depend on
the number of excited Mn”" ions in the QD; (ii) the effective energy-transfer rate constant from

the exciton to Mn”" is proportional to the number of Mn”" in the ground state and can be written
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as kesr = (m-x)ket, where ket 1s the rate constant for transfer in a nanocrystal with a single Mn2+;
(iii) because the upper excited states formed via both cross-relaxation processes relax very
quickly to their respective lowest excited states by internal conversion, the rate constants k,; and
ka are rate limiting. Like k., ka1 and k,, are assumed to be additive per excited Mn>". Finally, in
using effective rate constants, distributions in energy transfer and cross-relaxation rate constants
due to nanocrystal size or dopant-position distributions are neglected.

By solving eqs 1 and 2 for continuous irradiation, the steady state populations at each
level in the staircase scheme of Fig. 4.4B can be calculated. Importantly, all of the necessary rate
constants are known from independent experiments, except for k,; and kqp. kex 1s determined from
the measured power density and the literature absorption cross section of ZnSe (5x10™"° cm?).*
The other rate constants were determined here: kv, = 2640 s from Fig. 4.2, and kqp = 3x10° s™!
from the slow component of Fig. 4.3B. From the fast component of Fig. 4.3B, we estimate k¢ >
~3%10'° s'l, and a value of ke = 5%10'" s is taken for the model calculations. This effective rate
constant encompasses variations due to distributions in QD size or Mn®" position. To convert
excited state populations to PL intensities, the populations calculated from eqs 1 and 2 were
scaled by the quantum yields and lifetimes of the two emissive excited states, which were either
measured directly or determined from experimental data using the calculated dopant distribution
(see below). In all model calculations reported here, the Auger cross-relaxation rate constants are
therefore the only variable parameters. From the data in Fig. 4.3B, the cross-relaxation rate
constant is estimated to be on the same order of magnitude as k. for the following reasons: In the
limit of slow cross relaxation, the apparent exciton decay time would increase upon Mn>" PL
saturation, but no increase is observed. Similarly, in the limit of fast cross relaxation, the
apparent exciton decay time would decrease upon Mn®" PL saturation, but this decrease is not
observed. An initial trial value of 5x10'" s™! (= k) was therefore taken for the model calculations.
As described in Section C (below), simulations of the power dependence data using eqs 1 and 2
ultimately yield a cross-relaxation rate constant of >2x10'% s™.

Mn*-Mn* annihilation was purposefully omitted from this model. The data in Fig. 4.3C
and those reported previously in ref. 38 for related CdS/Mn”":ZnS nanocrystals demonstrate that
the Mn®" PL decay time is unaltered in the saturation regime. This behavior contrasts with the
reduced Mn*" PL lifetimes observed with increased excitation densities in related bulk materials,

which suggested Mn* energy migration followed by Mn*-Mn* cross relaxation.''" Such
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15 and they become slower at lower Mn*"

processes occur on the ten-microsecond timescale
concentrations.*” Mn*-Mn* cross relaxation is therefore far too slow to be responsible for the PL
saturation in Figs. 1-3.

Exciton-exciton Auger relaxation has also been deliberately omitted. Under the CW or
quasi-CW excitation conditions used here, the excitation rate constants are too small to
photoexcite a QD twice within the exciton lifetimes found in Fig. 4.3. Exciton-exciton Auger

relaxation can therefore be ruled out as the origin of the Mn”" PL saturation in Figs. 1-3.

4.4.B. Dopant distributions.
A realistic description of the distribution of Mn?" within the experimental ensemble of

nanocrystals is critical. Whereas analytical techniques provide the global average number of
Mn®" per average QD ( i), it is generally recognized that these Mn®" are distributed among the
QDs according to Poissonian statistics. Figure 4.5 plots the Poissonian distribution expected for
m = 4.5. In any real sample, however, the QD size distribution is also an important aspect of the
dopant distribution, because small changes in diameter correspond to large changes in
nanocrystal volume. Figure 4.5 therefore also plots the distribution of Mn®" ions ( m = 4.5)
within an ensemble of da¢ = 4.5 nm nanocrystals (core diameter of the QDs used for Figs. 1-3)
with a Gaussian distribution in particle diameter described by a half-width of 2 nm (or ¢ = 0.85
nm, as estimated from the absorption spectrum), obtained by calculating a Poissonian
distribution of dopants at each QD volume within the size distribution (see Appendix). This more
realistic distribution is broader than the one obtained for uniform d = 4.5 nm nanocrystals.
Specifically, more nanocrystals contain no Mn”", and more nanocrystals contain larger numbers
of Mn”". For the kinetics calculations, differential equations were generated and solved for each

value of m within this distribution.
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Figure.4.5: Distributions of Mn®" ions over the ensemble of
Mn?":ZnSe/ZnS/CdS/ZnS nanocrystals from the sample of Fig. 4.1, possessing
Mn>":ZnSe cores with an average diameter of da, = 4.5 nm and an average
number of Mn*"/QD of i = 4.5. The dashed line indicates the average of m =
4.5 Mn*/QD. The circles indicate the Poissonian distribution calculated for
uniform d = 4.5 nm nanocrystals. The diamonds indicate the distribution
calculated by folding the Poissonian dopant distribution with a Gaussian
nanocrystal size distribution for day = 4.5 nm, ¢ = 0.85 nm. See Appendix for
details.

4.4.C. Results of the model calculations.
Figure 4.6A shows the steady-state Mn”" excited-state populations calculated from eqs 1

and 2 as a function of kex without any Auger quenching (ks = ka2 = 0), and with 4, and ka,
independently set to 5x10' s, the value estimated from Fig. 4.3B. All three curves show
population saturation in the same range of k.. Without any cross relaxation, the population
distribution asymptotically approaches the limit in which all 4.5 Mn>"/QD are in their T, excited
state. This approach is slow because of the broad tailing distribution in Mn®"/QD at large values
(Fig. 4.5). When cross relaxation occurs with Mn”>" *T as its final state (ka), this same asymptote
is approached, but more slowly. When the excitonic state is the final state of the cross-relaxation
process (ka1), saturation is reached with only about half of the total Mn>/QD in their excited

state.
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Figure 4.6. (A) Mn”" excited-state population per QD as a function of the
excitation rate constant ke for no Auger cross relaxation (—), for cross relaxation
via ky = 5%10'° ¢! (-+), and for cross relaxation via k,, = 5%10' 7! (---). (B)
Exciton population as a function of k. for the same values of &, and k. The
contribution from undoped QDs is shown in grey. (C) The ratio of exciton to
Mn>* steady-state photoluminescence intensities as a function of k. for the same
values of k,; and kg».

The exciton population is even more sensitive to the Auger processes, as shown in Fig.
4.6B. Without any cross relaxation, the exciton population rises rapidly and superlinearly as all
of the Mn”>" become excited (solid curve). With Auger quenching, however, its dependence on
kex becomes linear and is dominated by the undoped subset. The effects of k,; and k,, are very
similar in this regard, but k,; is slightly more effective at quenching the excitonic population.

Experimentally, it is easier to obtain accurate relative exciton and Mn®" luminescence
intensities than it is to obtain accurate absolute luminescence quantum yields of either
independently. It is therefore valuable to explore how the ratio of these two intensities (Iop/Inm)

may reflect the proposed quenching processes. Figure 4.6C replots the calculated results from
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Fig. 4.6B in this fashion and reveals important differences in Iop/Imn for different Auger cross-
relaxation rate constants. In the absence of cross relaxation, Igp/Imn increases superlinearly to
very large values over the experimental range of k., reaching 0.38 at the right side of the plot.
Iop/Imn decreases substantially when Auger cross relaxation is introduced (either ka; or ky» # 0),
and its dependence on k.x becomes more linear. In addition, the value of the ratio at the
maximum ke, decreases with increasing cross relaxation rate constants. These changes reflect in
part the greater relative contribution of the undoped QDs to the excitonic PL when cross
relaxation is active. For illustration, setting ka; = ket O kap = ket gives the two curves shown in Fig.
4.6C. These curves have values of Iop/Imn = 0.074 and 0.043, respectively, at ke = 5%10*, Figure
4.6C thus illustrates that plotting Iop/Imn Vs kex allows assessment of the cross-relaxation rate
constant. Additionally, the intercept at kex = 0 in Fig. 4.6C is independent of cross relaxation,
being sensitive only to k. and the relative contributions of doped and undoped nanocrystals to
Iop. The excitonic PL from undoped QDs can therefore be used as an internal reference in this
analysis.

Figure 4.7 therefore re-plots the Mn®" and excitonic PL intensities from Fig. 4.1B as
Iop/Imn Vs kex for comparison with the model calculations. In addition to Igp/Ima, the
contributions from doped and undoped QDs to Igp/Ima are plotted individually, as decomposed
by the time-resolved PL data in Fig. 4.3. Igp/Ima has an intercept of 0.0036 (0.0013 from doped
QDs), and reaches a value of 0.10 (0.035 from doped QDs) at the right edge of the plot. Between

these two values, the experimental power dependence of Igp/Imn 1s essentially linear.
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Figure 4.7. (A) Experimental PL ratios Iop/Ima plotted as a function of excitation
rate constant, from the PL intensities presented in Fig. 4.1B. The contributions
from doped and undoped QDs to Igp are also plotted independently. (B) Igp/Imn
calculated from eqs 1 and 2 using k. # 0, k»» # 0, or a combination of the two.
(C) Igp and Imy calculated under the same conditions. At ke = 5%10* s'l, Mn>*
excited-state populations were 2.4, 4.0, and 2.9 Mn*/QD for k,i, ks, and the
combination described in the inset.

As shown in Fig. 4.7B, the experimental results are reproduced well using either &, =
5%10" s'l, ko = 1x10'° s'l, or both parameters at half of these values. The calculated curves
reproduce the linearity, slopes, intercepts, and relative contributions of doped and undoped (=
total - doped, not plotted) QDs seen in the experimental data. Decreasing the cross-relaxation
rate constant by less than one order of magnitude yields substantially different slopes and
intercepts that do not reproduce the experimental results (vide infra). We therefore conclude that
the cross-relaxation rate constant is ~10'" s™ or faster.

With the kinetic parameters from Fig. 4.7B, the individual PL intensities Iy, and Igp can

now be calculated under the same conditions, and these results are presented in Fig. 4.7C for
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comparison with Fig. 4.1. The calculations show 2.4, 4.0, or 2.9 excited Mn®" per QD at ke =
5%10* s for ka = 5%10"° s'l, ko = 1x10'"° s'l, or both parameters at half of these values,
respectively. For the same rate constants, excitonic steady-state populations reach only ~10"/per
QD, with approximately two thirds of this population originating from undoped particles.

The ability of the model calculations to determine the cross-relaxation rate constants
quantitatively can be assessed by plotting Iop/Ima vs these rate constants. Figure 4.8A plots the
dependence of Igp/Imn On k1 for fixed kex = 4x10* s7! (high power regime). Initially, Iop/Ivn
decreases sharply with increasing ka;. At larger k.1, however, Igp/Imn increases again gradually.
Examination of the doped and undoped QD contributions individually shows that Igp at high
powers is mostly due to undoped nanocrystals. For the doped subset, Iop/Imn 1s large at small 4,
but decreases sharply with increasing k,;, asymptotically approaching a value of 0.02. The most
significant aspect of Fig. 4.8A is the crossing point around k. = 2x10'° s, where the excitonic
PL from undoped nanocrystals surpasses that from doped nanocrystals. From the experimental
data in Fig. 4.3, the excitonic PL from undoped QDs is twice that of doped QDs, indicating that
the cross-relaxation rate constant in the experimental samples must be to the right of this
crossing point. Reasonable agreement with experiment in both absolute values and relative
contributions from doped and undoped QDs is achieved for k,; ~ 5% 10'° 57!, A similar conclusion

is obtained from analysis of the dependence of Iop/Imn On k2 (see Supporting Information).
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Figure 4.8. (A) Iop/Imn calculated as a function of the cross-relaxation rate
constant k,; at fixed kex = 4x10* s. The contributions from doped (---) and
undoped (---) excitonic PL are plotted individually. (B) The ratio of doped to
undoped excitonic PL as a function of cross-relaxation rate constant (k,;), at
several excitation rate constants. The shaded region indicates the ratio observed
experimentally.

Figure 4.8B plots the ratio of doped to undoped excitonic PL (Igp(doped)/Igp(undoped))
vs k, for three excitation rates. For all three curves, the ratio decreases sharply with increasing
ka1 and then levels out. At small k,;, the ratio depends strongly on k., but at larger k,; the curves
converge to a value close to the ratio measured experimentally (~0.5, Figs. 3B, 7A), indicated by
the shaded region. To reproduce Igp(doped)/Igp(undoped) quantitatively, including its
independence from ke (Fig. 4.3B), the cross relaxation must have a rate constant of at least
4x10" s'. A similar analysis assuming only 4, # 0 yields a lower limit of k,, = 2x10' 7! (see

Supporting Information).

4.5. Discussion
Mn®" PL saturation has been observed at low CW and quasi-CW excitation powers for a

variety of nanocrystals including Mn®"-doped ZnSe, CdS, and core/multishell nanocrystals.
Previous studies of Mn”*" PL power dependence in Mn”"-doped semiconductor nanocrystals used

high-power pulsed excitation to achieve saturation, and saturation was attributed to multi-exciton

85



Auger recombination prior to energy transfer to Mn>",* excitation of all Mn*",*” or sequential

+/3+ - . . .
3% Jonization.>® Because saturation occurs at low CW

energy transfer to Mn”" causing Mn
excitation rates (Fig. 4.1), multi-exciton Auger recombination can be ruled out. If Mn®" PL
saturation resulted from sequential excitation of all Mn”" ions, excitonic PL intensities would
increase superlinearly as Mn?" PL saturates, and exciton PL decay times would approach those
of the undoped QDs. The results in Figs. 1B and 3B demonstrate that this is not the case. PL
saturation due to excitation of all Mn”" ions is therefore also ruled out. Nevertheless, two-pulse
measurements (Fig. 4.2) unambiguously link Mn?" PL saturation with photoexcitation of QDs
that already contain Mn?" in its 4T1 excited state.

From the rapid reduction in PL quantum yield, it is evident that Mn®" PL saturation is
accompanied by efficient nonradiative deactivation. The experimental results implicate exciton-
Mn®" cross relaxation as the primary process reducing Mn®" PL quantum yield with increasing
excitation power. The analysis above demonstrates that this cross relaxation process has an
effective rate constant comparable to that of energy transfer (ke = 5x10'° s™). With inclusion of
cross relaxation, the staircase excitation model (Fig. 4, eqs 1, 2) reproduces the experimental
observations using a cross-relaxation rate constant of at least 2x10' s, with all other input
parameters fixed from experiment, capturing the essence of the PL saturation effect. We note that
the curves shown in Fig. 4.7 were generated without iterative fitting, which would undoubtedly
yield better quantitative reproduction of the experimental data but would not improve our
qualitative understanding of the underlying physical processes.

The kinetic model reproduces the main experimental observations, but it cannot
definitively differentiate between the two possible microscopic processes of QD* — Mn* or
Mn* — QD* energy transfer (described by k. and k., respectively). The microscopic
mechanism behind the cross relaxation thus remains an open question. A previous report has
suggested that cross relaxation involves donor-type ionization of Mn®" to form Mn®" and a “hot

2938

electron,”” which would be accounted for by k,; in eqs 1 and 2 assuming return to the Mn>* 4T1

2+/3+

excited state upon cooling. For cross relaxation to cause Mn ionization, however, the exciton

must be sufficiently energetic to excite the Mn' into a photoionization state. The commonly

+/3+ . . . . . .
23* jonization levels in II-VI semiconductors, derived from

referenced positions of the Mn
resonant photoelectron spectroscopy (RPES), place the Mn>"*" level ~3.5 ¢V below the valence

band edge for bulk Mn”*":CdS, Mn”":ZnSe, and Mn*":ZnS.>**" As such, Mn*"*" jonization to the
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conduction band from the *T| state should a/ways occur outside the semiconductor energy gap,
and could therefore not be achieved with one additional quantum of band-gap energy delivered
via energy transfer. The similarity of the PL saturation across a variety of doped semiconductor
nanocrystals with substantially different energy gaps (Fig. 4.1) also argues against formation of
any specific excited state during cross relaxation. This reasoning leads us to suggest that hot

excitons (rather than hot electrons from Mn?"*"

ionization) are formed by the cross-relaxation
process described here.
Mn®" ionization energies in semiconductors are not fully understood, however, and it is

conceivable that the lowest-energy Mn®"*"

photoionization actually occurs below the position
estimated from RPES data. RPES data do show a minor peak ~1 eV below the VB edge, for
example, but this peak is generally assigned as a “shake-up” satellite.”’ Excited-state absorption
(ESA) measurements on Mn®'-doped ZnS and ZnSe crystals also clearly show mid-gap
absorption from the *T; state as low as ~1 eV,’***>* but numerous spin-allowed d-d transitions
are expected in this same energy region, and ESA is furthermore unable to distinguish between
donor- and acceptor-type photoionization processes. Computational studies suggest that this ESA
spectrum derives entirely from d-d transitions.”* Overall, the interpretation of this mid-gap
absorption remains too tentative to draw firm conclusions about its relationship to RPES data.
The difference in PL saturation between bulk and nanocrystalline Mn?"-doped
semiconductors is also an interesting issue. Given the numerous reports of PL saturation in

' saturation of the slow Mn?" PL is not unexpected, but the low excitation

related phosphors,”
rates and low Mn®" concentrations at which it occurs in these nanocrystals appear to differentiate
this saturation from those described in closely related bulk materials.'' "> The same Mn*"-exciton
cross relaxation is undoubtedly active in bulk Mn*"-doped semiconductors, but it is apparently
not the dominant cause of saturation. In the nanocrystals investigated here, the Mn®"
concentrations are too small for energy migration of the type observed in bulk, and time-resolved
measurements reveal no slow contributions to the Mn®" excited-state decay dynamics. The
colloidal Mn*"-doped semiconductor nanocrystals are certainly conducive to observation of
Mn?"-exciton cross relaxation because of the absence of other nonlinear processes. Moreover, the
longer intrinsic lifetimes of excitons in strongly quantum confined nanocrystals may favor Mn?-

exciton cross relaxation. Finally, the dominance of Auger cross relaxation may reflect

enhancement of Mn?-exciton exchange coupling for Mn?" near the centers of the nanocrystals.
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Beyond the interesting fundamental issues related to electronic structure, the observation
of PL saturation at low CW excitation powers has important practical implications. Many
excitation sources can readily reach power densities where saturation effects are not negligible (>
~100 mW/cm?, Fig. 4.1), raising the possibility that PL quantum yields or other PL properties of
Mn?"-doped semiconductors may be unknowingly measured under nonlinear conditions. Certain
measurements may even be difficult to perform without encountering power saturation, for
example optical microscopy or single-particle spectroscopy, which often use power densities of
kW/em?,**>* well within the saturation regime seen in Fig. 4.1. The highly efficient cross
relaxation may thus define the performance limits of these phosphors in various applications. On
the positive side, the high efficiency of Mn®"-exciton cross relaxation should provide an effective
route to light-driven PL modulation, an attractive technique for improving spatial resolution in
optical microscopies.”® PL modulation via Mn®"-exciton cross relaxation should be more
effective than via mid-gap ESA*® because of the much greater absorption cross section of the

band-to-band transitions (Gop ~ 107" cm? vs OESA ~ 102° cmz).

