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Doped inorganic crystals exhibit attractive optical, electrical, and magnetic properties that
enabled the development of important modern technologies including ruby lasers and
silicon microelectronics. The next frontier of doping chemistry is taking place on the
nanoscale, where quantum confinement effects dramatically change the photophysical
properties of semiconductors. This thesis describes recent advances in the doping of
colloidal lI-VI semiconductor nanocrystals known as “quantum dots.” Interactions between
excitonic excited states and Mn?*, a model magnetic dopant, are investigated, primarily by
magnetic circular dichroism (MCD) spectroscopy. These data reveal a new mechanism of

nanocrystal doping characterized by thermodynamic addition of cation + anion pairs,



followed by diffusional mixing. A broad range of equilibrium compositions are achieved,
from less than one to hundreds of impurities per quantum dot, and subsequent cation
exchange reactions are utilized to develop a model for dopant diffusion in these
nanocrystals. Unique spectroscopic signatures are demonstrated, including nonmonotonic
magnetization in the low-doping regime and extraordinarily large (whopping) Zeeman
splittings in more highly doped quantum dots. Collectively, these studies provide insight
into the fundamental processes of diffusion and magnetic exchange on the nanoscale, and
may be useful for future spintronics, spin-photonics, and solar energy conversion

technologies.
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Chapter 1. Colloidal Zero-Dimensional
Nanostructures Doped with Single Magnetic
Impurities

1.1 Overview

Magnetic impurity doping dramatically alters the photophysical properties of
semiconductors. The development of diluted magnetic semiconductors (DMSs) is critical
for technologies requiring spin manipulation, such as spintronics and quantum computing.
Singly doped quantum dots (SDQDs) represent a promising class of materials for the
implementation of these technologies, and also provide model systems for the
investigation of fundamental properties related to sp—d exchange. This Chapter reviews
recent progress towards the development of colloidal zero-dimensional nanoclusters and
quantum dots, doped with individual magnetic impurities. We summarize (magneto-)optical
investigations of these materials on both the ensemble and single-particle level.
Comparisons to the bulk materials and self-assembled quantum dots (QDs) are drawn,
and advantages of the colloidal counterparts are discussed, including highly tunable
compositions and enhanced sp—d exchange due to strong quantum confinement.



1.2 Introduction

Historically, impurity centers were viewed as a nuisance that inhibited the study of
semiconductors,' but controlled doping of materials enabled the development of modern
technologies such as the ruby laser and silicon microelectronics. The detection and
manipulation of single spins in semiconductors underpins the ability to perform logic,
communications, and storage operations in spin-based solid-state devices.? ® Transition-
metal doped semiconductors, known as “diluted magnetic semiconductors” (DMSs), are
promising candidates for spintronics applications because they combine magnetic and
semiconductor properties into a single material. Spin-spin (sp—d) exchange interactions
between host semiconductor charge carriers and unpaired electrons localized around
impurities lead to extraordinary magneto-optical responses in DMSs, such as giant
Zeeman splittings,* giant Faraday rotation®” and excitonic magnetic polaron formation.® °
Because these effects are so large, they provide a rich field for the investigation of
fundamental science and harnessing these effects allows us to add spin as a degree of
freedom we can control in devices. For example, the ability to manipulate charge carriers
based on spins in bulk DMSs has already been implemented in spin LEDs™ and spin

filters.™ 12

13-17

Advances in both the fabrication of epitaxially grown quantum dots (QDs) and

the synthesis of their colloidal analogues'®?®

over the last two decades have begun to
overcome the longstanding challenge of controlled impurity doping in nanomaterials.

Although most research has focused on achieving larger and larger dopant



concentrations, the emerging field of “solotronics” seeks to harness the properties of singly
doped semiconductors for applications in quantum computation, quantum information
science, and non-classical light sources.* There are certain advantages to preparing
materials with precisely one magnetic dopant, such as the optical or electrical manipulation

428 and single-photon emission.?* # Isolated transition-metal

of a single defined spin state
impurities can exhibit long spin coherence lifetimes (ms) necessary for durably storing
information due to the absence of dopant-dopant interactions.**** Theoretical predictions
show quantum dots with single magnetic dopants could be utilized in single-electron
transistors and spin filters,*** but such devices fabricated from QDs have not yet been
demonstrated.