4.6. Summary
Mn®" photoluminescence saturation with increasing excitation power has been observed

in several Mn”'-doped semiconductor nanocrystals using low-power CW and quasi-CW
photoexcitation. Two-pulse photoexcitation experiments unambiguously associate this saturation
with photoexcitation of QDs that already contain Mn”" in its *T, excited state. In the saturation
regime, the lack of power dependence in the time-resolved excitonic PL implicates a non-
radiative quenching process with kinetics similar to the exciton-to-Mn®" energy transfer step,
which occurs with ke ~ 10" s™'. An Auger-type cross relaxation involving nonradiative energy
transfer between an excited-state Mn”>" and an exciton is proposed to explain the observations. A
kinetic model has been developed that reproduces the experimental results using a cross-
relaxation rate constant of at least 2x10'® s'. This highly efficient cross relaxation leads to
reduced PL quantum yields whenever photoexcitation rate constants are comparable to Mn*"
decay rate constants, which are typically in the range kyn ~ 10° - 10* s (7~ 0.1 - 1.0 ms).
Because of the large absorption cross sections of semiconductor nanocrystals and the fast energy
transfer to Mn®", such excitation rate constants are easily achieved. PL nonlinearities can thus be

expected under many conditions, including those used for optical imaging and single-particle
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spectroscopies.””™® This highly efficient Mn”"-exciton cross relaxation should provide an
attractive alternative to Mn”"-centered excited-state absorption for improving spatial resolution

in optical microscopies via light-driven PL modulation.’®

4.7. Addendum.
The average diameter (day, = do) of an ensemble of doped nanocrystals can be determined

from the average energy of the first excitonic absorption feature. From the width and shape of
this exciton absorption band, a Gaussian distribution with a standard distribution in core diameter

(o) can be estimated as given by eq Al.

1 (d-dy)’
g(d) = N 20° (4.A1)

The volume of a given particle is V(d) = %d3 and the distribution in core volume is therefore

given by eq A2, which corresponds to a skewed Gaussian.

-1

AV
o(V) = g(d)(ﬁ) - 8(d)

2
ad®

(4.A2)

The average number of dopants per QD of volume V ( m, ) is proportional to the global average

number of dopants per QD of average volume V,, ( m ) as given by eq A3.

_ _V
m, = mV— (4.A3)

avg

The size distribution can thus be rewritten in terms of a dopant distribution as in eq A4.

_ om\” Ve
g(my,) = g(V)(W) = g(V)? (4.A4)

Within each set of particles in the volume interval [V, V+dV], the actual number of dopants (m)

per QD is given by a Poisson distribution around m, , weighted by the overall number of QDs

with that m,,, as in eq AS.

g(irt, m) = - g(im,) (4.A5)

m!
Figure Al shows a two-dimensional plot with m, in one dimension and m in the other,

calculated using m = 4.5, dy = 4.5 nm, and ¢ = 0.85 nm, i.e., the parameters used for the

simulations described in the manuscript text. For this plot, a Poissonian distribution was
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calculated for each value of m,, with an area equal to g( m, ). The distribution in Fig. 4.5 was

then generated from these data by integrating over all particles with the same number of dopants

(m). Simulations were performed for each point along the distribution of Fig. 4.5 with the

assumption that the QD size dependence of all rate constants can be neglected.

4.8.
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Figure 4.A1. Distribution function g( m, , m), where m, is the average number

of dopants per QD of volume ¥ and m is the actual number of Mn®>" per QD
according to a Poissonian distribution around m, . This distribution function is

calculated for m =4.5, dy=4.5 nm, and ¢ = 0.85 nm.
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Chapter 5. Nanocrystals for Luminescent
Solar Concentrators

Abstract. Luminescent solar concentrators (LSCs) harvest sunlight over large areas and
concentrate this energy onto photovoltaics or for other uses by transporting photons through
macroscopic waveguides. Although attractive for lowering solar energy costs, LSCs remain
severely limited by luminophore reabsorption losses. Here, we report a quantitative comparison
of four types of nanocrystal phosphors recently proposed to minimize reabsorption in large-scale
LSCs: two nanocrystal heterostructures and two doped nanocrystals. Experimental and numerical
analyses both show that even the small core absorption of the leading NC heterostructures causes
major reabsorption losses at relatively short transport lengths. Doped NCs outperform the
heterostructures substantially in this critical property. A new LSC phosphor is introduced, Cd;.
+Cu,Se nanocrystals, that outperforms all other leading NCs by a significant margin in both
small- and large-scale LSCs under full-spectrum conditions.

5.1 Introduction
Luminescent solar concentrators (LSCs) are antenna systems that harvest sunlight and

concentrate photons through the processes of photon absorption, luminescence, and waveguiding.
One attractive LSC device comprises a planar waveguide containing embedded luminophores
with photovoltaics (PVs) mounted at the waveguide edges, as depicted in Figure 5.1A. In this
device, the concentrated photons are converted to electricity by the PVs, allowing large-area
solar harvesting while requiring only small-area PVs. Such LSCs can possibly lower the cost of
solar energy.'” Specific LSC applications include solar collectors for integration into existing
windows, electronic devices, or fiber optics,”* photon transport for passive daylighting,”® and
active color filters (e.g., in tandem PV cells’ or greenhouse panels®). Regardless of their specific
application, LSCs universally rely on photon transport over macroscopic distances, which makes
them susceptible to a variety of loss mechanisms. For a waveguide as in Figure 5.1A made of
glass or plastic (n ~ 1.5), approximately 75% of the emitted photons are successfully trapped in
waveguide modes,' with the remainder lost to the “escape-cone” defined by Snell’s law. Photons
that are captured by total internal reflection can still be lost via scattering from the waveguide
surface, internal defects, or even the luminophores themselves (such as with microcrystalline
phosphors’), or via reabsorption by the luminophores followed by non-radiative decay or
emission into the escape cone. Reabsorption losses have historically limited practical

implementation of large-scale LSCs.>'* !
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Recent advances in the synthesis of luminescent nanocrystals (NCs) with high
photoluminescence (PL) quantum yields, tunable solar absorption, and good photostability have
stimulated interest in nanocrystals for LSC technologies.'”"* Several reports have claimed that
NCs can solve the reabsorption problem.'>" One strategy for eliminating self-absorption using
NCs involves the growth of nanocrystal heterostructures that integrate wider-gap semiconductors
with small cores having a narrower bandgap (e.g., CdS on CdSe cores, Figure 5.1B-i,ii)."> '
In such NCs, the wider-gap material dominates the absorption spectrum, and red-shifted
luminescence occurs either from the core or from spatially indirect transitions across the
heterointerface. Large shell:core volume ratios imply small relative absorption from the
luminescent excited state. Doped semiconductor NCs have also been demonstrated to show small
LSC reabsorption losses.'” In Mn*"-doped ZnSe NCs, for example, the NC efficiently sensitizes
excitation of Mn®" impurity ions to their *T, ligand-field excited state, which emits with high
quantum yield and a very large effective Stokes shift that results in little or no reabsorption
losses in the corresponding LSCs."”

The vastly different device configurations used in previous studies of nanocrystal LSCs

make direct comparison of nanocrystal performance difficult. For example, device thicknesses

16,17 15,18

ranged from a few hundred microns to over 1 cm, and transverse optical densities at the
NCs' first absorption features (ODy) ranged from 0.1 to 0.6. Both of these parameters affect
reabsorption, which is proportional to the concentration of luminophore and hence determined by
the ratio of OD; to waveguide thickness (7) according to Beer’s law. For practical applications,
both OD; and ¢ will undoubtedly require careful optimization in planar 2-D LSCs based on

physical and economic criteria, and developments in microcell LSCs**?'

or other configurations
may even lead to entirely new structural paradigms, but advances in the development of LSC
luminophores need not be conflated with these device-level considerations.

Here, we report the quantitative assessment of four types of nanocrystals as potential LSC
luminophores: the core/shell and dot-in-rod heterostructures of Figure 5.1B-i,ii, and two new
doped-nanocrystal LSC phosphors. In one, we have modified our previously reported motif of
Mn?"-doped ZnSe NCs by incorporating Cd*" to increase solar absorption (Figure 5.1B-iii). For
capture of an even broader portion of the solar spectrum, we have also used narrower-gap CdSe

NCs to sensitize Cu’ luminescence (Figure 5.1B-iv). To date, there have been no reports of any

copper-doped nanocrystal LSCs. We note additionally that the synthetic techniques employed to
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make these doped NCs are novel and produce NCs with the highest reported PL quantum yields
to date. Further, these materials allow facile tunability of the solar absorption edge, which is
much more difficult in heterostructure materials that are constrained by the bulk bandgap of the
sensitizing material. This tunability across the entire visible spectrum afforded by these two
doped NCs broadens the potential applications of LSCs considerably.

Using a one-dimensional liquid waveguide with translatable excitation (Figure 5.1C) as a
standard device geometry, we have quantified the reabsorption losses of these four types of
nanocrystals by measuring their luminescence spectra as a function of photon transport distance,
L, up to 1.2 m, encompassing the length scales considered relevant for practical solar windows,
panels, or daylighting, for example. These measurements agree well with the reabsorption
probabilities predicted from NC absorption and PL spectra. The results show that reabsorption
losses remain a major problem for the two leading heterostructured NC phosphors, but are more
effectively eliminated in both types of doped semiconductor NCs. In particular, the copper-doped
NCs are found to be the "best-in-class" phosphors, outperforming the other nanocrystals in total
solar concentration at both short and long LSC lengths. In addition to highlighting doped NCs as
a promising new class of LSC luminophores, this work provides a benchmark for quantitative

evaluation of new LSC luminophores developed in the future.
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Figure 5.1. (A) A typical planar LSC conﬁguratlon in which a lumlnophore
(yellow spheres) is incorporated into a waveguide material surrounded on all
edges by solar cells. Sunlight (blue arrow) is absorbed by the luminophore, and
the luminescence (red arrows) is waveguided to the solar cells at the edges. (B)
Schematic depictions of four types of nanocrystals proposed for use in LSCs. (C)
Schematic depiction of the apparatus used for measuring excitation distance
dependent PL spectra. (D) TEM images of the NCs investigated here: (i)
CdSe/CdS  core/shell NCs, (ii) CdSe/CdS dot-in-rod NCs,  (iii)
Zn¢ 37Cdp.11Mny 02Se/ZnS NCs, and (iv) representative Cdy 999Cug go1Se NCs.

5.2 Results
Nanocrystals of the types illustrated in Figure 5.1B were prepared by literature methods

(see Methods). Figure 5.1D shows representative TEM images of the CdSe/CdS core/shell NCs,
CdSe/CdS dot-in-rod NCs, Zng g7Cdo.11Mng.02Se/ZnS NCs, and Cdp.999Cug.001Se NCs used in this
study. The core/shell NCs of Figure 5.1D-i and the dot-in-rod NCs of Figure 5.1D-ii were grown
using the same d = 2.7 nm wurtzite CdSe cores. The CdSe/CdS core/shell NCs appear to be
octahedrally faceted, with an average side length of 13.5 nm, implying a CdS:CdSe volume ratio
of 114:1. The CdSe/CdS dot-in-rod NCs have an average overall dimension of 6.1 nm X 32.2 nm,
and a CdS:CdSe volume ratio of 110:1. Figure 5.1D-iii shows Zng7Cdy.11Mng02Se/ZnS NCs
with an average diameter of 3.8 nm, some of which appear to have undergone ‘“oriented

9922

attachment”? to form short rods.?> The Zny 37Cdp.11Mng 2Se cores showed an average diameter
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of 3.2 nm and a similar distribution of shapes. The Cdy.999Cug 001Se NCs shown in Figure 5.1D-iv
appear roughly spherical with an average diameter of 5.7 nm.

Figure 5.2A plots absorption and PL spectra of the same NCs, all with concentrations
adjusted to reach OD ~ 1 at the first intense absorption feature in a 1 mm pathlength cuvette. The
wavelengths of these first absorption features (Amresn) are listed in Table 5.1. These data confirm
previously reported spectra of similar samples. From these spectra, all samples appear to have
minimal overlap between absorption and luminescence, as desired for LSC applications. It is
important to recognize, however, that the critical transport direction in LSCs is lateral, not
normal to the surface, and that lateral device dimensions are typically orders of magnitude larger
than the pathlengths used to collect these and other published NC absorption spectra. To
illustrate, Figure 5.2B plots absorption spectra of the same NC solutions measured using a 1-cm
pathlength cuvette and magnified tenfold for an effective 100x magnification. Absorption
features from the CdSe cores of the CdSe/CdS heterostructures are now clearly visible, but the
Zn 37Cdp.11Mng 02Se/ZnS and Cdy 999Cug g01Se NCs still show only weak, broad absorption in the
vicinity of their PL. Based on Mn”*"-doped ZnS thin films,* the extinction coefficient associated
with the luminescent 6A1—>4T1 transition is on the order of 1 M'lcm'l, corresponding to an OD of
less than 7x10” in Figure 5.2B. We thus attribute the small tail in the Zngs7Cdo.11Mng ¢2Se/ZnS
absorption spectrum to NC surface states, or possibly trace impurities in solution, but not to the
luminescent center itself. Indeed, some of this absorption tail could be removed by addition of
tri-butyl phosphine (TBP, see Figure S1), which suggests it may arise from NC surface oxidation.
Overall, this feature has an absorbance of 0.01 at 600 nm over 1 cm, and the TBP also
contributes small vibrational overtone absorption peaks at 850 and 925 nm. The Cdg.999Cug.001S€e
NCs have a small amount of strongly reabsorbed excitonic PL from a subset of undoped NCs,
which accounts for roughly 3% of the overall PL. The magnified absorption spectrum of these
NCs shows a broad absorption tail that overlaps the blue edge of the redshifted PL feature (700-
850 nm). We attribute this absorption to the MLcsCT transition that is responsible for the PL.*
Much of the Cdyg99Cug01Se PL is shifted to even longer wavelengths (>850 nm), where the

absorption spectrum shows only a very small tail that is again likely due to NC surface states.
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Figure 5.2. (A) Absorption spectra (solid lines with shading) over a 1 mm
pathlength, and dilute photoluminescence spectra of Cd.999Cug 001Se (maroon, d =
5.7 nm), CdSe/CdS core/shell NCs (red, core d = 2.7 nm), CdSe/CdS dot-in-rod
NCs (green, core d = 2.7 nm) and Zng7Cdo.11Mng02Se/ZnS (blue, core d = 3.2
nm). (B) Absorption spectra of the same samples measured in a 1-cm pathlength
cuvette illustrating the overlap between absorption and PL. Note the 10x
magnified y axis. (C) Reabsorption probability, R(/), calculated from the spectra
in Figure 5.2B according to equation 5.1 and plotted versus /. The dashed line
indicates Ry s, which for a given sample represents the value of / corresponding to

50% probability of reabsorption.
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Table 5.1. Characterization metrics for nanocrystalline LSC phosphors.

~ Projected FG
Athresh Lip Abs. Solar Flux’  120cm x 120cm Projected FG pax

NC Sample (mm)  Res"  (em)’  mp¢  (Aginc) X102 2-D LSC (G =300) for 2-D LSC
Zngg;Cdo 11 MngoSe/ZnS 429 470 118 0.887 1.5 8.6 32.9

0.27° 10.1 15.6
Cdo,999CUO,oolse 624 320 42 (040d) 8.9 (160)g (262)g

0.68¢ 5.7 7.2
CdSe/CdS core/shell 480 92 12 (0.86%) 33 (9.0)% (12.3)¢
CdSe/CdS dot-in-rod 476 24 4 0.86" 2.9 42 5.4

“Calculated using eq. 5.1. ®For comparison, measurements with the benchmark organic dye perylene yield L;, = 4 cm
(Supplementary Information, Figure S2). “Where different from those measured for the samples in Fig. 5.2, the best-reported
luminescence quantum yields are given in parentheses. From this work, measured with 385 nm excitation. “From ref. 19. /In
units of photons/(m? sec). For reference, the total solar flux absorbed by bulk Si is 24.8 x 10% photons/(m? sec), and for bulk
CdSe is 11.6 x 10% photons/(m? sec). éCalculated using the best-reported luminescence quantum yield.

To assess LSC applicability, the absorption and PL spectra in Figure 5.2 can be used to
estimate the probability of reabsorption of emitted photons by these NCs. One way to do so is to
quantify the parameter S introduced in ref. 10, which represents the ratio of extinction
coefficients at the absorption and emission maxima. S does not take into account the absorption
or PL lineshapes, however, and it is difficult to interpret for some NCs that lack a well-defined
absorption maximum. Instead, we analyze the probability that an emitted photon will be

reabsorbed over a reduced pathlength /, as given by equation 5.1." %

R(=[PL,,, (M)(1-10""M")iA [5.1a]

_L-0D,
t

/ [5.1b]

Here, PL,om(A) and A,,m(A) represent the luminescence and absorption spectra, normalized by
area and at Ayesn, respectively. The reduced pathlength / is defined in equation 5.1b and accounts
for device geometry tradeoffs between luminophore concentration and waveguide thickness (7)
governed by Beer's law. For example, the device structure from ref. 18 (=5 mm, OD;=0.2, L =
21.5 cm) has a maximum / of ~8.6, which corresponds to L = 1.4 cm in the liquid waveguide of
Figure 5.1C (¢ = 1.65 mm, OD; = 1). Other recent NC LSC devices have had maximum / values
of ~5.5," ~8.6,16 ~0.6,15 and ~53,17 although exact determination of these values is difficult due
to the varying shapes and configurations of these devices. Using equation 5.l1a, R(/) was
calculated from each set of spectra in Figure 5.2 for values of / up to 730 (Figure 5.2C). R(/)

drops most rapidly with increasing / for the two NC heterostructures and less rapidly for the two
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doped NCs, illustrating smaller reabsorption losses in the latter. Because R(/) is a complex
function of /, it cannot be summarized using any single parameter, but we find that the distance
at which there is a 50% probability of reabsorption (Ros) provides a useful device-independent
luminophore figure of merit calculable from only absorption and PL spectra. Values of Ry s for
the nanocrystals of Figure 5.1 are compiled in Table 5.1. As anticipated from the spectra of
Figure 5.2B, Ry is significantly larger for the doped NCs than for the heterostructure NCs,
which suggests that LSCs made from the doped NCs should suffer less from reabsorption losses.
Although R(/) and Rys provide useful metrics for estimating reabsorption probabilities, any
quantitative prediction of LSC device performance must take into account numerous other
factors including device geometry, PL quantum yields, solar absorption, waveguide modes and
losses, and scattering losses. It is thus challenging to compare phosphors for large-scale LSC
applications with confidence without further experimental input. Motivated by this challenge, we
therefore performed a direct empirical comparison of these NCs in the large-scale LSC
configuration depicted in Figure 5.1C.

Solutions of the four NC phosphors described above with OD; = 1 (over 1 mm) were
loaded into the liquid-waveguide device of Figure 5.1C. Figures 3A-D show their luminescence
spectra collected at different values of L, where L is the distance between the excitation source
and the end of the waveguide (see Methods). The two-dimensional plots show PL intensity as a
function of wavelength and L. Figure 5.3A shows that much of the CdSe/CdS dot-in-rod NC PL
is lost within the first few cm, and only some of the lowest-energy PL is detectable beyond ~20
cm. The observed PL redshift is due to greater reabsorption losses on the higher energy side of
the PL spectrum, as anticipated from Figure 5.2B and illustrated schematically in Figure 5.3E.
The CdSe/CdS core/shell NC data in Figure 5.3B also show a rapid loss of PL intensity
accompanied by a PL red shift with increasing L. In contrast with the NC heterostructures, the
two doped NCs show little or no PL redshift with increasing L. Figure 5.3C plots PL spectra of
the Zngg7Cdo11Mng2Se/ZnS NCs, which decrease gradually in intensity with increasing L,
accompanied by only minor spectral changes. These data are consistent with the absorption
spectrum in Figure 5.2B, which shows nearly uniform, weak absorption across the PL energy
range. At L > ~50 cm, small dips become evident in the Mn®" PL spectra arising from absorption
by C-H stretching harmonics of the surface ligands and solvent. Similar data are obtained for the

Cdo.999Cug.001Se NCs (Figure 5.3D). As expected from Figure 5.2, the excitonic emission and the
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blue edge of the Cdyg99Cugoo1Se MLcgCT PL band is lost to reabsorption, but the red edge

decreases only gradually with increasing L. The feature at ~930 nm arises from fiber
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Figure 5.3. Graphical depictions of PL intensity measured as a function of
excitation distance (L) and wavelength for (A) CdSe/CdS dot-in-rod NCs, (B)
CdSe/CdS core/shell NCs, (C) Zngg7Cdo11MngpSe/ZnS NCs, and (D)
Cdp 999Cug001Se NCs. Color scales are linear and normalized at L = 0.5 cm.
Spectra are overlaid on these images to more precisely illustrate the spectral
changes as excitation distance increases from 0.5 cm (purple) to 120 cm (red) (E)
Schematic demonstration of distance dependent attenuation where reabsorption
losses preferentially attenuate the blue edge of the spectrum.

Figure 5.4A summarizes the results of Figure 5.3 by plotting integrated PL intensities
versus L for all four NC phosphors, normalized at L = 0. These traces were corrected for
waveguide losses, obtained by measuring similar data from 100-fold diluted samples of
Zng 37Cdp.11Mng 02Se/ZnS and Cdpg99Cup01Se NCs, but the uncorrected data are qualitatively
very similar (see Supplementary Information). Importantly, because these data were all collected
under identical conditions, they allow a quantitative model-independent comparison of these four
NCs for potential large-scale LSC applications. The dot-in-rod and core/shell NCs show
distinctly non-exponential PL decay with L, whereas the PL from the two doped NCs appears to
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drop more exponentially with L. The non-exponential decay with L stems from the existence of
non-uniform absorption across the PL spectrum in the two heterostructure NCs. This curvature is
predicted remarkably well by equation 5.1, as shown in Figure 5.2C, confirming this
interpretation and the validity of R(/) as a metric for assessing luminophore reabsorption losses in
actual waveguides. For comparison with Ry s, we parameterize the LSC half-length (Ll/z),27 ie.,
the value of L at which the integrated PL intensity is 50% of its original value. Table 5.1
summarizes these results and shows that the doped NCs have L, values nearly an order of
magnitude larger than the NC heterostructures (Table 5.1). The trend in L;, values is very
similar to that in Rys, with quantitative discrepancies likely due to a combination of photon
recycling (not accounted for in Rys) and experimental uncertainties in the absorption spectra.
Overall, these measurements emphasize that even small PL reabsorption probabilities can
severely impair LSC performance on practical length scales, and highlight the critical need for
improved luminophores with truly small reabsorption as in the doped NCs described here.

An important outcome of these measurements is the experimental validation of equation
5.1 as a powerful tool for screening potential LSC Iluminophores. The relatively simple
calculation of R(/) allows evaluation of reabsorption probabilities for any luminophore without
the need for device fabrication, and it yields easily interpretable results. Standardization of the
assessment of candidate LSC luminophores without preparing and measuring LSCs avoids
convolution of luminophore and device performance. In this way, device and luminophore

innovations may advance independently from one another.
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Figure 5.4. (A) Spectrally integrated PL intensity plotted as a function of
excitation distance (L) for CdSe/CdS dot-in-rod NCs (green circles), CdSe/CdS
core/shell NCs (red squares), Cdpo99CugooiSe NCs (maroon diamonds) and
Zn g7Cdp.11Mng 02Se/ZnS NCs (blue triangles). Intensities are corrected for
waveguide losses. (B) Flux gains of the same four NC samples calculated by eq.
5.2 for the characterization device coupled to Si photovoltaics under AM1.5 solar
irradiation plotted as a function of LSC length. Open symbols were calculated
using best-reported 7, (Tablel). (C) Flux gains calculated for 2-D LSC devices
coupled to Si photovoltaics under AM1.5 solar irradiation using the same four NC
samples, plotted as a function of LSC side length. Solid lines use as-measured 7,
and dashed lines used best-reported 7, (Table 5.1).
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These experimental data can now be used to predict the solar LSC performance of these
same NCs, e.g., when the one-dimensional liquid waveguide device of Figure 5.1C is connected
to Si photovoltaics at the waveguide ends and illuminated with the full solar spectrum. Although
this linear LSC configuration would not be attractive for most practical applications, the results
illustrate the LSC performance of the NCs well. Figure 5.4B plots projected flux gain (FG)
values for the one-dimensional waveguide coupled to Si photovoltaics as function of LSC length

for the same four NCs, calculated according to equation 5.2."7

npl A l L
Sol NC
FG= Ggeo Mec nAICI‘;.S MNpr A 'J.IPL(L)dL

PV Sol,PV 0 [52]

Here, Asoinc and Asopyv are the solar fluxes absorbed by the NCs and the Si PV, respectively,
Ggeo 15 the geometric gain of the device, npr 1s the NC PL quantum yield, 7gc is the escape cone
loss factor, 7mpy is the efficiency of the Si PV either at the PL wavelength or under AM 1.5
irradiation as indicated, and /p (L) is the experimental distance-dependent waveguided PL
intensity reported in Figure 5.4A. The absorbed solar flux (4s) is calculated using equation 5.3,
where A(A) represents the absorption spectrum of the PV or LSC, and S(A) represents the solar

spectrum in units of photons/(nm m? sec).

A, =[SQ)-(1=10"" A [5.3]

In the case of the square quartz liquid waveguide used here (Figure 5.1C), ngc ~ 0.5
because there are two escape cones (vertical and horizontal), whereas a planar LSC would have

Nec ~ 0.75. The ratio anP L/17PLAMI'5

was taken as 1 based on the Panasonic 25.6% efficiency
crystalline Si solar cell reported in ref. 28, which shows ~100% EQE from 500-1000 nm. These
calculations were performed using two sets of 77p1. values, those measured experimentally for the
samples of Figure 5.4A, and the largest reported values (see Table 5.1). Additionally, to
highlight the effects of reabsorption, the FG values presented in Figure 5.4B were calculated
using the PL intensities corrected for waveguide losses, but FGs calculated from raw PL
intensities are very similar (Supplementary Information, Figure S3). Importantly, the F'G analysis

using equation 5.2 is validated by experimental measurement of the solar FG for the

Zn 37Cdp.11Mng 02Se/ZnS NCs using the full-length device of Figure 5.1C, which yielded a value
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of FG = 3.7 that is in reasonable agreement with the value predicted for this sample in Figure
54B (FG=4.1).

For short LSCs (magnified in the inset of Figure 5.4B), reabsorption losses are not yet
dominant and all four NCs show nearly linear increases in F'G with L. The slope in this region is
determined by the product AsencX7pr. Even though the highest reported npr of Cd;..Cu,Se NCs
is only 0.4, Asqnc for these NCs is over twice that of the other NCs (Figure 5.2A, Table 5.1).
The Cdy.999Cug 001Se NCs are thus the top performer in short LSCs, followed by the CdSe/CdS
core/shell NCs. The Cdg.999Cug.001Se NCs continue to excel as the LSC length increases because
of their combination of large Asqnc and small reabsorption losses, and thus remain the clear top
performer at all 1-D LSC lengths examined here. Cdy.999Cug.001Se NCs therefore outperform all
other nanocrystal LSC phosphors reported to date by a significant margin. We note that the value
of npL = 0.4 measured here is the highest yet reported for Cd;.xCuxSe NCs, but passivation of
surface states (e.g., via shell growth) may allow this value to be increased further, as reported for
other copper-doped NCs.?’ We have also noticed variations in L1, due to differences in the non-
specific absorption attributed to surface traps or impurities discussed above (see Supplementary
Information), e.g., we measured L;, = 51 cm for a different Cdy.999Cug g01Se NC sample.

It is instructive to compare the CdSe/CdS heterostructures and Zng s7Cdo.11Mng ¢2Se/ZnS
NCs in Figure 5.4B. Asqinc 1s almost twice as large for both of the heterostructure NCs as for the
Zn 37Cdp.11Mng 02Se/ZnS NCs, and all have comparable 7pr, so the heterostructures perform
much better in small LSCs (Figure 5.4B, inset). As the LSC length increases, however, the
heterostructure NCs suffer from major reabsorption losses and their F'Gs plateau (a characteristic
of the one-dimensional architecture). In contrast, the Zngg7Cdy.11Mng02Se/ZnS NCs show only
minor losses with increasing LSC length. They surpass the dot-in-rod NCs at L ~ 7 c¢cm, and
surpass the core/shell NCs at L ~ 37 cm. The lack of a F'G plateau up to L = 120 cm with both of
the doped NCs highlights the substantially smaller reabsorption in these NCs than in the
heterostructure NCs. For large-scale LSC applications, the Zngg7Cdy 11Mng02Se/ZnS NCs are
thus superior to the heterostructure NCs despite absorbing less of the solar spectrum. LSCs made
with luminophores that do not absorb very much visible light, such as Zng g7Cdy.;1Mng 02Se/ZnS
or related Mn”"-doped NCs, are particularly attractive when transparency is desired, for example

in smart-window applications.
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Finally, we extrapolated the performance of these NCs to large-area 2-D LSCs. FG was
calculated as a function of side length for square LSC devices with # = 1 mm, OD; = 1, and Si
PVs attached to all four edges using the NC absorption and luminescence spectra from Figure
5.2B along with the npp values reported in Table 5.1 (see Supplementary Information). Figure
5.4C plots the calculated F'G values versus 2-D LSC side length. The trends with increasing LSC
size are similar to those found for the 1-D device (Figure 5.4B). In particular, the Cdy 999Cug go1Se
NCs are again the top performer in both small- and reasonably large-area LSCs, despite their
relatively low mpL. As anticipated from the 1-D measurements and calculations, the
Zn37Cdp.11Mng 2Se/ZnS NCs excel at extremely large dimensions, surpassing first the
CdSe/CdS core/shell NCs (at an LSC size of ~1.3 m x 1.3 m) and then even the Cdg.999Cug o01Se
NCs (at ~10 m x 10 m, see Supplementary Information). Table 5.1 summarizes the calculated
FG values for a device area of 1.2 m x 1.2 m (the square equivalent of our laboratory 1-D liquid
waveguide), as well as the projected maximum FG values. Overall, these calculations reaffirm
the "best-in-class" performance of the new LSC phosphor, Cdg999Cug.091Se NCs, on many length
scales, and validate the use of the 1-D waveguide for experimentally assessing the performance
of luminophores in large-scale 2-D LSCs. The similarity of the size-dependent F'G curves for the
Cd.999Cup001Se and CdSe/CdS core/shell NCs demonstrates that high PL quantum yields not
only improve FG in small LSCs but also mitigate reabsorption losses in large LSCs through
increased photon recycling. This principle is also evident from comparison of the curves

calculated for the same sample using as-measured and best-reported 7p;. values (Figure 5.4). .

5.3 Discussion
Semiconductor NCs have recently been proposed as attractive spectral conversion

phosphors for next-generation LSCs. To date, a quantitative assessment of these materials for
this purpose has been lacking. In this study, we performed a variety of spectroscopic and one-
dimensional waveguide measurements aimed at comparing the leading NC candidates for
potential large-scale LSC applications. The experimental results demonstrate that even
seemingly small absorption features in the region of luminescence are detrimental to LSC
performance on large length scales. CdSe/CdS heterostructure NCs perform well on small length
scales, but on large length scales they suffer from major losses due to reabsorption of emitted

photons. For the two doped NCs whose luminescent transitions are subject to very little
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reabsorption, the performance at large length scales is in fact limited only by parasitic absorption
from vibrational harmonics of the matrix, matrix impurities, or NC surface states. These
limitations are not intrinsic to the phosphor and can be circumvented. Among the four types of
NCs examined here, the "best-in-class" phosphors for full-spectrum concentration by a
substantial margin are the Cd;..Cu,Se NCs, which absorb the greatest fraction of the solar
spectrum and display relatively small reabsorption losses. LSC applications of copper-doped
NCs have not been demonstrated previously. The Zngg7Cdy 11 Mng02Se/ZnS NCs excel at very
large dimensions while retaining visible transparency, and are thus attractive for smart-window
applications.

In addition to experimental measurements of luminescence in large-scale waveguides,
this study presents, and validates with experimental data, a standardized methodology that allows
facile prediction of the performance of new luminophores in LSCs from their absorption and PL
spectra. The calculation of R(/) using equation 5.1 allows evaluation of reabsorption for any
luminophore without the need for elaborate device fabrication, and it yields easily interpretable
results. The predicted reabsorption losses with LSC length agree with experimental results
remarkably well, lending credence to flux gains projected from these same experimental
parameters for large-scale 2-D LSCs.

Finally, we examine the potential for future improvement of NCs as LSC luminophores.
For the CdSe/CdS heterostructure NCs, the PL quantum yields and solar absorption are both near
their theoretical limits, meaning that any improvements must come from reduced reabsorption.
Although larger shell volumes would reduce reabsorption, previous studies have pointed out that
larger shell thicknesses may lead to reduced quantum yields.”® Calculations also indicate that
Rayleigh scattering from core/shell NCs becomes appreciable over meter-scale pathlengths for
NCs with diameters > ~10 nm, and that the optimum balance between reabsorption and
scattering still involves appreciable losses (see Supplementary Material). New heterostructures
such as PbSe/CdSe NCs could increase Asnc and offset some of the major reabsorption and
scattering losses in large-scale LSCs. For the doped NCs, tuning the bandgap (either by size or
alloying) and increasing PL quantum yield could potentially increase performance by over a
factor of two. In Zn,.,.,Cd,Mn,Se/ZnS NCs, tuning Amresh to ~480 nm by changing size or alloy
composition would more than double Asnc relative to the NCs reported here, without

introducing new reabsorption losses. Narrower energy gaps (Amresn > 480 nm) lead to recovery of
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excitonic emission via thermal repopulation®’ and would not be beneficial. Similarly, adjusting
the energy gap of Cd;..Cu,Se NCs to the bulk limit would increase A, nc by over 35% relative
to the NCs studied here. Even though the best Cd;_.Cu,Se PL quantum yield achieved here (77p
= 0.4) is the highest yet reported for Cd;..Cu,Se NCs, it may be possible to further increase 7pr
by passivation of surface states, as reported for other copper-doped NCs,” which could improve
performance of this "best-in-class" phosphor by more than a factor of two at all LSC length
scales, and even more for large-pathlength devices due to greater photon recycling efficiency
(see Supplementary Information). Switching from CdSe to other related copper-doped phosphors
such as Cu":InP* or CuInS,/ZnS* would yield similarly small PL reabsorption while
eliminating Cd*". A challenge with all of the copper-doped NCs is their broad PL, which begins
to extend past the absorption threshold of silicon when the energy gap becomes too narrow.
Finally, the observation that weak, nonspecific absorption attributed to direct excitation of
surface traps can be moderated chemically points to the possibility of further improvements in
this direction for all of these NC phosphors. Overall, even with their relatively low npr, the Cd;.
+Cu,Se NCs reported here combine effective solar absorption with very low reabsorption to
substantially outperform all other NCs tested here at all but the largest LSC lengths and areas,
marking a significant advance in the development of nanocrystalline phosphors for LSC
applications. More generally, these results highlight the attractiveness of doped nanocrystals as

phosphors for LSCs.

5.4 Methods
5.4.A Synthesis. All chemicals were used as supplied from Aldrich with the exception of

tri-n-octyl phosphine (TOP), which was purchased from Strem.

Zn 37Cdg.11Mng02Se NCs. Zn;.,,Cd.Mn,Se NCs were grown with slight modifications
to previously reported synthetic methods” based on the the thermal decomposition of the cluster
NMey ZnsSePhjg. 10.8 g of hexadecyl amine with 12 mg MnCl,e4H,0 and 15 mg of CdCl, were
first degassed under vacuum at 130° C for lhr, after which 400 mg of NMes ZnsSePh;y and 20
mg of Se were added anaerobically. The resulting mixture was again degassed at 130° C for 1 hr
before ramping the temperature to 270° C, where it was held for 15 min before cooling slowly to
100° C. The resulting NCs were twice crashed out with ethanol, separated by centrifuging, and

resuspended in toluene.
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Zn¢ 37Cdy.11Mny02Se/ZnS NCs. ZnS shells were grown by transferring the toluene
suspension of Zng g7Cdg.11Mng 2Se NCs to a flask containing 3g oleylamine and 3g octadecane,
from which the toluene was removed and the resulting suspension degassed for 1 hr at 130° C.
Zn(Oleate), was prepared by reacting 440 mg Zn(oAc), with 4.4 g of oleic acid and 4.4 ml of
octadecene under vacuum at 110° C until all volatile components were removed. The flask was
then put under a nitrogen atmosphere, 36 mg S dissolved in 3.6 mL of TOP was injected, and the
resulting mixture cooled to room temperature. The temperature of the flask containing the NCs
was raised to 225° C and the Zn(Oleate),-TOP-S mixture was injected via syringe pump at a rate
of 0.5 ml/hr. The resulting NCs were again purified by flocculation with ethanol followed by
resuspension in toluene.

CdSe (core) NCs. CdSe cores were synthesized by according to the standard hot-
injection synthesis as reported in ref. 16 wherein 60 mg of Selenium dissolved in 360 mg of TOP
is rapidly injected into a degassed solution of 60 mg CdO, 280 mg octadecylphosphonic acid,
and 3 g trioctylphosphine oxide (TOPO) at 380°C. The heating mantle was removed
immediately after injection and the cooled solution of nanocrystals was purified by flocculation
with ethanol followed by resuspension in toluene. These NCs had d = 2.7 nm.

CdSe/CdS core/shell NCs. CdS shells were grown on the above cores according to ref.
19, wherein 20 ml of a 0.08 M Cd(oleate), solution in octadecene (ODE) and 20 mL of 2 mM
solution of octanethiol in ODE were separately injected at 2.5 ml/hr to a degassed solution
containing 100 nmol of CdSe cores in 3 ml of ODE and 3 ml of oleylamine at 310°C. 2 ml of
oleic acid was injected 2 hrs and 4 hrs after the beginning of the injection. After injection was
complete, the solution was allowed to stir at 310°C for an additional 15 minutes before cooling
and purification by flocculation with ethanol followed by resuspension in toluene.

CdSe/CdS dot-in-rod NCs. CdS rods were grown onto the above cores according to ref.
16, wherein 2 nmol of the CdSe cores dissolved in 1.5 g TOP with 120 mg sulfur was injected
rapidly into a degassed solution containing 60 mg CdO, 80 mg hexylphosphonic acid, 0.29 g
octadecylphosphonic acid, and 3 g TOPO at 360°C. After injection, the solution is stirred for 8
min with the temperature recovering to 360°C, after which it was cooled and purified by
flocculation with ethanol followed by resuspension in toluene.