Colloidal nanomaterials offer exquisite control over carrier wavefunctions through
synthetic engineering of sizes, shapes, compositions, and heterointerfaces.’” Recent
advances in synthetic techniques have enabled unprecedented control over dopant
incorporation, concentration, and location, thereby tuning the sp—d exchange interaction,
which is affected by the overlap between the impurities and the confined wavefunctions of
the semiconductor charge carriers.®® Due to stronger quantum confinement in smaller
volumes, giant magneto-optical responses in colloidal DMS nanostructures are strongly
enhanced relative to their bulk and self-assembled counterparts, allowing the observation
of sp—d exchange interactions even up to room temperature.®*2

In this Chapter, we review recent progress toward intentional doping of colloidal

zero-dimensional semiconductor nanostructures with individual magnetic impurities. We



start by describing the mechanism responsible for the giant magneto-optical response of
DMS materials: the sp—d exchange interaction. After this, we give an overview of the
spectroscopic  techniqgues commonly used to characterize magnetically doped
semiconductors. Then we summarize ensemble measurements of singly doped DMS
nanostructures, including both nanoclusters and quantum dots. Finally, we describe
advances in single-particle measurements showing enhanced sensitivity to dopant location
in singly doped quantum dots (SDQDs). Remaining challenges for harnessing the

properties of colloidal SDQDs for new spin-based technologies are discussed.

1.2.1 sp—d Exchange

The incorporation of magnetic transition-metal (TM™) impurities to semiconductors
introduces sp—d exchange interactions between unpaired spins of the impurity and charge
carriers in the valence band and conduction band. sp—d exchange is the most
characteristic feature of DMSs. The s-d and p-d exchange energies (related to the
exchange constants Njo. and N,B, respectively) in DMS nanostructures depend on
wavefunction overlap between the dopant ion and the spatially confined carriers.*® Mn?* is
by far the most commonly studied impurity in DMS systems, so we will use it as a model
example to describe the origin of both s-d and p-d exchanges below. In Mn*-doped
semiconductors, Mn?* interactions with conduction band electrons (e ) are dominated by
ferromagnetic kinetic exchange involving semiconductor cation s and Mn?* 4s orbitals
(Noaw >0).** % Mn?* interactions with valence band holes (h*,s) are characterized by

antiferromagnetic kinetic exchange involving hybridization of Mn 3d orbitals with
4



semiconductor anion p orbitals in the valence band. These interactions are typically
stronger than TM™—e 5 interactions because the impurity is directly bound to anions.
Because the 3d shell is half-occupied for Mn?*, these interactions are always
antiferromagnetic (N, <0), including in bulk DMSs.*® Similar orbital pathways apply for
Co?* and other transition-metal dopants.

In a magnetic field, excitonic states are split according to the Zeeman effect, as
described in Equation 1.1. The first term describes the relatively small intrinsic Zeeman
splitting (AE,.), where g, is the intrinsic g value of the exciton (generally ~ +1), ug is the
Bohr magneton, and B is the magnetic field. The so-called “giant Zeeman effect” is
enabled by sp-d exchange contributions (AE,, ) to excitonic Zeeman splittings (AE,)
according to the second term in Equation 1.1, where x is the dopant concentration and y
describes the exciton-impurity wavefunction overlap. (S,) is the spin expectation value of
the magnetic ion spin along the magnetic field axis (Z component) at the experimental
temperature (T) and magnetic field as described by the Birillouin function (Equation 1.2) for
magnetic ions with spin-only ground states, such as Mn?*. Following the sign convention of
Piepho and Schatz,*” S = -5/2 and Ny(a. — B) is positive. The sp-d exchange term therefore
opposes the positive sign of the relatively weak intrinsic Zeeman splitting, usually leading to

an overall Zeeman splitting that is negative.