Cdy.xCu,Se NCs. Cd;..Cu,Se NCs were synthesized by adapting the “heat-up” method

1‘33

for the synthesis of CdSe NCs first reported by Chen, et al.”” Briefly, cadmium myristate (113
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mg), selenium dioxide (22 mg), and copper (I) chloride (4 mg) were degassed under vacuum in
octadecene (10 g) at room temperature for 30 minutes. Heating this mixture to 230 °C under
nitrogen for 5 minutes produced a dark brown solution. After dropwise addition of 0.2 mL of
oleic acid, the mixture was cooled to room temperature. Addition of 1 volume equivalent of
anhydrous ethanol followed by centrifugation produced dark brown pellets that were
resuspended in toluene, sonicated, and centrifuged again to remove insoluble impurities. Any
adventitious CuSe formed during the reaction was reduced and removed by adding ~0.5 mL of
TOP followed by flocculation with ethanol and resuspension in toluene or tetrachloroethylene.
Quantum yields as high as 0.4 were measured for these Cd;_,Cu,Se NCs, but synthetic conditions
were not optimized to reproduce this high quantum yield in batches large enough to fill the liquid
waveguide. These quantum yields are higher than the previous best reported value for Cd,.
.Cu,Se NCs of 0.25.**

5.4.B Spectroscopy and characterization. Absorption measurements were taken using
a Cary 500 spectrometer, and PL was measured using an Ocean Optics USB-2000+ spectrometer
or a liquid-nitrogen-cooled CCD (Acton) coupled to a 0.5m monochromator (for Cdg.999Cug o01Se
measurements), both corrected for spectral sensitivity. Quantum yields were measured using a
Hamamatsu integrating sphere quantum yield measurement system with 385 nm excitation. TEM
images were collected on an FEI Tecnai microscope, and NC compositions were determined by
inductively coupled plasma-atomic emission spectrometry.

The liquid waveguide apparatus for measuring LSC reabsorption losses (Figure 5.1C) is
based on a 120 cm long square quartz tube (supplied by Friederick and Dimmock Co.) with a 1
mm inner dimension (1.65 mm outer dimension) suspended over a black aluminum channel that
was illuminated by a 1 mm spot from a 385 nm LED at variable distances from the end.
Waveguided light was then collected through high numerical aperture (NA=0.79) lenses through
a diffuser to ensure equivalent collection of all waveguide modes, and measured using a fiber-
coupled spectrometer. Because one end of the tube was sealed and flattened to avoid effects of a
meniscus on detection, the tube was filled with toluene solutions of luminophore through a
removable capillary. Because the Cdjg99Cugo;Se NC PL overlaps with strong vibrational
overtones of toluene (see Figure S4), these NCs were measured in tetrachloroethylene. Before
measurement, each sample was filtered through a 200 nm pore-size PTFE syringe filter.

Photographs of this device are provided in Appendix D.
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Chapter 6. Zero-Reabsorption Doped-
Nanocrystal Luminescent Solar
Concentrators

Abstract. Optical concentration can lower the cost of solar energy conversion by reducing photovoltaic
cell area and increasing photovoltaic efficiency. Luminescent solar concentrators offer an attractive
approach to combined spectral and spatial concentration of both specular and diffuse light without
tracking, but have been plagued by luminophore self-absorption losses when employed on practical size
scales. Here, we introduce doped semiconductor nanocrystals as a new class of phosphors for use in
luminescent solar concentrators. In proof-of-concept experiments, visibly transparent, ultraviolet-
selective luminescent solar concentrators have been prepared based on colloidal Mn?*-doped ZnSe
nanocrystals that show no luminescence reabsorption. Optical quantum efficiencies of 37% are
measured, yielding a maximum projected energy concentration of ~6x and flux gain for a-Si
photovoltaics of 15.6 in the large-area limit, for the first time bounded not by luminophore selt-
absorption but by the transparency of the waveguide itself. Future directions in the use of colloidal
doped nanocrystals as robust, processable spectrum-shifting phosphors for luminescent solar
concentration on the large scales required for practical application of this technology are discussed.
Reprinted with permission from: Erickson, C. S.; Bradshaw, L. R.; McDowall, S.; Gilbertson, J. D.;
Gamelin, D. R.; Patrick, D. L., Zero-Reabsorption Doped-Nanocrystal Luminescent Solar Concentrators.
ACS Nano 2014, 8 (4), 3461-3467. Copyright 2014 American Chemical Society.

6.1. Introduction
Luminescent solar concentrators (LSCs) are dye-containing waveguides used to collect

and concentrate sunlight for energy conversion.'’? Simultaneous spectral and spatial
concentration is achieved without the use of focusing optics. Instead, sunlight absorbed by the
dye is emitted into guided modes to travel by total internal reflection for collection at the
perimeter (Figure 6.1). LSCs require no solar tracking, exhibit omnidirectional acceptance
providing comparable performance under diffuse and specular illumination, and offer the
potential for higher energy concentration ratios (CR) than designs based on mirrors or lenses.’
Their ability to deliver high-irradiance, narrow-bandwidth light by active wavelength shifting
makes LSCs particularly suitable for driving photovoltaics and semiconductor-based
photochemical processes where wavelength-to-bandgap matching can be exploited to improve
efficiency and mitigate thermal rejection.* Unlike lens- and mirror-based concentrators, LSCs
selectively collect sunlight in a limited spectral band, established by the absorption range of the

luminophore. Other wavelengths are transmitted for use in secondary applications such as
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interior lighting, heat generation, or photovoltaic conversion, enabling high combined-cycle
efficiencies. The LSC itself obeys the single-bandgap Shockley-Queisser efficiency limit,” with
maximum energy efficiencies of Ej;;, = 3 - 5% for UV-selective collection, increasing up to
~30% if absorption extends into the near infrared. The thermodynamically limited energy
concentration ratio depends on the effective luminescence Stokes shift, with values of CR;;,, =
100 predicted at room temperature for a Stokes shift of ~0.1eV.° Attached photovoltaics receive
high-irradiance, narrow-bandwidth light, resulting in a power density enhancement (referred to
as the flux gain) up to several times larger than CR,;,, when the photovoltaic’s bandgap is

matched to luminophore emission.’

.....

o

Figure 6.1. A luminescent solar concentrator. Sunlight (blue) is absorbed by
luminophores and emitted into a planar waveguide (red), traveling to the edge of
the collector to concentrate light for conversion by PV cells. A fraction of light is
lost to non-unity LQY or out the escape cone (dashed orange) with each
successive re-absorption/re-emission event.

Despite several decades of research,”” actual LSC performance levels remain far below
these thermodynamic limits, primarily due to three main factors: (1) only a fraction of incident
sunlight is absorbed, determined by the integrated overlap of luminophore absorption and solar
spectra; (2) only a fraction of absorbed light is re-emitted, depending on the luminophore’s
luminescence quantum yield (LQY); (3) only a fraction of this emitted light is captured in guided
modes (~75% in an LSC waveguide with refractive index n ~ 1.5), with the remainder (~25%)
lost out the top or bottom escape cone defined by Snell’s Law.” Most problematic of all is that
losses from mechanisms (2) and (3) occur repetitively, because photons travelling within the
waveguide may be absorbed and re-emitted by other luminophores multiple times before
reaching an edge. In practical LSC implementations, for example, optical path lengths may

easily reach a meter or more, and even small overlap between absorption and emission spectra
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results in catastrophic self-absorption losses. Concentrator efficiencies thus fall exponentially
with the number of re-absorption / re-emission events, which is in turn determined by the overlap
of luminophore absorption and emission spectra and by the device dimensions.

Efforts to improve LSC performance by reducing luminophore self-absorption or
mitigating its effects have included the use of dichroic mirrors and other photonic structures to
reduce escape-cone losses,'' controlling luminophore orientation to capture a greater proportion
of emitted photons in guided modes,'? and use of large Stokes shift luminophores.” Regarding
the latter, a wide range of materials and strategies have been investigated, including
organometallic and sensitized lanthanide phosphors,'* Stokes shift enhancement by solid-state
solvation,” and other concepts.'®!” Various types of semiconductor nanocrystals (quantum dots,
or QDs) have also been investigated, including those with both Type 1 and Type II
heterointerfaces.'® Despite these efforts, it has proven difficult to identify phosphors that
simultaneously absorb strongly, are photostable, are solution processable, and generate
sufficiently large Stokes shifts without sacrificing LQYss.

Here, we demonstrate a new class of LSCs based on impurity-doped QDs as the active
phosphor material. Incorporation of small amounts (0.1 ~ 1 atom %) of a luminescence activator
ion within a QD introduces new localized excited states within the bandgap that can be
efficiently excited via energy transfer from the photoexcited host semiconductor.” Emission
from these states is downshifted substantially relative to the semiconductor absorption so that, by
choosing an activator whose extinction coefficient is sufficiently small, self-absorption can be
effectively eliminated. The same mechanism is employed by classic sensitized inorganic
phosphors commonly used in lighting or display applications.* Importantly, the small
dimensions of colloidal doped QDs eliminates scattering effects typical of classic inorganic
phosphor microcrystal powders.

In addition to minimal self-absorption and scattering, doped QDs possess several other
characteristics useful for LSC applications. The semiconductor host provides a large extinction
coefficient along with broadband absorption that is in principle tunable over a wide spectral
range through composition and size control. Doped QDs also exhibit minimal concentration
quenching and higher resistance to photo-oxidation than most organic dyes or undoped
nanocrystals.”” Depending on the semiconductor, they can be made from low cost, nontoxic,

Earth-abundant starting materials, and they are compatible with a variety of economical solution-
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based synthesis and processing techniques advantageous for integration into polymer or glass
waveguides. While doped QDs have been investigated extensively as phosphors® and for their
unusual magneto-optical and magneto-electronic properties,” to our knowledge this class of

materials has not previously been used in LSCs.

6.2. Results and Discussion
As proof of concept, we have prepared and studied LSCs based on Mn”"-doped

ZnSe/ZnS core-shell quantum dots. ZnSe is a direct bandgap semiconductor with a bulk
bandgap of ~3.1 eV, meaning it selectively absorbs UV light. In the weak tetrahedral field
provided by the ZnSe lattice, substitutional Mn®" impurity ions possess a °A; ground state and
show luminescence associated with a “T; = ®A; d-d transition at an energy of ~2.1 eV (Figure
5.2A)."” This Mn*" luminescence is efficiently sensitized by the host ZnSe nanocrystal (Figure
5.2B). The luminescence sensitization scheme active in our colloidal Mn*"-doped ZnSe
nanocrystals is very similar to that of bulk Mn”*"-doped ZnSe, but the colloids show greater
sensitization efficiencies because of longer excitonic lifetimes and faster energy transfer. At
room temperature, the rate of energy transfer from the photoexcited nanocrystal to Mn*" (~ps)
greatly exceeds that of exciton recombination (~ns),*** yielding effectively quantitative energy
capture by Mn”". The excited Mn”" then relaxes to its ground state with a high room-temperature
LQY. The corresponding °A; = *T, absorption transition is spin-forbidden, with a maximum
extinction coefficient of only ~1 M'em™, about five orders of magnitude smaller than that of the
host nanocrystal. This difference in absorptivity yields a large effective Stokes shift of as much
as ~1 eV, precluding self-absorption of Mn”" emission and thereby overcoming a key challenge

in LSC phosphor design. Although the long (~ms) lifetime of the *T) excited state can lead to
luminescence quenching via a multiphoton process,”* the threshold photon flux for this effect

greatly exceeds solar irradiance.”
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Figure 6.2. (A) Absorption and photoluminescence spectra of colloidal Mn*'-
doped ZnSe/ZnS QDs in toluene. (B) Schematic description of luminescence
sensitization in Mn*"-doped QDs. Photon absorption by the doped quantum dot in
its ground state (JQD,’A;)) gives the excited quantum dot (JQD*,°A,)). Energy
rapidly localizes to excite Mn>" within the QD (|QD, *T,)), which then emits with
a high quantum yield. Radiative processes are indicated as straight lines and
nonradiative processes as wavy lines. (C) TEM image of representative Mn?'-
doped ZnSe/ZnS QDs. (D) Absorbance and photoluminescence spectra of
Mn*":ZnSe/ZnS QDs in an LSC device. (E) A device seen under UV illumination.
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Figure 6.3. (A) The dependence of optical quantum efficiency on doped-nanocrystal
LSC area and geometric gain for full perimeter, index-matched collection (OQE), and
as measured through the collection aperture (OQE,p, inset). Solid line results from
fitting the model described in the text and SI. (B) Dependence of the OQE on
excitation wavelength. OQE is independent of excitation wavelength above the
bandgap. Inset: A monochromatic excitation source positioned above the device
provides uniform light over the unmasked area, with edge-emitted light collected
through an aperture into an integrating sphere. (C) Normalized edge emission spectra.
(A) and (C) were obtained by excitation at 400 nm.
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Mn?"-doped ZnSe/ZnS nanocrystals (Figure 6.2C) were synthesized by methods adapted
from those described previously*?’ and incorporated into polymer films by dispersing a toluene
suspension of nanocrystals into a mixture of laurylmethacrylate, tri-octyl phosphine, and
ethylene glycol di-methacrylate, containing a photo-initiator (Methods). Devices were largely
transparent to visible light (Figure 6.2E), with an optical density up to 0.30 at the first exciton
absorption maximum, depending on the concentration of doped QDs used. Despite this
transparency, waveguided luminescence is still clearly visible by eye when exposed to diffuse
sunlight on a cloudy day (see SI). Overall concentrator dimensions were 25 x 75 x 0.42 mm,
corresponding to a geometric gain, defined as the ratio of facial to edge area, G = 22.

LSC absorbance and facial emission spectra are shown in Figure 6.2D. The peak exciton
absorption occurs at 396 nm and is size-tunable over the range 350 ~ 450 nm for this
composition. The small absorption tail extending from the band edge is likely caused by
scattering. With above-bandgap excitation (400 nm), luminescence is dominated by the Mn*"
4T1 > 6A1 transition centered at 582 nm. A second broad emission feature is observed at ~435
nm that can be attributed to weak fluorescence from the waveguide polymer. This feature was
also present in control devices containing no doped QDs, and it was not present in the toluene
suspension of doped QDs.

Unlike other concentrator designs, wavelengths not collected by an LSC are transmitted,
and hence available for use by a secondary process, such as for interior lighting. Accordingly,
LSC performance is expressed in terms of the fraction of solar photons harvested by the
concentrator, or optical quantum efficiency (OQE), defined as the fraction of absorbed photons
concentrated at device edges. OQE was measured as a function of geometric gain under uniform
diffuse illumination by collecting edge-emitted light through an aperture into an integrating
sphere connected to a fluorometer. The remaining device perimeter was blackened with ink to
eliminate reflections. Successively larger illuminated areas were measured using a movable
mask (inset, Figure 6.3B) and the full perimeter OQE was computed, correcting for the finite size
of the edge collection aperture and reflection losses at the aperture arising from the use of a non-
index matched detector (for details, see SI). Figure 6.3A shows the results of these
measurements under illumination near the first excitonic absorption peak (400 nm). OQE,,
shown in the inset, is the non-index matched collection efficiency through the small

measurement aperture; the main figure shows the full perimeter OQE for an index-matched

120



detector. The difference in curvature between the two plots stems from the decreasing solid
angle occupied by the aperture as G increases. At G = 22, corresponding to full area
illumination, OQE = 37%, with efficiency being independent of excitation energy above the
bandgap (Figure 6.3B). As shown in Figure 6.3C, the spectral distribution of edge-emitted light
shows negligible variation with increasing G, contrasting with the behavior of previously studied
LSC luminophores where self-absorption produces a strong bathochromic shift in edge-emitted
light with increasing G.» This result highlights the lack of self-absorption in doped nanocrystal
LSCs.

In the absence of self-absorption, the relationship between OQE, luminophore LQY, and
waveguide propagation and escape cone losses, is:
OQE = LQY€.c€yy(G), (1)
where the escape cone loss term is given by Snell’s Law: €, = 1 — /1 — 1/n? =~ 0.75, based
on isotropic emission and a waveguide refractive index n = 1.5. €,,,(G) represents losses due to
waveguide scattering and absorption, whose combined effects are expressed through a
waveguide attenuation coefficient a5, defined such that the fraction of photons lost per unit
distance [ is e~*341%aB » Given €,., Equation (1) allows determination of the other two loss
mechanisms in an LSC —LQY and waveguide losses— from measurements of OQE vs G. For a
uniformly illuminated rectangular LSC measuring LXW , the proportion of emitted light

surviving to reach an edge, subject to waveguide losses, is

1 (W L 2 /2 _ .
€wg(G) = mfo Js fonzfenec e~4342apl(xy.0.0) 5in0dOdpdydx (2)

where 8,, = sin"'(1/n) is the escape cone angle and I(x,y,0, @) is the distance a photon
travels to the edge when emitted from (x,y) with directional spherical coordinates (6, ¢).

Combining Equations 1 and 2 and solving numerically, we fit the measured OQEg,(G) (inset

Figure 6.3A) to find LQY = 53% and a5 = 0.085 dB/cm (see SI for details). For the sample in

Figure 6.3, the doped QD LQY measured in toluene was 50%, close to the fitted value. This

result indicates that the doped QD LQY is preserved upon incorporation into the polymer device.
The flux gain,

F ~ CR(np5" /npy'™®) (3)

is the power produced from edge-attached photovoltaic cells relative to that produced from the

same photovoltaic cells under direct AMI1.5 exposure. Here n;‘f}” and naYtS are the
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photovoltaic conversion efficiencies at the peak LSC emission energy and under broadband
AM1.5 illumination, respectively, and the energy concentration ratio CR = OQEXGNyps€om.,
where N, 1s the number of solar photons absorbed by the LSC per unit area per second, found
by integrating the AM1.5 solar spectrum over the doped QD absorption range (300 — 420 nm,
Figure 6.3B), and e,,,, = 2.12 eV is the energy per luminescent photon. Figure 5.4 shows the
size-dependent energy concentration ratio for a square LSC based on the LQY and a5 for the
experimental device in Figure 3, as well as the flux gain predicted for attached a-Si photovoltaic
cells (see SI for details). The maximum concentration ratio and power density enhancement are
projected to reach CR,,,, = 6X and F,,, = 15.6x in the large-G limit, among the highest yet
reported.'> Projected maximum flux gains for other benchmark photovoltaic technologies are
given in Table S1; several exceed 10x. These findings demonstrate the potential to achieve
substantial reductions in photovoltaic area through optical concentration using doped nanocrystal
LSCs. CRyqx and Fy, 4, in doped QD LSCs are limited by parasitic waveguide losses (a;p),
which become the dominant loss mechanism for large G (inset, Figure 6.4). Such losses affect
all LSCs, but heretofore have generally been negligible compared to self-absorption related
losses.  This result suggests significant further improvements in large-area doped QD
concentrator performance should be possible using more transparent polymer waveguide
materials, for example optical polysiloxanes or cyclic perfluoropolymers, which have intrinsic
attenuation coefficients 1 — 3 orders of magnitude lower than polyacrylates at visible and near-IR

wavelengths.s
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Figure. 4. Predicted energy concentration ratio and flux gain for a-Si PVs as a
function of geometric gain for square Mn”"-doped ZnSe/ZnS nanocrystal LSCs
(agg =0.085 dB/cm, LQY = 0.53). F and CR asymptotically approach 15.6x and
6% in the large area limit, respectively. Inset: optical quantum efficiency becomes
limited by parasitic waveguide losses at large G. For our device thickness, G =
2000 corresponds to an LSC edge length of 3.36 m. See SI for details.

6.3. Conclusions
In summary, colloidal doped nanocrystals are demonstrated as a promising new class of

zero-reabsorption luminophores for LSC applications. Using Mn”"-doped ZnSe/ZnS nanocrystals
as the active phosphor material, concentrating polymer films capable of selectively absorbing
solar UV light and producing intensified emission with optical quantum efficiencies approaching
40% have been demonstrated. These concentrators are largely transparent to visible light,
making them attractive for application as transparent window coatings or in multi-junction
concentrator/PV configurations. As the first report of this approach, we anticipate further major
improvements in LSC efficiencies using doped semiconductor nanocrystals. For the Mn®"-doped
ZnSe/ZnS-based LSCs described here, the nanocrystal LQY's can be increased by optimizing QD
surface passivation, and the energy gap can be narrowed by alloying with a small amount of Cd*".
Waveguide losses, currently the limiting factor in our devices, can be reduced by improved
processing and use of more transparent polymers. As such, the Mn”"-doped nanocrystal LSCs
described here hold promise for practical window-layer applications where transparency is
desired. More generally, even higher LSC limiting efficiencies, concentration ratios, and flux
gains can be expected from the use of related doped nanocrystals that absorb and emit at lower

energies. Such experiments are presently underway.
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6.4. Methods
Doped QD synthesis. Mn*"-doped ZnSe core nanocrystals were prepared by lyothermal

degradation of [Zn4(SePh);o](MesN), in the presence of MnCl,. ZnS shells were grown by
successive ionic layer adsorption and reaction (SILAR) deposition from Zn(oleate), and tri-n-
octyl phosphine sulfide (TOP-S). In a typical synthesis, 200 mg of [Zn4(SePh);o](MesN), and 10
mg of Se were added anaerobically to a degassed mixture of 5.4 g of hexadecylamine and 5 mg
of MnCl, in a three-necked round bottom flask, and the temperature was raised to 275 °C. After
20-60 min at 275 °C, the mixture was cooled and nanocrystals precipitated by addition of ethanol.
The nanocrystals were then resuspended in toluene, where they were purified by repeated
precipitation with ethanol, isolation by centrifuging, and resuspension in toluene. Following
purification, ZnS shells were grown by alternating slow addition of approximately monolayer
equivalents of Zn(oleate), and TOP-S to a degassed mixture containing the isolated nanocrystals,
1.5 g of oleylamine, and 1.5 g of octadecene, held at 225 °C. Each addition was allowed to react
for 30 minutes before the subsequent addition. After shell growth, the mixture was cooled and
purified in the same manner as described above. Electronic absorption spectra of toluene
suspensions were collected using a Cary 500 spectrometer. Photoluminescence spectra were
collected using 405 nm excitation and an Ocean Optics USB2000 spectrometer for detection.
Transmission electron microscopy (TEM) images were collected using a FEI Tecnai G2 F20.

Device Fabrication. Nanocrystals were incorporated into polymer films by dispersing a toluene

suspension into a 5:1:1 by weight mixture of laurylmethacrylate, tri-octyl phosphine, and
ethylene glycol di-methacrylate, containing <1% wt of Irgacure 651 photo-initiator (CIBA).
Several droplets of the resulting mixture were placed onto a clean borosilicate glass coverslip,
which was then covered by a second coverslip, and the resulting glass/solution/glass samples
were photopolymerized with UV light under nitrogen for 1-3 hours to form a solid film with a
thickness of approximately 100 um. Except at the collection aperture, all device edges were
blackened with a marker.

Device Characterization. Absorbance measurements were performed with a Jasco UV-VIS

spectrophotometer. Edge emission measurements were performed using a Horiba Fluorolog
model FL3-21 fluorometer connected via fiber optic cable to an integrating sphere. Further

details are provided in the text and SI.
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Chapter 7. Dual-Emitting Nanoscale
Temperature Sensors

Abstract: Soluble luminescent temperature probes are promising candidates for optical thermometry

and thermography applications requiring precise, passive, and spatially resolved temperature data. Dual-
emitting temperature sensors overcome many of the obstacles encountered with absolute intensity-based
luminescence sensors, including optical occlusion, concentration variation, or non-specificity, by
providing internally referenced (ratiometric) signals. Here, we provide an overview of the key
mechanisms underpinning the dual emission of various nanostructures from recent literature and discuss
their relationship to optical thermometry. Reprinted with permission from: McLaurin, E. J.; Bradshaw, L.
R.; Gamelin, D. R., Dual-Emitting Nanoscale Temperature Sensors. Chemistry of Materials 2013, 25 (8),
1283-1292. Copyright 2013 American Chemical Society.

7.1. Introduction
Sensors are needed for monitoring local temperatures in diverse heterogeneous environments.' ™

High-resolution, real-time temperature mapping would facilitate the study of fundamental
biological processes such as protein folding’ and calcium signaling,’ biotechnological
applications including PCR® and thermotherapeutics,® and other phenomena of current interest
including heat dissipation during optical trapping’ and “hot spots” in micro- or nano-
electronics.®” To this end, research into the development of luminescent temperature sensors has

10-13

attracted broad attention. Of particular interest are soluble molecular or nanoparticulate

(NP)'*'® luminophores showing temperature-dependent photoluminescence (PL), because these

can be used for high-resolution thermal mapping in the liquid or solid phase.'”'®

Here, we give a brief overview of nanoscale dual-emitting temperature sensors. Our
discussion focuses on soluble nanostructures including nanocrystals (NCs), NC conjugates,
molecular conjugates, and related systems, with the aim of illustrating the various electronic
structures responsible for dual emission. Examples from the NC, lanthanide, molecular beacon,
polymer NP, and doped NC literature are highlighted. For more general discussions of
nanothermometry, the reader is referred to the excellent recent reviews of Jaque & Vetrone, and

Carlos & co-workers.'*°

128



7.2. General Considerations In Ratiometric Optical Thermometry
7.2.A Dual Emission Scenarios
Many optical temperature sensors rely on changes in luminescence intensity as the reporting

mechanism, for example, an increase in the nonradiative decay rate with increasing temperature
that leads to diminished luminescence.'”"® ?'** Intensity-based temperature sensors are often
susceptible to errors due to changes in probe concentration, excitation or detection efficiency, or
a lack of specificity for temperature, however. For instance, luminescence may also be quenched
by oxygen, sensor aggregation, or changes in pH, in addition to temperature increase.>> Changes
in the sensor local environment are difficult to control in complicated systems such as cells or
micro-devices, and can cause inaccurate temperature measurement.' Such obstacles can often

be overcome using ratiometric detection schemes.

Dual-emitting sensors show resolvable luminescence from two different excited states.
When temperature changes one or both of these PL intensities, its effect is measurable from
relative instead of absolute PL intensities, reducing the impact of extrinsic factors like
fluctuations in excitation rate, detection efficiency, probe concentration, optical occlusion, or
other local inhomogeneities that alter absolute intensities. Figure 7.1 summarizes three general
scenarios by which dual emission (in the broadest sense of the term) has been achieved,
categorized by the extent of population transfer between the two luminescent excited states.
Figure 7.1a shows the trivial scenario involving a mixture of two independent luminophores,
each with its unique PL temperature dependence. In this scenario, light is absorbed and emitted
by each luminophore, and one or both of their luminescence intensities is temperature
dependent. This scenario describes any case involving two emitters that act independently,
whether physically connected or not. Figure 7.1b shows a qualitatively different mechanism by
which dual emission has been achieved, involving two emitters that are coupled electronically
such that energy transfer (ET) occurs from one (the Donor) to the other (the Acceptor). When ET
occurs on the same timescale as Donor luminescence, emission is observed from both the Donor
and the Acceptor. Figure 7.1c shows a third qualitatively different dual emission mechanism
where the populations of two luminescent excited states are in thermal equilibrium. In this
scenario, temperature controls the population distribution, and therefore the relative
luminescence intensities from the two excited states. This scenario is achieved in the limit of

rapid population exchange between the emissive states relative to luminescence from either
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excited state. These three scenarios are qualitatively different from one another, and may be
loosely associated with the strength of the electronic coupling governing population transfer
between the two emissive excited states, which ranges from “decoupled” (Figure 7.1a) through

“moderately coupled” (Figure 7.1b) to “strongly coupled” (Figure 7.1c).

7.2.B Kinetic Descriptions
The three scenarios illustrated in Figure 7.1 can be defined more precisely in terms of

kinetics. In the scenario of Figure 7.1a, the two luminescent excited states are electronically
independent, and there is no ET between them on the timescale of their luminescence (1/7%jym >>
ket). Temperature measurements in this scenario are usually based on the change in PL quantum
yield (@pL) of one or both luminophores arising from temperature-dependent non-radiative
decay kinetics (kn(7)). For example, when only one luminescence feature is temperature
dependent, the luminescence intensity ratio can be described as shown in eq 7.1, where I,(7) is
the temperature-dependent luminescence intensity from |z) — |0), with |n) as defined in Figure
7.1a, kn and kyen are the radiative and non-radiative decay rate constants of the same excited

state, and A,(Aex) is the absorbance to populate |n) at the excitation wavelength.

I](T) o A](/lex)'q)PLl(T)
LD+ L(T) A @y (T) + A,(A) - ® (1) [7.1]
_ Al(ﬂfx).m
A1(iex)'k,+:ﬁ+142(iﬂ)'m

Careful selection of chemically similar luminophores can limit sensitivity to environmental

factors, and hence improve selectivity for temperature.**
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Figure 7.1. Schematic summaries of three different electronic structures leading
to dual emission. (a) Two independent luminescent probes, |1) and |2). At least one
shows a response to temperature. (b) Two luminophores interacting through
energy transfer. (c¢) Two luminescent excited states in fast thermal equilibrium.

In the scenario of Figure 7.1b, photon absorption populates the Donor excited state, |1),
from which Donor luminescence is competitive with energy transfer to the Acceptor, |2) (1/Tjum =
ket, where Ty 1s the Donor luminescence lifetime in the absence of acceptor and kg is the rate

constant for Donor-Acceptor energy transfer). The Donor luminescence at temperature 7 is then

described by eq 7.2.
1(T) o AR) -, (T) = AR rrieem [7.2]

In the limit of negligible direct excitation, the excited Acceptor population is determined by the
quantum efficiency of the energy transfer process (@gr). The Acceptor luminescence intensity is

then described by eq 7.3.

Al(ﬂ'ex).kET(T) . k,z [73]

L(T)< A1) ®,(T) D, (7=
() 4l Per(T) BrualT) kyy 4k (T)+ ki (T ke +K,,, (T)
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Temperature can be assessed using changes in /;/(/;+[;) (or related ratios) resulting from

temperature-dependent changes in @py 1, Ppro, or Pgr, as described by eq 7.4.

I @, (T) _ky [7.4]
Il(T)+Iz(T) (I)PLI(T) +(I)PL2(T)‘(DET(T) krl + klj/‘zzﬁ;/;(f?-;(?)

Equation 7.4 demonstrates that, in contrast with decoupled excited states, the
luminescence ratio measured in the scenario of Figure 7.1b is independent of both the excitation

wavelength and non-radiative relaxation of the Donor.

For the scenario of strongly coupled excited states described by Figure 7.1c, population
exchange between the two luminescent excited states is orders of magnitude faster than
luminescence decay of either excited state (1/7ym << kgr), which establishes a thermal
equilibrium between the two luminescent states. In this scenario, the luminescence intensity
from each state depends on the product of its radiative decay rate constant and its Boltzmann
population. Temperature is assessed by measuring the luminescence ratio described by eq 7.5,
where AE is the energy difference between the two luminescent states (Figure 7.1c).?

L ke T [7:3]
L+LT) g P g [ o Tt )

In this limit of excited-state thermal equilibrium, non-radiative processes decrease both emission
intensities proportionally and therefore do not change the PL intensity ratio.
7.2.C Sensitivity Metrics
Definition of a sensitivity metric allows evaluation and comparison of optical
temperature probes. In general terms, the internal (or intrinsic) sensitivity of any probe can be

defined as in eq 7.6, where P is the measured temperature-sensitive parameter.

s 7.6)

Temperature sensors showing large absolute changes in P with small changes in temperature will
be the most sensitive. In practice, however, quantitative comparison of temperature sensors that
operate by different mechanisms has proven challenging. In an effort to compare broad
categories of temperature sensors, Carlos & co-workers have advocated use of “relative

sensitivity" (Srel), defined as in eq 7.7.

o
=5

5. ()=l [7.7]

rel

|

132



For ratiometric optical thermometry, the sensitivity is determined by the change in PL
ratio with change in temperature. We therefore define the internal sensitivity (Siy) as in eq 7.6,
where P = I,/(I,+12). Here, I} and I, are the two luminescence intensities of the dual emission. As
defined here, this ratio is normalized and hence scales from zero to one. Note that defining P as
I,/I; instead may at first appear reasonable, but this ratio is not defined in the limit of 7, — 0.

Using these definitions, eq 7.8 describes internal sensitivity for ratiometric sensors.

[7.8]

I, +1,

oT

a L
S[nt (T) =

In practice, the sensitivity of any optical temperature probe must also depend on the probe’s
molar extinction coefficient at the excitation wavelength (&(Aex)) and its PL quantum yield (®pp).

We therefore define the external sensitivity (Sex¢) as shown in eq 7.9.

S

L (1)=8,,(T)-£(4.)-®,, [7.9]

In addition to these parameters, how the measurement is physically performed also
makes important contributions to the ability to detect temperature changes in the laboratory. For
instance, the optical excitation and detection efficiencies, background luminescence, the
windows of luminescence intensity integration, and other experimental factors will influence the
signal-to-noise of any optical temperature measurement but are not intrinsic to the temperature
sensing mechanism, and therefore cannot be defined uniquely. Finally, sensors with broad active
temperature windows are sometimes desired, but this aspect of the sensor is not captured by the
metrics outlined above. Indeed, the breadth of the temperature-sensing window is inversely
related to Sin(7). A good wide-range temperature sensor will therefore not have the highest
Sint(7T), but must maintain a high Sex(7) over this broad window. Consequently, sensors with an
appropriate balance of features must be identified for any particular application. With these
caveats in mind, the metric of Siy(7) still allows some degree of quantitative comparison among
dual-emitting sensors, and we therefore report Sin( Tmax) for the literature ratiometric temperature
sensors discussed in this review. Sin(Tmax) has been calculated from available experimental data,

and where possible, linked to the mechanisms in section 2.2.
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7.3. Experimental Examples
7.3.A Dual Emission from Two Decoupled Excited States
An early example of ratiometric luminescence nanothermometry involving decoupled

luminescent excited states used Mn®" and Eu®" co-doped ZnS NCs (Mn*":Eu’":ZnS) as the
probes.”® Figure 7.2 summarizes luminescence data collected from these NCs at different
temperatures and with different excitation wavelengths. Excitation at 394 nm yields primarily
Eu’" °Dy — 'F, luminescence (Figure 7.2a), whereas excitation at 360 nm yields primarily Mn*"
*T, — °A, luminescence (Figure 7.2b). Both luminescence intensities decrease with increasing
temperature. The two luminescent excited states are electronically decoupled, and consequently
their luminescence intensities vary independently. Nearly linear response curves are generated
from each luminescence intensity when plotted vs temperature (Figure 7.2¢). Figure 7.2d plots
the ratio of Mn®":Eu’" PL intensities (obtained with 360 and 394 nm excitation, respectively) vs
temperature, and also yields a nearly linear response curve. The ratio of PL intensities in this
system thus provides an internally referenced measurement of local temperature around the NC
probes. Following section 2.3, these data correspond to a maximum internal sensitivity of
Sint Tmax) = 0.034% °C™" at ~80 °C.
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Figure 7.2. Luminescence data for Mn’":Eu*":ZnS NCs measured at different
temperatures. (a) Eu’” °Dy — ’F, transition at 612 nm (394 nm excitation). (b)
Mn*" *T; — °A, luminescence at 595 nm (360 nm excitation). (c) Eu®" (squares)
and Mn”" (circles) PL intensities vs temperature. (d) Ratio of Mn*" to Eu’" PL
intensities as a function of temperature. Adapted from ref. 26.

Related decoupled nanothermometers have used dyes with relatively temperature-

independent PL such as Rhodamine 110 to generate internal reference signals for temperature-
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dependent CdSe/ZnS NC PL.”” Decoupled dual emission is a simple method for ratiometric
optical thermometry, but the possibility of non-specific environmental factors changing the PL of
the two luminophores differently (i.e., kn1 and Ay not solely dependent on temperature) may
limit the accuracy and generality of this approach.
7.3.B. Dual Emission from Two Moderately Coupled Excited States

The second broad category of dual emitting temperature sensors is defined by two electronically
coupled luminescent states in which one sensitizes the other via energy transfer. Here, dual
emission is observed when radiative decay of the Donor is kinetically competitive with energy
transfer between the two luminescent states (Figure 7.1b). This condition is frequently met when
energy transfer proceeds via a Forster-type mechanism (Forster resonance energy transfer,
FRET),” which is often relatively slow and hence allows Donor luminescence to compete.

Examples of dual-emitting nanoscale temperature sensors in this category are described below.

7.3.B(a) Polymer Dots (Pdots).
Conducting polymers can be formed as NP micelles when combined with amphiphilic

polymers in aqueous solution.”” These NPs, known as “pdots", have many attractive properties
for optical sensing, including large absorption cross-sections and high luminescence quantum
yields. Pdot absorption and emission energies can be tuned by changing the identity of the
conducting polymer. During micelle formation, pdots can also trap small molecules or NCs
within their internal volumes, introducing new functionality including a second luminescent
excited state. “Doped” pdots of this type have been used for a variety of biological applications

including near-infrared imaging® and oxygen sensing.”'

Figure 7.3a shows PL spectra measured at various temperatures for one such pdot
composed of poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(1,4-benzo-(2,1°,3)-thiadiazole)] (PFBT,
emits at 540 nm) doped with Rhodamine B (RhB, emits at 573 nm).>* Photoexcitation of the
polymer is followed by FRET to RhB, and dual emission is observed. Between 10 and 70 °C, a
temperature independent FRET efficiency of up to 60% is observed. Using the pdot
luminescence at 510 nm as an internal reference, temperatures were measured based on thermal
quenching of the RhB luminescence. Figure 7.3b shows a plot of /s73/I519 vs temperature, which
yields a linear relationship between 10 and 70 °C.>* Following the definitions outlined in section

2.3, these data correspond to Sin(Tmax) = 0.23% oC!,
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Figures 3c-f show red (RhB) and green (pdot) PL images of these sensors within HeLa
cells, monitored at 13.5 and 36.5 °C (Figures 4c,e and 4d.f, respectively). The red channel (RhB)
shows reduced emission at the lower temperature, while the green channel (pdot) remains nearly
constant over this temperature range. The average cell temperatures reported by these PFBT-
RhB optical sensors of 13.2 + 0.9 and 35.7 &+ 1.8 °C agree well with the external temperatures of
13.5 and 36.5 °C, respectively, indicating that these doped pdot sensors are suitable for probing

temperature ratiometrically under biologically relevant conditions.
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Figure 7.3. Pdot-RhB temperature sensor based on FRET. (a) The pdot Donor PL
(510 nm) is temperature independent and provides an intensity reference. The
RhB PL (573 nm) decreases with increasing temperature. (b) Ratio of 573 nm:510
nm PL intensities vs temperature, corresponding to Sint(7Tmax) = 0.23% °C!, Insets:
Normalized RhB PL intensities vs T, and illustration of RhB-encapsulated pdot.
(c-f) Confocal microscopy images of HelLa cells labeled with PFBT-RhB using
(c) 507-518 nm detection at 13.5 °C, (d) 507-518 nm detection at 36.5 °C, (e)
571-582 nm detection at 13.5 °C, and (f) 571-582 nm detection at 36.5 °C. At
higher temperature, the cells show less red PL (571-582 nm). Adapted from ref.
32.