AE, = g, 4B+ xyN,(a-B)(S,) (1.1)
B B
S, = 2S+100‘[h 25+1, IniH —1coth Inatls™ (1.2)
2 2 kT | 2 kT



1.2.2 Spectroscopic Signatures of Magnetic Dopants

Many common spectroscopic and analytical techniques can detect the presence of
a dopant associated with a nanocrystal, including nuclear magnetic resonance (NMR),
energy dispersive X-ray spectroscopy (EDX), mass spectrometry (MS), and inductively
coupled plasma atomic emission spectrometry (ICP-AES).*® “° Optically detected magnetic
resonance (ODMR)' and electron paramagnetic resonance (EPR)'® *° can both detect the
incorporation of magnetic dopants, and in the limit of low dopant concentrations can be
used to distinguish between surface and core sites for magnetic dopants in semiconductor
nanocrystals.”’ Depending on the host lattice’s bandgap energy, dopants may introduce
sub-bandgap ligand to metal charge transfer (LMCT) transitions or d-d excited states
which can be observed by absorption or PL spectroscopies. The characteristic sp—d
exchange interaction in magnetically doped semiconductor nanocrystals can be probed by
Faraday rotation, magnetic circular dichroism (MCD) and magnetic circularly polarized
luminescence (MCPL; when excitonic luminescence is present) spectroscopies, providing
unambiguous confirmation of doping.'® °**° Single-QD photoluminescence (PL) can also
reveal magnetic-dopant-host exchange interactions, even in the absence of a magnetic
field.?

Most of the investigations of DMS properties in this Chapter rely on a combination
of EPR, MCD, and PL spectroscopies. Scheme 1.1 displays different optical transitions

probed by these methods in zero-dimensional semiconductor nanostructures doped with

6



a single Mn?* ion. The °A, ground state of Mn?* has a total spin S = —=5/2 and splits into six
Zeeman components (mg = +1/2, +3/2, £5/2) in a magnetic field (Scheme 1.1A). EPR
spectroscopy probes transitions between these states (corresponding to different spin
projections along the magnetic field axis) with the selection rule of AM, = +1 for the typical
transverse experimental configuration. EPR spectra of Mn?*-doped nanocrystals usually
show one resonance split into six major hyperfine features due to coupling of the mg = 5/2
electron spins and the / = 5/2 Mn** nuclear spins.'® *° Covalency of the Mn?*—anion bond
affects the magnitude of this coupling, and therefore EPR spectroscopy can allow
determination of the Mn?* coordination environment (e.g. Mn?* bound to O* of surface-
passivating ligands vs. core Mn?* bound to lattice anions in a nanocrystal).”’ When the
dopant concentration increases, dopant-dopant interactions contribute to inhomogeneous
broadening of the hyperfine splittings, resulting in a single broad derivative-shaped feature.
Figure 1.1A shows a representative EPR spectrum of colloidal Mn?-doped CdS
nanocrystals.™ Six hyperfine lines are observed and additional weaker peaks between the
six hyperfine lines come from second-order zero-field splitting of the A, ground state. The
hyperfine coupling constant, |A| = 64.5 x 10 is consistent with Mn** in a tetrahedral $*
environment.

The band-edge exciton (15,,1S,) of zero-dimensional, isotropic nanostructures is
eight-fold degenerate. Due to shape and crystal lattice anisotropies however, this
degeneracy is lifted and the 1S,,1S, state splits into five excitonic sublevels,* three of

which can be further split by the Zeeman splitting with an applied magnetic field (Scheme



1.1B). The Zeeman splitting of the +1" states (AE,) leads to preferential absorption of left
(o) or right (o ) circularly polarized light, which can be detected in MCD (AE, = E| - ER).
The sign of the MCPL polarization ratio ([, — Ir)/(/. + Iz), where I is the intensity of emitted
light) reflects the sign of the Zeeman splitting of the +1" state. The +2 level is the so-called
“dark exciton,” which also splits in a magnetic field, but due to its low oscillator strength is
not probed directly by these spectroscopies. It can however, pick up some intensity via
field-induced mixing with higher-energy states, leading to a longer observed PL lifetime.*®
Negative Zeeman splittings (using the sign convention of Piepho and Schatz'’) are
observed in the MCD of Mn?**-doped ZnSe (Figure 1.1B)*° and the MCPL of Mn**-doped
CdSe (Figure 1.1C).>* Both sets of spectra exhibit signs of magnetic saturation at low

temperature, characteristic of dominant sp—d exchange interactions.
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Scheme 1.1. (A) Electronic transitions in Mn?*-doped semiconductors probed by
EPR. Hyperfine transitions are shown on the right side of the panel. (B) Excitonic
transitions probed by MCD and MCPL spectroscopies.
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Figure 1.1. Representative magneto-optical spectra of colloidal nanocrystals
doped with Mn*". (A) EPR of Mn?*-doped CdS." (B) MCD of Mn**-doped ZnSe.*°
(C) MCPL of Mn?*-doped CdSe.** All three panels were adapted with permission

from the noted references.