7.3.B(b) Semiconductor Nanocrystals.
Semiconductor NCs offer similar advantages to pdots: they are bright, can act as energy

transfer donors, and can serve as scaffolds for building functionality.>**® Semiconductor NC
bandgap energies can be tuned synthetically via quantum confinement or composition, providing

a broad spectrum of accessible absorption and luminescence energies.*”*°
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Semiconductor nanocrystal/nanorods (NC/NRs) have attracted recent interest in various
fields because of their unusual electronic structures and, for the purposes of optical sensing, their
greater brightness relative to related spherical colloidal NCs.*'** Dual-emitting temperature
sensors have been prepared by modification of such NC/NRs with FRET acceptor dyes.* Figure
7.4a depicts a CdSe/CdS NC/NR with the temperature sensitive dye Alexa-647 covalently
attached to the surface. NC/NR photoexcitation is followed by partial energy transfer to the
Alexa dyes, with FRET efficiencies ranging from 75-90%. Figure 7.4b shows PL spectra of
these conjugates collected at various temperatures between 20 and 40 °C. The Alexa-647
luminescence, centered at ~670 nm, decreases with increasing temperature. The NC/NR
luminescence, centered at ~615 nm, is also temperature dependent, decreasing in intensity and
red-shifting with increasing temperature. Analysis of the PL data showed that the FRET
efficiency was essentially constant over this temperature range. Plotting /¢30-640/l664-674 yields a
linear temperature response from 20-26 °C (Figure 7.4c). Following section 2.3, these data

correspond to Sint( Timax) = 0.66% oC,

The challenging process of delivering NCs to the cytosol of living cells is well
documented.** The NC/NR-Alexa sensors were introduced into live cells using vector-mediated
delivery by a cationic polymer colloid as previously described.*”’ Figure 7.4d plots Is30-640/l664-674
ratios measured in cells and in a cuvette for samples held at 20 and 25 °C. For both solution and
intra-cellular measurements, the ratio /s30-640/l664-674 Increases with increasing temperature, but
for any given temperature the luminescence ratio was larger when the probes were within the
cells than when they were in aqueous buffer. This discrepancy is likely due to different local
environments affecting the Alexa PL quantum yield. For quantitative measurements in diverse
environments, such FRET-based dual-emitting temperature probes must therefore be calibrated

within the target environment to ensure accurate reporting.
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Figure 7.4. FRET-based NC/NR-Alexa-647 temperature sensor. (a) CdSe/CdS
nanocrystal-nanorods (NC/NRs) modified by the temperature-sensitive dye Alexa-
647, with Donor-Acceptor distances of ~7.5 nm. (b) The Alexa-647 PL decreases
as temperature increases. The NC/NR PL decreases and redshifts with increasing
temperature. (c) Is30-640/l664-674 VS temperature, corresponding to Sini(Tmax) = 0.66%
oc, (d) Z630-640/I664-674 Tatios measured in cells and in cuvette, showing different
ratios in the cell measurements. Adapted from ref. 43.

7.3.B(c) Molecular Beacons.

In addition to generating dual emission, FRET may also be used as the temperature
sensing mechanism itself in some cases.** When the luminophores Fluorescein (Donor) and
Texas Red (Acceptor) are linked by a hairpin DNA strand, for example, the resulting molecular
beacon (MB) shows strongly temperature-dependent FRET efficiencies that translate into
changes in relative luminescence intensities from the two fluorophores with temperature. Figure
7.5a illustrates the major conformational change in the DNA hairpin linker of this system
induced by temperature. Attaching the FRET Donor and Acceptor fluorophores to the two ends
of this linker thus yields strongly temperature-dependent FRET efficiencies: kgt decreases as the

temperature increases because of hairpin unfolding.
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Figure 7.5. Molecular-beacon (MB) temperature sensor based on nucleic acid
folding. (a) As temperature increases, the DNA hairpin unfolds and
Donor/Acceptor FRET becomes less efficient. (b) PL spectra with Fluorescein as
the Donor and Texas Red as the Acceptor, measured from 7.3 to 36.5°C. With
increasing temperature, the Fluorescein PL (518 nm) increases and the Texas Red
PL (610 nm) decreases. These data correspond t0 Si(Tmax) = 2.1% °C. (c)
Is18/1610 vs temperature, normalized at room temperature. Adapted from ref. 46.

Figure 7.5b shows PL spectra of this construct collected at various temperatures. The
Fluorescein luminescence at 518 nm increases as the Texas Red Acceptor moves farther away,
and the Texas Red luminescence at 610 nm shows a concominant decrease. Figure 7.5¢ plots the
ratio of the two luminescence intensities (/s1s/l10) Vs temperature, normalized to this intensity
ratio at room temperature. This complex has a high maximum internal sensitivity of Sin((Tmax) =
2.1% °C”', but over only a small temperature window, illustrating the inverse relationship

between these two parameters.

The equilibrium between the closed and open states of the MB (Figure 7.5a) is sensitive
to environmental parameters such as pH and the ionic strength of the solution in addition to
temperature. At 296 K in 0.1 M NaCl Hepes pH 7.5, the DNA linker opens and closes with rate
constants of 3.8 + 0.8 x 10*and 9 + 1 x 10 s™', respectively, which limit the temperature sensing
timescale. Nevertheless, this approach is very flexible. The fluorescent dyes used as the energy
transfer Donor and Acceptor in this type of construct may be varied based on the desired
excitation and emission wavelengths, for example, and the oligonucleotide may also be varied to

provide temperature sensitivity in different biologically relevant ranges. This strategy may
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therefore be attractive for a variety of optical thermometry applications, although degredation of

the MBs caused by nucleases may limit in vivo applications.*’

7.3.3. Dual Emission from Two Excited States in Thermal Equilibrium
On the extreme end of the dual-emitting scenarios outlined in Figure 7.1 are the strongly coupled

systems possessing two luminescent states whose populations can interconvert rapidly relative to
the timescales of luminescence from either state (Figure 7.1c). If the energy gap between the
emissive states is small enough to be bridged by the available thermal free energy, the
luminescence intensity from each state is determined by its radiative rate constant and

Boltzmann population, as described in section 2.2.

For optical thermometry, dual emitters operating by this mechanism have the attractive feature
of being highly selective for temperature: Environmental factors may reduce the overall quantum
yield by increasing nonradiative decay from either excited state, but fast population
renormalization ensures that the same Boltzmann-derived PL intensity distribution is retained,
i.e., the temperature-sensitive parameter in eq 5 is independent of k1 and ky.o. Two illustrative

examples are described below.

7.3.3(a) Lanthanides. Many of the physical properties of lanthanide ions derive from
their strongly shielded valence-shell f electrons, which interact only weakly with their
environment. A characteristic manifestation of such shielding is the existence of multiple f-f
excited states showing negligible electron-nuclear coupling strengths, small crystal-field
splittings, and small nonradiative decay rates. Lanthanides thus frequently show luminescence
from multiple excited states that could be used for ratiometric temperature sensing.*®
Lanthanide-doped NCs provide an attractive crystalline form of these materials with excellent

luminescence and processability properties.'® *

Another attractive aspect of lanthanide-doped NCs for optical sensing is that in some
cases, their luminescence can be generated by sensitized sequential multi-photon upconversion

excitation by multiple pathways,*°

allowing NIR excitation that is ideal for biological
applications due to reduced tissue absorption, background autofluorescence, and photodamage.’!
For example, the 483/2 and 2H11/2 excited-states of Er’"/Yb> co-doped NaYF4 NCs can be
populated by sequential photoexcitation of Yb®" (the Sensitizer), each followed by energy

transfer to Er®* (the Activator), to reach the 4F7/2 excited state of Er’".* 2 Regardless of whether
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excitation of the *F, excited state is direct or via upconversion, it is followed by population
thermalization. After thermalization, Er’" ions in crystals frequently emit from both the 2H11/2
and “Ss)» states, which are in thermal equilibrium with one another (Figure 7.6a).”° Figure 7.6b
shows PL spectra of Er':Yb’:NaYF; NCs collected at two temperatures. At the higher
temperature, the 2H11/2 population is increased, resulting in increased 525 nm PL relative to 545
nm *Ss;» PL (Figure 7.6b). Figure 7.6¢ plots the PL data from these NCs measured at various
temperatures as In(/sys/ls4s) vs 1/T, yielding a nearly linear response. Using this calibration
curve, Yb*"/Er’” co-doped NaYF,; NCs were used to image temperatures within cells under an

applied voltage that induced apoptosis. Following section 2.3, the internal sensitivity of this

system is estimated from the data to be Sin(Timax) = 0.21% oC!,
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Figure 7.6. Er’:Yb’:NaYF,; NC temperature sensor. (a) Schematic energy-level
diagram illustrating luminescence transitions originating from the 2H11/z and 483/2
excited states of Er’", centered at 525 and 545 nm, respectively. The populations
of these two excited states are in thermal equilibrium. (b) PL spectra collected at
63 and 26 °C. More 2H11/2 PL is observed at higher temperature. (c) In(Zs;s/Is45) vs
1/T. These data correspond to Sint(7Tmax) = 0.21% oc!, Adapted from ref. 52.

Many lanthanide ions show luminescence from multiple excited states and are therefore
candidates for temperature sensing.'’ Because f-f transitions are parity forbidden to first order,
however, widespread use of lanthanides as temperature sensors may be hindered by their low
molar extinction coefficients (usually ~10 M"'cm™), which lead to poor brightness and hence
small Sex(7). For example, typical maximum molar extinction coefficients for the Er’t 4115/2 —

483/2 and 4115/2 — 2H11/2 transitions are &nax ~ 2 and ~7 M'lcm'l,5 3 respectively, compared with
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Emax ~ 8 X 10° M lem™! for the visible absorption maximum of Fluorescein,5 Vor Emax ~ 10° 108 M

'em™ for the first absorption maxima of CdSe NCs.**

7.3.3(b) Dual-Emitting Mn2+-D0ped Semiconductor Nanocrystals. Mn”" has long
been used as a luminescence activator in wide-gap semiconductors such as ZnS, ZnSe, and
CdS.>*° Photoexcitation of these semiconductors is followed by picosecond energy localization
at Mn”", which is promoted to its *T; excited state and luminesces with a high quantum yield.
Efficient sensitization of Mn”" luminescence by wide-gap semiconductors underpins applications
of this class of materials as phosphors and as the active materials of electroluminescent
displays.”*’

Colloidal ZnS, ZnSe, and CdS NCs doped with Mn*" show photophysical properties
similar to those of their bulk counterparts.”® This is not true for CdSe, the next member in the II-
VI series of semiconductors. In contrast with Mn2+-doped ZnS, ZnSe, and CdS quantum dots,
strongly confined NCs of CdSe doped with Mn>" show qualitatively different photophysical
properties from bulk Mn”*":CdSe. In bulk, the energy gap of CdSe (~1.7 eV) is smaller than the
energy of the Mn®'(*T|) excited state, and only CdSe-based band-to-band luminescence is
observed. Quantum confinement broadens the CdSe energy gap beyond the energy of the
Mn?"(*T)) excited state, and Mn®"-centered PL is recovered that behaves much as in Mn”"-doped

ZnS, ZnSe, and CdS.”’

In addition, a new photophysical effect is observed when quantum confinement is used to
bring the first excitonic excited state close in energy to the Mn®'(*T|) excited state.”> As
illustrated in Figure 7.7a, proximity of these two excited states results in thermally assisted
repopulation of the emissive excitonic excited state from the emissive Mn>"(*T}) excited state,
and consequently dual emission is observed. Figure 7.7b shows the first observation of this
effect,” where gated PL spectra of 2.2 nm Mn”":CdSe NCs (Figure 7.7ci) were collected at
various temperatures. Excitonic luminescence becomes increasingly apparent as the sample is

warmed from -248 to -88 °C.
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Figure 7.7. Mn®"/exciton thermal equilibrium. (a) Energy diagram summarizing
dual emission in Mn”*"-doped semiconductors. Semiconductor photoexcitation is
followed by picosecond energy localization at Mn®" to populate its luminescent
T, excited state. At elevated temperature, the excitonic states may be thermally
repopulated and excitonic luminescence recovered. Population interconversion is
fast relative to either luminescence process. (b) Gated PL spectra of d =~ 2.2 nm
Mn*"-doped CdSe NCs at -248, -173, -130, and -88 °C. Adapted from ref. 25. (c)
Dual-emitting Mn*"-doped NCs have now been prepared with several related
structures. From left to right: (i) Mn*":CdSe, (ii) Zn, Mn,Se/CdSe, (iii) Zn,.
Mn,Se/ZnS/CdS/ZnS, (iv) CdSSe/ZnS/Zn,. . Mn,S/ZnS, and (v) Zn;.,CdMn,Se.

Several challenges inhibited implementation of the Mn>":CdSe (Figure 7.7ci) dual
emitters as temperature sensors. Most significantly, the small NC size needed to recover Mn”"
emission (d < ~3 nm for room temperature’”) made uniform doping difficult, and many of the
NCs contained no Mn*". Time-gated luminescence spectroscopy was necessary to observe the
exciton storage effect over the background luminescence from these undoped NCs.? Since this
original observation of exciton storage by Mn’’, the effect has been cultivated through
development of new Mn”"-doped semiconductor nanostructures such that it is now the dominant
photophysical property at room temperature.® Separating the tasks of NC doping and energy-
gap tuning overcame many of these challenges: Large, uniformly doped Zn; \MnsSe NCs were
prepared, and CdSe shells were used to reduce their band gap energies into the range where dual
emission is observed.®® The resulting Zn; xMn,Se/CdSe NCs are illustrated schematically in
Figure 7.7cii. By varying only the temperature, the luminescence from these NCs can be
converted from entirely Mn®" emission at low temperature to entirely excitonic emission at high
temperature, demonstrating pronounced intrinsic dual emission around room temperature in

semiconductors for the first time.

143



The magnitude of luminescence intensity transfer provides a qualitative distinction
between this dual emission mechanism and that of the Er’" 2H11/2/483/2 lanthanides described
above. The similar radiative rate constants for the two emissive Er’" states result in
approximately equal emission intensities in the high limit. The two luminescent excited states of
these dual-emitting NCs have a ~10* difference in their radiative rate constants, such that small
excitonic populations derived from the tail of the Boltzmann distribution give rise to substantial
excitonic luminescence. Specifically, a thermal exciton population of only one part in ~10*
results in equal exciton and Mn?"(*T,) luminescence intensities. Because of the ca. millisecond
Mn®" lifetime and ca. picosecond exciton <> Mn”>"(*T;) population exchange times, the
photoexcited NCs cycle between these two excited states many times prior to luminescence from
either. A distinctive feature of this unusual electronic structure is thus a lengthening of the
excitonic PL decay time by several orders of magnitude beyond its radiative lifetime: The
exciton's energy is “stored” in the Mn?"(*T)) excited state.”” Sufficient probability of thermal
repopulation allows for excitonic luminescence. Another hallmark of this electronic structure is

an acute sensitivity of the luminescence spectrum to temperature.

Although suitable for optical thermometry in inert atmosphere at ambient temperatures,
Zn; Mn,Se/CdSe NCs are not sufficiently stable for applications in aqueous solution or at
elevated temperatures. This instability is associated with the extreme sensitivity of the dual
emission to the energy gap, which depends on very small amounts of Cd*" ions on the Zn;.
«Mn,Se surfaces. Therefore, small changes in surface chemistry change AE and cause significant
changes in the dual emission spectrum. Improved robustness was achieved by growing the
core/multi-shell structures illustrated schematically in Figure 7 7ciii.®! Here, Zn,.\Mn,Se core
NCs were coated with ZnS buffer layers, CdS band-gap tuning layers, and ZnS shell layers. The
resulting NCs have increased quantum yields and improved stability. Moreover, this structure
facilitates synthetic precision by reducing the sensitivity of AE to Cd*" ions. Extremely robust
NCs of this type were prepared with PL quantum yields up to 40% at room temperature, and
with excellent stability up to 270 °C under inert atmosphere. Figure 7.8a shows PL spectra
of these core/multi-shell NCs measured from -140 to 90 °C, corrected for instrument response
and normalized to the total integrated PL intensity at each temperature. At low temperatures, the
NCs show only the orange Mn”" luminescence centered at ~590 nm. As the temperature

increases, green excitonic emission centered at ~525 nm grows in, reflecting thermal exciton
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repopulation. As with Zn; \Mn,Se/ZnCdSe NCs, luminescence intensity can be converted almost

quantitatively from Mn”" at low temperature to excitonic at high temperature.
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Figure 7.8. Dual-emitting Mn”'-doped semiconductor NCs. (a) Variable-
temperature PL spectra of colloidal Zn; \Mn,Se/ZnS/CdS/ZnS NCs, normalized
by total integrated intensity. Adapted from ref. 61. (b) Thermometric response
curves (lexo/lit Vs temperature) for various samples covering >400°C,
corresponding to: Zn;xMn,Se/CdSe (4, V¥), Zn; Mn,Se/ZnS/CdS/ZnS (7, @),
and Zn;...,CdMn,Se (M) NCs. The NCs with the largest AE are sensitive at
highest temperatures. Adapted from refs. 60, 61, and 64. () Iexo/liot VS time in a
temperature-controlled cuvette, showing oscillations of +0.2 °C. The chiller was
turned off at ~20 min (dashed line). Adapted from ref. 60.

Plotting the fractional excitonic PL intensity (/cxc/fiot) from the spectra in Figure 7.8 vs
temperature yields a thermometric calibration plot that transitions from 0 to 1 going from the
low-temperature limit to the high-temperature limit. The slope of this plot gives Sin(7) at each
temperature. Figure 7.8b plots Ilexo/liot Vs temperature for five different dual-emitting NCs,
prepared to have five different values of AE (Figure 7.7). These data illustrate: (1) for a given
NC sample, the active temperature window is broad, spanning ~100 °C, and (ii) the active
temperature window can be tuned across hundreds of degrees centigrade by tuning AE using
simple synthetic modifications. The nearly parallel curves demonstrate that Sin(7max) values are

approximately equal for all of these samples with an average Sin(Tma) of ~1% °C” and
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individual values ranging from 0.74 to 1.42% °C™'. The small variations in response curvature
are predominantly caused by distributions in AE within the ensemble of NCs of any given

sample, and by the existence of small amounts of trap PL.

Because of their large spectral changes with temperature and high brightness, these
Mn”"-based optical temperature sensors have sizeable external sensitivities (Sey) that translate to
an ability to measure small temperature changes with high precision. To illustrate, Figure 7.8c
shows a time trace of the temperature of a colloidal NC suspension cooled by a recirculating
chiller. Temperature was measured ratiometrically using lamp excitation and a simple fiber-
coupled hand-held detector. Here, £0.2 °C oscillations around the chiller setpoint are detected in
real time with a signal-to-noise ratio of ~10:1, demonstrating the high laboratory sensitivities

achievable with these dual-emitting NCs.