1.3 Ensemble Measurements of Singly Doped
Nanostructures

1.3.7 Clusters

A fundamental challenge in nanocrystal doping has been overcoming self-
purification processes, i.e. the exclusion of dopants from the quantum dot
nucleus.?> #" °" 8 Doping studies in nanoclusters may provide insight into doping
mechanisms of nanocrystals via kinetic-trapping or cation-exchange processes. It has also
been proposed that singly doped clusters could be used as seeds for larger nanocrystals
for use in spintronics, overcoming the problem of the undoped core.*

The incorporation of a very small number of magnetic impurities in nanoclusters
was first reported by the Meijerink group, who doped preformed magic-sized ZnTe with
Mn#* by cation exchange (Scheme 1.2).°° They observed PL associated with the “T,— °A,
Mn?* transition that was sensitized by the magic-sized nanoclusters and decayed with a
45 ps lifetime, similar to the PL lifetime in bulk Mn?":ZnTe. The lifetime in the cluster would
likely be shorter if the Mn concentration was large, due to Mn**~Mn?* cross-relaxation.®® A
low Mn?* concentration is also consistent with the observation of a higher energy

luminescence band associated with undoped ZnTe.

Scheme 1.2. Doping of magic-sized nanoclusters by cation exchange.
Reproduced with permission from reference 59.
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Early success in preparing Mn**-doped ZnTe magic-sized nanoclusters generated
interest in the doping of other chalcogenide clusters. For example, Ling et al. employed a
similar strategy of doping preformed clusters by engineering [CdgIN,sSs.(SH),] clusters with
vacant core sites, enabling the incorporation of Mn?*ions into specifically directed sites.®’
Reports of another molecular cluster cation-exchange reaction demonstrate the
incorporation of Co?* ions into metal benzene-thiolate clusters ([M,(SPh),,J*” (M = Zn, Cd))
containing only 4 cation sites.®* Figure 1.2 shows room-temperature electronic absorption
spectra  of [(Zn,,C0),(SPh),)]> (labeled in the figure as “Zn,,Co,)-4") and
[(Cd,_C0,).,(SPh),))> ((Cd,_Co,)-4") clusters, as well as an analogous [(Co),(SPh),,J*
(“Co-4") cluster and [Co(SPh),J(NMe,), (“Co-1"). The Co** ‘A, (F) —*T,(P) ligand field
transition at ~1.8 eV is clearly observed in both the Zn and Cd clusters, providing evidence
of successful doping.®® Co**-doping also activates ligand-to-metal (3d) charge transfer
(LM,CT) transitions at ~2.6-3.8 €V from ligand-based rr-orbitals of the thiolates to the
partially filled t, orbitals of the Co*". Higher energy transitions (>3.8 eV) in the Zn and Cd
clusters are associated with host-based LMCT transitions and are relatively unchanged by
Co?* doping. Additional studies have shown that the incorporation of Co®* impurities in the
smaller [Cd,(SPh)10]* clusters is more thermodynamically favored than in its larger
[Cd,,S,(SPh)16]* and [Cd,,;S,(SPh),g> counterparts.®® A combination of electrospray
ionization mass spectrometry (ESI-MS) and 'H-NMR and electronic absorption
spectroscopies suggest a specific site (M-(u-SPh),(SPh)) on the (Cd,_ Co,);, and

(Cd,_,Co,),, clusters has the lowest energy barrier for single Co?* cation exchange.
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Although these clusters were used in the first successful doping of CdSe QDs with Co?*,*

and they provide a clear molecular model for investigating cation exchange mechanisms in

QDs, no semiconducting properties have been reported for these clusters.
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Figure 1.2. Room-temperature  electronic ~ absorption  spectra  of
[(Zn,_,C0,),(SPh)yo]* (blue), [(Cd;_,Co,),(SPh),]*" (red), [(Co).(SPh),J* (green; upper),
and [Co(SPh),J(NMe,), (green; lower) clusters in acetonitrile. x,,,, = 0.25 for the two
doped clusters. The spectra are separated into three regions: >3.8 €V are intense
host-based LMCT transitions; between 2.5 and ~3.9 eV are weaker Co**-related
transitions; <2.3 eV are ligand-field transitions associated with Co?*. The optical
densities in the visible region are scaled by 1-2 orders of magnitude to be on the
same scale as the UV transitions. Note the change in energy scaling changes at
2.3 eV denoted by the vertical line and “//” on the axes. Far right: schematic
representations of the cluster and coordination environment of the Co** ions (phenyl
groups omitted). Reproduced with permission from reference 62.
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Absorption and MCD spectra of Cd,; ,Mn,Se,, clusters however, have revealed
magneto-optical behavior consistent with the smallest known doped semiconductor
(Figure 1.3A).%° Because the energy differences between the five fine-structure-related
excitonic states (Scheme 1.1B) scale inversely with volume, each of these transitions are
easily resolved in the electronic absorption spectrum of the clusters. Using MCD
spectroscopy, Yang et al. demonstrated the theoretically predicted magneto-optical
activity of +1- and +1" (red and yellow regions of Figure 1.3A, respectively) and showed
that the remaining 0- and Q states (shown as dashed curves in the absorption spectrum)
of the excitonic fine structure are magneto-optically passive.®® Due to their extremely small
size, the replacement of a single atom in magic-sized nanocrystals results in a very high
doping concentration. Indeed, the large Mn** concentration (up to 10%) in the
Cd;; Mn,Se,; clusters was confirmed by ICP-AES and laser desorption/ionization
time-of-flight mass spectrometry (LDI-TOF MS). In temperature-dependent MCD studies
on these clusters, the Zeeman splitting of the +1" state was always negative, indicating the
sp—d exchange interaction with a single dopant is stronger than the intrinsic Zeeman

splitting in clusters.*?
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Figure 1.3. (A) Electronic absorption (top) and variable-field MCD (bottom)
spectra of 4% Mn?*-doped (CdSe),; clusters at 4.2 K. In the upper panel, green,
violet, and black dashed lines indicate measured data, magneto-optically active,
and inactive peaks, respectively. The red curve is the sum of the magneto-optically
active transitions. (B) Digital doping in similar Mn?*-doped (CdSe),, clusters. Top:
Extracted Zeeman splittings of the + 1" state for different x,,,.. The error bars for the
Zeeman splitting take into account the uncertainty due to the fitting procedure.
Bottom: Relation between the concentration of magneto-optically active Mn?* ions
and X, for two limiting cases: Mn* ions in Cd;;Mn,Se,; align either
ferromagnetically (green continuous line) or antiferromagnetically (black line, the
digital doping case). The dashed green line represents the case in which only 50%
of the Mn** ions are antiferromagnetically coupled. Adapted with permission from
references 42, 66.
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Cd;;  Mn,Se,; clusters were also used to reveal the type of coupling between two
magnetic dopants within the same cluster. Using LDI-TOF MS, Muckel et al. demonstrated
the presence of only undoped, mono- and bi-doped clusters, which seem to be the only
energetically stable species under the synthesis conditions.** The relative amount of each
Cd;; Mn,Se,; with x = 0, 1, and 2 species in an ensemble was extracted from the relative
intensities of the features observed in the mass spectra. The authors proposed that only
clusters containing a single impurity would exhibit a giant magneto-optical response.
Clusters containing two Mn?* ions should exhibit the same magneto-optical response as
undoped species because the impurities align antiferromagnetically, nullifying their total
spin. This proposed theory, called “digital doping,” was verified by studying a series of
clusters with different dopant concentrations (see Figure 1.3B). As the dopant
concentration was increased, the Zeeman splitting increased in magnitude, but then
began to decrease above ~7%, consistent with the prediction of digital doping. An
outstanding question in these clusters is determining their molecular structure and the
precise location of the dopants. Differentiation between a surface-bound dopant and a
dopant in a “caged” core site could provide insight into structure—property relationships in

doped nanostructures.
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1.3.2 Quantum Dots