The successful synthesis of other Mn”*-doped semiconductor NCs showing similar dual
emission confirms the generality of the mechanism described in Figure 7.7a. Using similar
synthetic techniques, a recent report showed thermally activated dual emission from core/multi-
shell NCs in which Mn”>" was doped into thick ZnS shells grown around CdSSe cores (Figure
7.7¢iv).% Even though energy transfer to Mn”" is slower when Mn”" is located in large-bandgap

shells,” it remains sufficiently fast to allow excited-state thermal equilibrium.

Most recently, dual-emitting NCs were prepared using NC alloying, rather than core/shell
growth, to achieve Mn®" doping and AE tuning.** Alloyed Zn;x,CdMnySe NCs were
synthesized by a one-step lyothermal degradation reaction. These NCs contain fewer Cd*" ions
per particle than any other dual-emitting NCs in this class. Moreover, the use of homogenous
alloy composition to tune AE largely decouples the electronic structures of these NCs from their
physical structures, offering more structural flexibility and simultaneously making the
temperature sensing more robust against physical degradation. The demonstration of dual
emission in Zny c4Cdo 3sMng 91 Se nanorods shown in Figure 7.9 illustrates effective decoupling of
NC physical structure from AE. Nanorods are generally brighter than their smaller NC
counterparts because of increased molar extinction coefficients,"’ making dual-emitting

nanorods attractive for some applications.
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Figure 7.9. Dual-emitting Mn”"-doped nanorods. (a) Variable-temperature PL
spectra of colloidal ZngeCdo3sMngo;Se nanorods, normalized by the total
integrated PL intensity. (b) Transmission electron microscopy image of ~41 nm
rods with d ~ 4 nm. Adapted from ref. 64.

As mentioned above, a hallmark of the exciton storage phenomenon is that the excitonic
PL decays with a timescale determined by the Mn”>" population decay, which can be several
orders of magnitude longer than the intrinsic radiative lifetime of the exciton. When /exo//iot
increases, the exciton and Mn®" PL decay times both shorten and approach that of the exciton in
the high-temperature limit. Figure 7.10 illustrates this strong temperature dependence, showing
the time-resolved PL of alloyed dual-emitting NCs at two temperatures. The time-integrated PL
is mostly Mn”" (-30 °C) or excitonic (19 °C). Because the excitonic PL decay time at a given
temperature is a function of AE, the distribution of AE present in any ensemble of NCs results in
a time-dependent blueshift of the excitonic PL peak maximum (traced in Figure 7.10b).

Equivalent results were obtained from core/shell NCs,” indicating the decays are characteristic

of this dual-emission mechanism.
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Figure 7.10. Time-resolved dual emission. PL of Zng734Cdo209Mngo97Se NCs
measured at two temperatures, plotted vs time (vertical) and wavelength
(horizontal). (a) At -30 °C, the spectrum is dominated by long-lived Mn*" PL
(~600 nm) with a decay time of ~435 us. Excitonic PL is evident at ~525 nm. (b)
At 19 °C, the spectrum shows strong excitonic PL (~510 nm) and reduced Mn*"
PL, both with decay times of ~70 us. The black line traces the excitonic PL
intensity maximum with time, emphasizing its blushift. Adapted from ref. 64.

Finally, for many applications, water solubility is required. Phase transfer usually
decreases NC quantum yields and stabilities,”® and such issues may be exacerbated in dual-
emitting NCs because of their extreme sensitivity to changes in AE. Successful phase transfer of
core/multi-shell dual-emitting NCs has been achieved using small-molecule ligands such as
citrate® and d-penicillamine.®” Figure 7.11a shows a photograph of the same dual-emitting Zn;.
«Mn,Se/ZnS/CdS/ZnS NCs in toluene and in water, along with a cartoon illustrating formation
of a hydrophilic surface by citrate surface ligation. Although successful, the long-term photo-
and thermal instabilities of such small-molecule-ligated NCs in water may pose challenges for
many uses. More stable water-soluble dual-emitting NCs can be obtained using an encapsulating
amphiphilic polymer that maintains the native surface-passivating ligands of the NC
(hydrophobic), but makes the external surface hydrophilic. Figure 7.11b shows a photograph of
another dual-emitting Zn; \MnSe/ZnS/CdS/ZnS NC sample in toluene and in water, along with

a cartoon illustrating a possible mechanism by which the polymer n-octylamine-modified
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poly(acrylic acid) solubilizes the NCs. These polymer-encapsulated dual-emitting NCs are stable

in aqueous solution indefinitely, and are therefore well suited for certain aqueous applications.>®
61
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Figure 7.11. Phase transfer of dual-emitting Mn”"-doped semiconductor NCs
from toluene to water. (a) Exchange of the organic NC surface ligands with citrate
yields aqueous NC suspensions. (b) Encapsulation of the NCs with an amphiphilic
polymer (n-octylamine-modified poly(acrylic acid)) allows phase transfer and
long-term stability. Adapted from ref. 61.

7.4. Summary
The wide variety of applications for which nanoscale temperature sensors are desired

necessitates development of a broad portfolio of temperature sensors that excel in many
complementary ways. Rather than focusing on specific applications, this review has attempted to
clarify the photophysical mechanisms underpinning the dual emission reported for various
optical temperature sensors that allow ratiometric detection. Examples from recent literature
have been provided to illustrate the various mechanisms. A sensitivity metric has been defined
specifically for dual-emitting sensors that enables quantitative comparison among them, and the
limitations of such metrics have also been discussed. The recent discovery of a fundamentally
new dual-emission phenomenon in Mn”*"-doped semiconductor NCs has been highlighted. This
discovery has generated a new class of nanothermometers that excel in their tunability,
sensitivity, brightness, and specificity for temperature, features that poise them well for many
challenging applications in optical nanothermometry. Ongoing experiments with the various dual
emitters discussed here will undoubtedly extend into the time domain, where fluorescence
lifetime imaging microscopy (FLIM) would offer interesting opportunities, down to the single-
fluorophore detection level, and into specific technological and biotechnological application

arcas.
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Appendix A. Supplementary Information for
Chapter 2.
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Figure Al. Room-temperature electronic absorption spectra of the two Zn;.
Mn,Se/ZnS/CdS/ZnS quantum dot samples used in this study.
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Figure A2. Typical field profile of the magnet pulse. Complete PL spectra were
continuously acquired every 3.1 ms throughout the 2.3 second duration of the
pulse.
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Figure A4. MCPL polarization ratios measured for the same colloidal Zn;.
Mn,Se/ZnS/CdS/ZnS quantum dots (left axis, symbols) at 1.8 K in fields up to 6
T and (right axis, lines) at 1.65 K in fields up to 55 T. Small differences in
absolute polarization ratio are observed that are attributable to depolarization
effects. Independent measurements of depolarization in the former experiment

indicated <10% depolarization. (ZnggssMngo1455¢/ZnS/CdS/ZnS QDs, avg. 4.5
Mn”*/QD, d = 6 nm, E, = 2.8 V)

Detailed description of model calculations.
Matrices to describe the spin and spin orbit portions of the Hamiltonian in equation A1,

SS+1)

H= D(S2 - ) +g- Uy B(Sx sin(@)cos(¢)+ S, sin(6)sin(@) + S, cos(Q)) [Al]

are generated for the *A, spin basis set:
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N|WN| =

where Sy, Sy, and §, are the spin matrices, given below for S = 3/2:

OgOO 0 %3 0 0 _3000
S_§0105_ S o =300 A2
Tloot o B Lo w0 X Lo 0 foo

oo?o 0 0 %30 0 0 0 3

Eigenvalues and eigenvectors, ¥, of this Hamiltonian are then generated as a function of B, 6
and ¢. In order to account for rotations of the observation frame and the basis set, the j = 3/2
Wigner D matrix in equation A3 was applied to the resulting eigenvectors (¥’ = Wp'P).

e~ 22 Cos [g] —V3e~ 77 Cos [g] Sin [g] Ve~ +7Cos [g] Sin [g] —e~2*'Sin [g]

iv_ip 1 _w,ie iv_ 3i¢

iy 3ip 012 01 1 0 (7] (7] 012
\/§e_7y_37C05 [E] Sin [E] Ee_Y_TCOS[E] (=1 + 3Cos[8]) -z 2(1+3Cos[9])Sin[§] \/§e“7+TCos[§] Sin [E]

v _sip 0 012 1 w_is 0 1 i, ie 0 iy | 3ip 012 )
\/§67V_STCOS [—] Sin [—] —e7y_7(1 + 3Cos[6])Sin [—] —e7y+?Cos [—] (—1+ 3Cos[8]) —\/§e7y+37Cos [—] Sin [—]
2 2 2 2 2 2 2 2

iv_si¢ CIN iv_ip 0 01° W io 071° 9 iy 3ip CIN

ez "7 Sin [E] V3ez"2Cos [E] Sin [E] V3ez*2Cos [E] Sin [E] e2+ 2 Cos [E]

[A3]

where 7 is the Euler angle describing rotation around the z axis of the rotated reference frame.
The probabilities, P, for emission of left and right circularly polarized light were then calculated
using matrices, p, from Table 2.1:

1 1
3 30
1 1
o= p=| V2 [Ada]
1 1
10 5
1 1
30, 3
PL=Y" -y .p2 [A4D]

For a given temperature, the Boltzmann population of each state was calculated based on the
eigenvalues, and emission probability from each eigenstate weighted accordingly. To account for
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the random NC orientation, P, was calculated and averaged over the unit sphere for values of 6,
¢, and yin steps of /20, /10, and 1/10, respectively, for a total of 8000 points.

To calculate the average energy for right and left circularly polarized emission, an
identical treatment to find eigenvalues and eigenvectors was applied to the ground state, using
Dgs = 0.0001 cm™, and S ranging from -5/2 to 5/2, and the j = 5/2 Wigner D-matrix. The energy
differences between the A, eigenstates and each of the °A, eigenstates were multiplied by the
Boltzmann population of the *A; state, and the relative transition probability for that transition,
and then averaged for each polarization. These emission energies were again orientation-
averaged over 8000 points on the unit sphere for each magnetic field.
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Figure AS. Calculated 1.65 K MCPL ratios (solid lines) for different values of
(A) D and (B) isotropic g from equation 1, overlaid with the experimental data
from ZngogssMnyg 01455¢/ZnS/CdS/ZnS QDs, avg. 4.5 Mn2+/QD, d=6nm, E, =
2.8 eV (scaled -2x, circles). The inset to (B) plots the field at which A//I is
maximized vs g value, and the horizontal line indicates the experimental result.
(C) Calculated 1.65 K MCPL ratios (solid lines) overlaid with experimental data
(circles), for different values of g, = g« = gy, with g = g, = 2.0, calculated by
distributing g across the second term of equation S1. All curves in (C) were scaled
to their maximum polarization to emphasize differences in curvature. The inset is
a magnified view of the low-field region.
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Appendix B. Supplementary Information for
Chapter 3.

Nanocrystal synthesis and characterization. Zn; ,Mn,Se nanocrystals were synthesized by
lyothermal degradation of the tetramer [Zns(SePh),o](MesN), in the presence of MnCl, and Se
similar to previously published methods.' Unless otherwise specified, all chemicals were used as
purchased from Aldrich. In a typical synthesis, 5.4 g of hexadecylamine (HDA) and 0 to 15 mg
MnCl, were refluxed under vacuum at 130 °C for one hour. This amount of amine is half of that
reported previously,! and was used because it was found to more reproducibly give spherical
particles. After one hour, the temperature was lowered to 100 °C and 200 mg of
[Zn4(SePh)0](MesN), and 10 mg of Se were added anaerobically. The resulting solution was
again refluxed under vacuum at 130 °C for one hour to remove volatile components. After
degassing, the temperature was ramped to 275 °C over 5 min and held for 20 min, after which
the heating mantle was removed to quench the reaction. Once the solution had cooled to below
80 °C, flocculation was induced with a 9:1 EtOH:MeOH mixture and the particles were
separated by centrifugation. The NCs were subsequently purified by re-suspension in toluene and
flocculation with EtOH.

Following previously reported procedures,” ZnS shells were grown on the above cores
by successive additions of zinc oleate and trioctylphosphine sulfide (TOPS). Zinc oleate was
prepared by reacting Zn(OAc), (660 mg, 3 mmol) with excess oleic acid (5.7 g, 20 mmol) in
19.6 g of octadecene under vacuum at 100 °C. Because the zinc oleate is only soluble above 80
°C, a syringe heater was used to prevent precipitation during growth. TOPS was prepared by
sonicating 32 mg sulfur in 4.3 g neat trioctyl phosphine (Strem) until it dissolved. To grow the
shells, the toluene suspension of core NCs was added to a flask containing 1.5 g of oleylamine
and 1.5 g of octadecene. The resulting mixture was heated to 130 °C under vacuum for one hour
to remove the toluene and dry/degas the solvent. The temperature was then ramped to 225 °C,
where 500 pL of the zinc oleate solution was added over 5 min. After 30 min, 250 puL of the
TOPS solution was added over 5 min and the solution allowed to react for 30 min more. After
three more identical additions of each precursor, the temperature was lowered to 130 °C and the

NCs were allowed to anneal overnight. The resulting NCs were purified by suspension in toluene

157



and flocculation with ethanol. All Zn;_,Mn,Se core NCs had diameters of d =2.9 - 3.1 nm, and
the Zn;..Mn,Se/ZnS core/shell NCs had d = 3.7 - 4.0 nm. Final Mn>" concentrations within the
NC cores were determined by ICP-AES of the core/shell NCs scaled by the relative volume of
the core and shell, as determined from XRD linewidths of the core and core/shell samples.* NCs
were further characterized by EPR spectroscopy, which did not show any evidence of surface
Mn?".> All of the core/shell nanocrystals made following these procedures showed similar
absorption and PL spectra to those reported here, and all had room-temperature PL quantum

yields of ~40%.

Details of computational methods. Density functional theory (DFT) calculations were
performed with the development version of the Gaussian program.® Full geometry optimizations
of the doped QDs were performed in the ground and excited states for both the antiferromagnetic
(AFM) and ferromagnetic (FM) dimer configurations. Energies and electronic structures were
obtained by solving the Kohn-Sham equations self-consistently using the PBE1PBE hybrid
functional potential” with the LANL2DZ basis set,'®"'? in which core electrons are replaced by
an effective core and only Zn*" (4s, 3d, 4p), Se*™ (4s, 4p), Mn”" (3s, 3p, 4s, 3d), and H (1s)
atomic obitals are described with explicit basis functions. This computational scheme has been
successful in describing the electronic structures of Zn;_, TM,O (where TM = Co%, Mn2+),13 15
Cdl,anxS,16 and Cdl,anxSe17 nanocrystals. Convergence to the correct spin configuration was

determined by analysis of the Mulliken spin density on each of the Mn®" dopants. All molecular

orbital plots were generated with an isosurface value of 0.035.
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FIG B1. Normalized 1.7 K, 6 T MCPL spectra of 3.5% (x = 0.035) Zn,.,Mn,Se
nanocrystyals, demonstrating lack of a resolvable Zeeman splitting. An upper
limit of < 1meV is estimated for the magnitude of this Zeeman splitting.
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FIG B2. Magnetic field dependence of Pr; and Prp for 0.52%, 1.5%, and 3.5%
Zn; ,Mn,Se nanocrystals. At all Mn>* concentrations, Prp saturates following
roughly § = 7/2 — 4 behavior. Conversely, Pr; saturates faster at higher

concentration, reaching S ~ 4 at 3.5% Mn”".
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Calculation of J44 from perturbation theory

Although derivation of a new band-structure-based superexchange calculation method is
out of the scope of this paper, we can treat the Mn**-Mn®" dimer with a simpler three-center
model used for both semiconductor'® and molecular systems.' The general derivation of d-d
exchange in the three-center model is given in ref. '°, which concludes that exchange coupling
involving spin transfer (i) between two half-filled orbitals (ii) from one half-filled to one empty
orbital, or (iii) from one full to one half-empty orbital can be described in fourth-order

perturbation theory by eqs S1, S2, and S3, respectively.

J, =

1

ViVl 1 1 1 2
- —t——t———+
nang | AU, AU, ARA, AAA,

(S

v | 1 2 2 1 1 1 1

i = T 2 + - = - Y N2
ny(ng+ 1) AU (AB+1n,,+1) (U+I”H+|) A A, (AB+II,E+1)(A/\B+InB+I)A/\ ApA (AB+I””+[) (AAB+I””+|) AyA AA(A/1R+IUE+1)

(82)
1 V_Az V_32 InAJrl

Jy=—"—"=
ngn,+1)A, A, U’ (S3)

Here, na and np indicate the number of unpaired electrons on ions A and B, V is the transfer
integral, U is the metal-to-metal charge transfer (MMCT) energy, Aa is the ligand to metal
charge transfer (LMCT) energy for A, Aap is the energy of the double LMCT state, and /g4 1S
the intra-atomic exchange integral. Since the charge transfer energies to |'T;) or |°A;) Mn?" differ
by 2.5 eV, it is necessary to use the full fourth order expressions.

To calculate J; for the one-orbital limit, it was assumed that Vo = Vg, Ay = Ag = 6.1 eV
for the ground state, based on photoemission data in CdSe and relative band alignments,*® U =
8.41 eV from ref 21, and Aag = Aa + Ap. The exchange integral (V) is the only unknown in
equation S1, and can therefore be estimated from eq S1 and the experimental value of the ground
state (ngy = ng = 5) Jaa (~1 meV) to be 1 eV.? In the excited state, this same value of V4 p is used
for both Mn”" ions, but charge transfer energies (A and U) involving the excited Mn®" are
reduced by 2.5 eV to reflect the energy of the *T; excited state. The intra-atomic exchange

energy for the excited state (/,5+1) 1s estimated using the approximation that /,g+; = (ng + 1)/ and
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the value based on the ground state free ion of 7 = 0.84 ¢V used in ref . Equation S2 now gives
the ferromagnetic coupling constant J;; g5 = +0.41 meV.

If exchange were dominated instead by the interaction of two half-filled orbitals, the
reduced charge transfer energies of the excited state would strengthen the antiferromagnetic
exchange coupling (by eq. S1) to Jz=-3.6 meV. On the other extreme, if superexchange uses all
three 7, orbitals equally (such as is possible for pure T4 geometry), Va g can be calculated for the
ground state as above (except now over nine pathways) to be 0.58 eV. In the excited state, using
only the ¢, orbitals, there are six remaining antiferromagnetic pathways each worth -0.44 meV
(eq. S1) and three ferromagnetic worth +0.05 meV (eq. S2), the sum over which gives a coupling
constant equal to -2.5 meV. This neglects participation from the e orbitals in the assumption that
their overlaps are weaker, and interactions based on eq. S3 are inherently much weaker."’