The synthesis of colloidal doped semiconductor nanocrystals has developed in
parallel with the synthesis of clusters. Early doping strategies in colloidal QDs relied on
kinetic trapping of dopants during NC growth, enabling studies of a wide range of DMS
NCs.??" A second technique, cation exchange, allows post-synthetic control over dopant
incorporation in a thermodynamically governed process.®” " Cation exchange is a versatile
and robust strategy that often leads to large dopant concentrations, either by alloying or
formation of core/shell heterointerfaces. Complete phase transformations are also
possible. Recently, a second thermodynamically governed process, known as “diffusion
doping,” was developed for ions of relatively low mobility, such as Mn* and Co?".*
Diffusion doping allows for exquisite tuning of the dopant concentration, from one impurity
up to ~30%."® ™ Here, we review EPR and MCD studies of colloidal singly doped quantum
dots (SDQDs).

Certain spintronics applications, such as quantum computing devices, will require
long spin coherence lifetimes. The spins of single dopants within colloidal QDs are even
more isolated than dopants inside bulk materials with the same dopant concentration due
to the potential barriers formed by insulating ligand shells on colloidal QD surfaces.
Isolation of these spins reduces the number of spin-spin relaxation pathways and
consequently lengthens spin coherence lifetimes. Spin dephasing in colloidal QD
ensembles doped with single magnetic impurities have been studied by pulsed EPR

spectroscopy.®®# 2-pulse and 3-pulse electron spin echo envelope modulation (ESEEM)
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experiments produce time-domain spectra with modulation frequencies that depend on
electron—nuclear coupling. Fourier transforms of these spectra reveal which nuclei are
coupled to the electron and therefore provide insight into spin relaxation processes.
2-pulse ESEEM measures T, (spin—spin relaxation) times and 3-pulse ESEEM measures T,
(spin—lattice relaxation) times. More details about these techniques are provided
elsewhere.” "

Figure 1.4A shows the pulse sequence (t, = 3 ps; T = 400 ns) used in nutation
experiments performed at 5 K on colloidal d = 4.2 nm ZNn g99sMNg 500sO QDs.*® Figure 1.4B
shows the microwave power dependence of the average magnetization along the
magnetic field axis (z). The oscillation period increases with decreasing power, depicting
the first manipulation of spin coherence in colloidal DMS NCs. The Fourier transformed
spectra of time decay curves are plotted in Figure 1.4C. A power-independent sharp peak
at ~15 MHz corresponds to the 'H ESEEM frequency. The power dependence of two
additional frequencies is plotted in Figure 1.4D. The linear relationship between these two
frequencies and the magnetic field amplitude of the microwave radiation (B, = 1.04 x P”*)
confirms these are the first observed Rabi oscillations in colloidal QDs.”® The Rabi
frequency (©2z) of an EPR transition from state / to state f is proportional to the matrix
element of its magnetic dipole S,, defined by (i | S, | f ).”® The observation of more than
one frequency is a sign of the simultaneous excitation of multiple transitions, likely from

Mn?* ions in different QDs. Long-lasting Rabi oscillations in colloidal QDs could potentially