All of these calculations assume the same exchange integral between the ground and
excited states, which is likely incorrect under the influence of Jahn-Teller distortions. Jahn-Teller
distortions that destabilize the empty orbital would potentially increase its overlap with bridging
ligands, significantly changing V for that orbital. This greater overlap with the Jahn-Teller
destabilized (empty) orbital would lead to stronger ferromagnetic interactions whether in the
molecular description where the pertinent overlap is with a single bridging atom, or if the
valence band acts as the bridging “ligand”. Such a strong dependence of the superexchange sign
and strength on Jahn-Teller distortions is commensurate with the observations in Cr*" dimers
made by Blinowski ez al.” A realistic picture therefore would likely have both ferromagnetic and
antiferromagnetic interactions active in the excited state, their relative strengths determined by
the shifts in the coordinate frame and changes in overlap integrals caused by excited state Jahn-

Teller distortion.
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FIG B3. Bond-angle changes between 6A1 and 4T1 states of Mn®" in the ZnSe
lattice (excited state - ground state). The excited-state Mn®" is depicted in blue.
All bond angles are given in degrees. All changes in bond length over 0.1 A are

reported in the main text.
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FIG B4. The 20 molecular orbitals with the most Mn®" d-orbital parentage,
obtained from DFT calculations of ZngsMn,Segs. Mn>" ions are purple, Se” as
yellow, and Zn®" as blue. The excited-state Mn®" ion (Mngs) appears on the
bottom left, and the ground-state Mn®" (Mngs) on the top right. Molecular orbital
energies, Mn*" d-orbital contribution, and the relative contributions of each Mn*"
given as (Mngs, Mngs) are listed in the margins for each MO.
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Appendix C. Supplementary Information for
Chapter 4.
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Figure C1. (A) Electronic absorption spectra of the four QD samples whose saturation behavior
is demonstrated in Fig. 4.1 of the main text: ZngoosMngosSe/ZnS (3 Mn2+/QD),
Zng.08sMng 016Se/ZnS (19 Mn*"/QD), Zng.095sMnog 0045Se/ZnS/CdS/ZnS (4.5 Mn>/QD) as well as
their Zno.0ssMno.o0ssSe cores (4.5 Mn?"/QD), and Cdo.90sMng00sS (5 Mn”>*/QD). Measurements
were taken at room temperature. (B) A representative TEM image of the
71 .9955Mnyg 00455¢/ZnS/CdS/ZnS QDs showing quasi-spherical crystals with ~6 nm diameters.
The scale bar denotes 20 nm. (C) Temperature dependence of the PL quantum yields for the
710 .9955Mnyg 00455€/ZnS/CdS/ZnS and Zng 9saMny g16S¢/ZnS QDs. Room-temperature PL. quantum
yields were measured on colloidal suspensions using an integrating sphere.
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Figure C2. Right axis: Mn>" PL decay in the Mn”":ZnSe/ZnS nanocrystals of Fig. 4.1C, fit with
a single exponential with 7= 396 us. Left axis: Integrated Mn®" PL intensity measured with pairs
of excitation pulses, plotted vs the delay time between the two pulses. Error bars represent

standard deviations of 5 measurements. The grey dashed line shows the 7= 396 us decay of the
Mn”" PL. Data measured at 7.5 K.
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Figure C3. The effect on calculated populations of “T; Mn*" (A), excitons (B), and the PL ratio
(C) of using only the average number of dopants (black), a Poissonian distribution (blue), and
the model that folds the Poissonian distribution with the size distribution (red). Populations were
calculated for Auger rate constants of k,;=0 (—), 10'° s™ (---), and 5x10'° (---).
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Figure C4. (A) Igp/Imn calculated as a function of the cross-relaxation rate
constant ky» at fixed kex = 4x10* s'. The contributions from doped (---) and
undoped (---) excitonic PL are plotted individually. (B) The ratio of doped to
undoped excitonic PL as a function of cross-relaxation rate constant (k,), at
several excitation rate constants.
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Appendix D. Supplementary Information for
Chapter 5.
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Figure DI1. Absorption spectra measured over 1 cm pathlength of
Zng 37Cdp.11Mng 02Se/ZnS NCs with OD; = 1 (over 1 mm) as synthesized (blue)
and after reduction with tri-butyl phosphine and filtration (red).
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Figure D2. (A) Absorption (blue shaded) and dilute PL (red) spectra of perylene.
The absorption spectrum was taken from the solution used for distance-dependent
excitation experiments, in a 1 mm cuvette. The inset shows the same spectra, with
the absorption spectrum magnified 100x. (B) Excitation-distance dependent PL
spectra from L =0 - 120 cm. The L = 0 cm spectrum was calculated by fitting the
plot of the intensity of peak “2” versus L to a single exponential, and scaling the
dilute PL spectrum to match this fit at L = 0 cm. (C) Plot of integrated PL
intensity versus L for the total spectrum (red), and the individual peaks following
the labeling in panel (B). Note that peak 4 actually increases with increasing L
because of photon recycling.
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Figure D3. Plots of (A) measured PL intensity versus excitation distance L and
(B) calculations of flux gain as a function of LSC length (as in Figure 4 of the
main text), shown for raw PL intensities (open symbols) and PL intensities
corrected for waveguide losses (closed symbols).
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Figure D4. Transmission spectrum of toluene over 120 cm collected by coupling
the light from a halogen lamp into the back end of the quartz waveguide from
Figure 1C and comparing spectra from the empty and toluene-filled waveguide.

174



- > s . {1 AL
Figure DS5. Photographs of the liquid waveguide showing the entire device and

collection optics (left), and a close-up of the end of the tube and the movable
excitation source (right).
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Figure D6. (A) Absorbance (shaded and diagonally patterned) and PL spectra
(curve), (B) PL excitation distance dependence, and (C) L dependence of
integrated PL intensity (left axis, closed symbols) and calculated FG (open
symbols, right axis) for a different sample of Cd999Cug001Se NCs than was used
in the main text. Solar absorption is stated in units of photons/(m”sec). Ly is
significantly greater with these NCs than those in the main text. These NCs were
not used in the main text because of the limited sample volume and their smaller
solar absorption.

Calculation of 2-D LSC Flux Gain
In terms of OQE (the proportion of absorbed photons that reach the PV-covered edge of
the LSC), the flux gain for a square LXL LSC is given by equation D1:
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pl
FG = Ggeo(L) - iz - OQE(L). [D1]

Here, Gy (L) = L?/4Lt = L/4t where ¢ is the LSC thickness. To compute OQE, under the

assumption that there is no scattering, we first compute what proportion of emitted photons reach
an edge of the LSC without being re-absorbed by a NC. This is governed by PL(A) and A(A) and
is given by equation D2:

p(L) = —=[[ " [3 0 [ PL)10~AW (&Y 09 sin @ dA d6 dep dx dy [D2]

41

Here, l(x,y,0,¢) is the distance a photon will travel from position (x,y) in the LSC, in
direction (6, ¢) (in spherical coordinates) before reaching the edge of the LSC; PL(A) is the
probability that an emitted photon has wavelength A, and 10~AMW Lx..6.9) i5 the probability that
the photon will travel distance [ given it has wavelength A; 6., is the angle of the escape-cone.
From knowledge of p(L) we compute OQE (L) as follows: we make the assumption that
the distribution of absorbed photons is uniform over the area of the LSC, and furthermore, that
subsequent absorption events of recycled photons are also uniform over the LSC. From the initial
absorption of photons, p; are emitted, (1 —np;) + (1 = Ngc)Npr = 2 — Np, — NecNpL, are lost
due to less than unity quantum efficiency and due to escape-cone loss, and the proportion of
photons which will reach the edge is p np,. The proportion that remains in the LSC is thus
1— @2 —np, —NMecNpL) — P NpL = Np(Mgc — p). Under the assumption that these remaining
photons are absorbed uniformly over the LSC, second emission photons experience the same

mechanism, and s0 (2 = np, — NecNpL) MpL(Mec — p)) are lost, and p np, (Np(Nec — p)) reach
the edge of the LSC. What remains in the LSC is given by equation D3:

NpL(Mec —p) — (2 —1p, — UECUPL)(UPL(UEC - P)) —PNpL (77PL (Mgc — ,0)) = 77123L (Mgc — P)z
[D3]

Repeating this process and summing over all absorption/re-emission events we arrive at the
proportion of captured photons expressed in equation D4:

_ 0 _ n _ p(L)npy
0QE(L) = p(L)np, Xn=olnpr(Mec — p(L))] T—npL(MEc—p(L) [D4]

Flux gain is then calculated by application the result of equation D4 to equation D1 for any side
length, L. Results calculated for the four nanocrystals of the main manuscript are plotted in
Figure D7.
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Figure D7. Projected flux gains for 1 mm thick, OD; = 1 square-planar
nanocrystal LSCs coupled to Si photovoltaics, under AM 1.5 solar irradiation,
plotted as a function of side length. Dashed lines were calculated using best-
reported quantum yields from Table 1.

Scattering by Nanocrystals

Figure D8 shows calculations of the contributions of Rayleigh scattering to losses over a
1 m pathlength in a nanocrystal LSC device. Effective absorbance was calculated according to
equation DI,

A

ot d® ( nl —n’, ]2 C-100cm

B3\ nd, 4202, ) 381077 €

[D5]

where d is the diameter of the nanocrystal, n4, is the index of refraction of the semiconductor
(~2.5), ny 1s the index of refraction of the solvent (~1.5), and Pgc is the probability of escape
cone loss from a scattering event, approximated as 20% based on the 1 + cos*(8) angular
anisotropy of Rayleigh scattering. The concentration of nanocrystals, C, was chosen to maintain
an OD; = 1 over 1 mm based on literature values for size dependent extinction coefficients." >
This qualitative model neglects effects of size distributions and changes in the size dependence
of the extinction coefficient beyond the range measured in refs. 1 and 2. The wavelength, A, is
taken as the emission maximum for systems similar to those reported herein: ZnSe/ZnS, A = 600
nm where Mn*" emits; CdS NCs are assumed to emit as CdSe/CdS core shells at 625 nm; CdSe
NCs are assumed to emit at 1000 nm either from Cu™*" charge transfer or from sensitization of a
PbSe core (for example).
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Figure D8. Calculated effective absorbance (left axis) and transmission (right
axis) over 1 m due to Rayleigh scattering from CdS (blue), CdSe (red) and
ZnSe/ZnS (green) NCs as a function of nanocrystal diameter. Scattering for CdS
and CdSe nanocrystals was calculated at 625 nm and 1000 nm, respectively, and
their concentration decreases as they get larger to maintain an OD; = 1. Scattering
for ZnSe/ZnS nanocrystals was calculated at 600 nm, with a constant
concentration based on a core diameter of 6 nm and increasing the total diameter
by only changing the shell thickness. The waveguide index of refraction was 1.5,
and escape cone losses from a scattering event were taken to be 20%. Also shown
is the effective absorbance (assuming unity QY and 25% escape cone loss) from
reabsorption by the core for a CdSe/CdS nanocrystal with a 3 nm core (fine blue
line), and total losses (dashed blue) for such a nanocrystal.

Also shown in Figure D8 is the calculated reabsorption at 625 nm from the core in a
CdSe/CdS core/shell nanocrystal as a function of nanocrystal diameter. Still working at the 625
nm emission maximum, this curve is calibrated using our 13.5 nm nanocrystals, which have a 1
m OD (measured from Figure 5.2B) of 3.6. Assuming 100% PL quantum yield, a 25% escape
cone loss per reabsorption leads to an effective 1 m OD of 0.9. Addition of the scattering and
core absorption curves yields the dashed curve in Figure D8, which indicates that particles with d
~ 20 nm minimize total losses. Although these calculations may not be quantitatively accurate,
they illustrate the existence of an optimal size for core/shell NCs to balance scattering and
reabsorption losses, and even at this size these losses are substantial.
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Appendix E. Supplementary Information for
Chapter 6.

Determination of the optical quantum efficiency. The measured experimental data, OQEg, (L),
consist of non-index-matched collection of light over an aperture of width A centered on the
W = 2.5cm edge of an LSC with lateral dimensions LXW c¢m?; the LSC is illuminated
uniformly over the full top face. From these measurements, we wish to estimate what would be
the OQEfy;; (L) of an LSC with lateral dimensions LXW cm? if photons were collected on all
four edges by an index-matched collection device. Computation of this estimate is based on the
assumption that a photon which has been absorbed and emitted by a QD will not undergo a
second absorption. We do, however, wish to include the possibility of loss of photons due to
scattering and extinction by the matrix itself. Assuming that the probability of such loss is
independent of location within the LSC, this loss is described by an extinction coefficient @. In
what follows, we describe how we determine both LQY and a from the measured data.

Let OQE,,(L;a,Q) be the theoretical measurement we will calculate, taking into
account the Fresnel relations at the measurement aperture and assuming a matrix extinction of a
and LQY of Q. By fitting OQEjg, (Lj ;Q, Q) to OQE, (L;) for the lengths L; for which we have
measurements, we determine a* and Q*, the best-fit parameters. Both OQE,,(L) and
OQEg, (L ; a, Q) assume non-index-matched measurements. From knowledge of a* and Q* we
can then compute OQEf,;;(L), the predicted measurement when collection is made on all edges
of the LSC and measurement is index-matched.

We introduce lateral coordinates (x,y) so that the LSCis =W /2 <x <W/2,0<y <L,
and the aperture is -A/2 < x < A/2, y = 0. (The thickness of the LSC plays no role in these
computations.) To obtain OQEg,, let p(x,y ; @, Q) be the probability that a photon emitted from
position (x, y) in the LSC: (i) reaches the side y = 0 within the aperture, at any z-value; (ii) lies
within the side escape cone of the aperture; and (iii) refracts out of the LSC. Allowing z to be
unconstrained corresponds to allowing total internal reflection between the top and bottom faces.
The third requirement takes into account the transmission coefficient for unpolarized light,

determined from the Fresnel relations. Given p(x,y ; @, Q) (which is derived below), we have
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w/2

1 L
0QEgz(L;a,Q) =Wj f p(x,y;a Q)dxdy.
0

-w/2

To obtain p(x,y;a,Q), first let —m < ¢1(x,y) < ¢,(x,y) < 0 be such that the directions
(cos ¢;, sin ¢;) from (x, y) meet (—W /2,0) and (W /2,0), respectively.  For each ¢, (x,y) <
¢ < P2(x,y), we define 0 < 8(p(x,y)) < /2 by

sin™1 _1 1—l 1_l<sin2¢(x )
0(p(x,) = snp(x,y)y  n?)’ 2 Y

1, otherwise.

This definition is such that either the vector ¥(6,¢) = (sin @ cos ¢, sin @ sin ¢, cos 0) lies
within the side escape cone (centered on the normal vector v = (0,—1,0) to the aperture)
precisely for 8(p(x,y)) <60 <m/2, or 8(¢p(x,y)) = /2 if there is no § for which the

direction with that ¢ lies within the side escape cone. We define the transmission coefficient

T =1—2(Rs + Ry) where

> o > o
no-v—1-—n2@-v)?2 O
RZ — — —, v-v>sinT!—,
s n-V+41—n2(- V)2 n
1, otherwise,
\/1_ 2392 — DV 1
n n?(v-v AR Y e g
RZ — — —, v-v>sinT!—,
p = \n1—-n2@-V)2+ 5V n
1, otherwise.

Define T as a function of (6, ¢) by way of ¥(0, ¢) given in spherical coordinates. With these

definitions,

Q [Pw) /2
p(x,y; @ Q) = j 2 j T(6, §) exp(~al(x,y,6,$)) sin 8 d6 do,
AT ) g ey Jody))
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where [(x,y, 0, ¢) is the distance from the point (x,y) to the edge y = 0 in the direction with

-y
sin@sin¢’

spherical coordinates (8, ¢). Specifically, [(x,y,8,¢) =

Because « is unknown, we cannot compute OQEg,(L; a, Q) directly. However, for
values of ¢l K 1, exp(—al) =1 — al +%(ozl)2 —%(al)3 + -~ 29’:0%- As we shall see
below, the requirement that a [ << 1 does indeed hold and the approximation is accurate with N

as low as 3 or 4. We define the a-independent and Q-independent functions, i = 0,

1 (W2 (L éa(xy) (/2 .
fi (L) =—J J J J T,P)l(x,y,0,¢) sinb do d¢ dx dy
2ielW ) _wy2do Jo,xy) Jeoyy

which we can numerically compute for the measurement lengths L4, ..., L1, (W = 2.5). We then

have

1 (=N
0QE;,(Ly;a,Q) = Q (fo —af;(Ly) +§a2f2(l'k) — -t N aNfN(Lk))-

For a given N, we can now minimize the mean squared error (MSE) between this vector of

values and the measured values:

(@0} = argmin{> (00Ez, (L@ Q) ~ 0QEw L)) |

k=0
We find that MSE is 1.6x107¢ even for N = 0, but drops to 1.1xX107° for N = 3 and remains
so for N = 4,5; the values of a* = 0.0195 and Q* = 0.530 also remain unchanged beyond
N = 3. In the paper we report the attenuation coefficient in units of dB / cm, computed from a*
using az5 = 10a*log;oe = 0.085, where e is Euler’s number.

Using a*,Q*, we can now calculate OQE}"uu(L, W) . Extend the definition of

[(x,y,0,¢) to be the distance from (x,y) to the appropriate edge met by the vector with
spherical coordinates (6, ¢). Then
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Q* w/2
20LW )y

L p2m ,qm/2
OQEz,,;,(L,W) = J J J exp(—a* l(x,y,0,¢))sin6 db d¢ dx dy.
0 7o JO(@(xy)

In particular, we compute OQE,;; (L, 2.5) to obtain the predicted full perimeter, index-matched

O0QEfy(L)

———. We can
OQEgp(L)

OQE measurements. In the main part of Figure 6.2A we plot OQE,, (L)

further compute OQEy,,;; (L, L) for increasingly large values of L to predict performance of larger

square LSCs (Figure 5.4).

Table E1. Projected maximum flux gains for Mn**-doped ZnSe/ZnS nanocrystal LSCs
coupled to benchmark photovoltaic technologies, based on the experimental LSC

parameters.

PV technology e navLS (%) r],i‘f,m (%)
CIGS® ! 19.6 25.8 7.9
GaAs® 2 28.8 44.4 9.3
CdTe® ¥ 18.3 28.9 9.5
DSSC@ 4 11.0 21.8 11.9
a-Si® > 10.1 26.0 15.6
polymer"” 11 9.9 26.2 15.9

(a)CuInGaSez (National Renewable Energy Laboratory), EQE =0.97, Voc=0.71 V, FF=0.79. ®Thin film GaAs
(AltaInc.), EQE=0.97, Voc=1.12 V, FF = 0.87. ©CdTe (General Electric, Inc.) EQE =0.93, Voc=0.86 V, FF =
0.77. (d)Dye sensitized solar cell (Sharp Inc.) EQE = 0.92, Voc=0.71 V, FF = 0.70. ®Amorphous silicon
(Oerliken Solar), EQE =0.93, Voc=0.89 V, FF =0.67. (ﬂPolymer (Konarka Inc.), EQE =0.97, Voc=0.82 V, FF
=0.70. Neglecting coupling losses and based on CR;;;, = 6. V¢ does not include enhancements resulting from
concentration, and hence may underestimate the maximum flux gain. EQFE = photovoltaic external quantum
efficiency at 2.12 eV; Vyc = open circuit voltage; FF = fill factor. Reported values at 25° C under AM1.5
conditions. npe™ = (EQEXVycXFF)/(Cégp), C is the electronic charge.
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Figure E1. A Mn’"-doped ZnSe/Zn$S nanocrystal luminescent solar concentrator
device under diffuse solar excitation (cloudy day). Although largely transparent to
visible light, the orange wave-guided luminescence of Mn®" is clearly seen at the
device edges.
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