be used as optically generated spin qubits in quantum computing applications.”
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Figure 1.4. (A) Scheme of pulse sequence used to measure Rabi oscillations. (B)
Echo intensity versus nutation pulse length (t,,,) measured for Zng gg95MNg 00050 QDS
at 3,479 G with microwave powers P of 1.25, 4.0, 15.8, 25.1, and 79.4 mW (top to
bottom). (C) Fourier transform of panel B. The tick marks indicate the peak
positions derived from Gaussian fits. The asterisk denotes the 'H ESEEM
frequency, which is independent of power (unlike the Rabi frequencies). (D) Peak
frequencies from panel C as a function of the magnetic field component of the
microwave radiation, B, (B, = 1.04 x P'). The error of the peak position is
approximately the size of the symbols. Adapted with permission from reference 30.
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Dipole—dipole coupling between a magnetic dopant and spins on other nearby
atoms reduces spin coherence times. Because the dopant concentration was so small,
Mn*-Mn?* spin dephasing was minimized in these Zn,gesMNy0sO QDs and T, was
~0.9 ps,* orders of magnitude longer than T, in bulk systems and quantum wells
(<1 ns).”® " Another strategy for minimizing dipole—dipole coupling in colloidal SDQDs is to
insulate the magnetic impurity from the surface and solvent. Schimpf et al. studied QD
relaxation process involving surfaces by growing a CdSe shell on d = ~2.9 nm
CdpgesMny 00eSe QDs and measuring the 7, and T, relaxation times by pulsed EPR
techniques (Figure 1.5A-B).®" They found both the spin—spin and spin-lattice relaxation
times in the core/shell nanocrystals were lengthened by more than a factor of 2 compared
to the core-only QDs, corresponding to reduced dipole—dipole coupling expected due to
the increased shell thickness. Fourier transforms of 3-pulse ESEEM data are plotted in
Figure 1.5C and show the 'H peak height decreases relative to the """'*Cd peak with shell
growth, confirming reduced Mn*—surface H* coupling in the core/shell QDs. Deuteration of
the solvent and ligands reduced the Larmor frequency and also increased 7, and T, times
in Mn?*-doped ZnO, implying long-range dipolar coupling, even to nuclear spins outside
the QDs, can directly affect our ability to control dopant spins in colloidal systems.®’
Further work to isolate single magnetic impurities within colloidal QDs from other dipoles or
nuclear spins could improve on this progress in understanding and manipulating spin
coherence. For example, singly doped Fe*:ZnO should display longer spin-relaxation

times because there is no nuclear spin to which the unpaired electrons can couple.® '
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Because QDs are significantly larger than nanoclusters, they have much smaller
values of x in the low-doping limit, leading to different behavior in MCD experiments.
Although the exciton fine structure is not resolved in ensemble absorption measurements
of QDs, low doping concentrations maintain the narrow and resolved excitonic absorption
bands, allowing for the investigation of rich spectroscopic features by MCD, including the
demonstration of valence-band mixing in the upper excited states of Cd, MnSe.*
Figure 1.6 shows absorption and variable-temperature MCD spectra of colloidal
Cd.g9sMNg gos3e and Cdly gosC0p 03 QDs.* At low temperatures giant excitonic Zeeman
splittings are observed. As the temperature increases, these splittings decrease in
magnitude and eventually flip sign, approaching the intrinsic Zeeman splitting of undoped
CdSe in the high-temperature limit. These results clearly illustrate the competition between
intrinsic and exchange contributions to excitonic Zeeman splittings and demonstrate the
sp—d exchange interactions are thermally tunable. This finding has important ramifications
for the development of spintronics technologies where manipulation of exciton spin

polarization is crucial.
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Figure 1.6. Representative absorption and variable-temperature MCD spectra of
colloidal (A) Cd, g9sMN; g0sSe and (B) Cdye5C0g00s5€ QDs, collected at B = 0.63 T.
The bold red and blue MCD spectra represent the highest and lowest
temperatures, respectively. Absorption spectra were collected on colloidal
suspensions, and MCD spectra were collected on films drop-coated from these
suspensions. Adapted with permission from reference 83.
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Diluting the impurity concentration even further to the limit of less than one Mn?* per
CdSe QD reveals nonmonotonic evolution of MCD spectra with magnetic field at 1.7 K
(Figure 1.7).”* Figure 1.7A-B shows the zero-field 1.7 K electronic absorption spectrum
collected simultaneously with variable-field (0-6 T) MCD spectra of colloidal d = 5.1 nm
CdpggerMNgg00sS€e QDs. The first two excitonic transitions (1S,,1S, and 2S,,1S,,
respectively) are well-resolved. Instead of tuning AE, thermally,®® here the competition
between intrinsic and sp—d exchange contributions to AE, is achieved by changing the
magnetic field.”* At low magnetic fields, the low-energy leading edge of the MCD spectrum
grows increasingly positive (AE, < 0) with increasing field, consistent with Mn?**-doped
CdSe and a dominant sp—d exchange interaction.® % % This intensity reaches a maximum
at ~1.5 T and then decreases and changes sign at higher fields (AE, > 0), indicative of a
dominant intrinsic Zeeman splitting. The temperature- and field-dependent Zeeman
splitting of the 1S,,1S, transition is plotted in Figure 1.7C. As the temperature increases,
AE, approaches the intrinsic Zeeman splitting of undoped CdSe. Spectral deconvolution of
the intrinsic and sp—d exchange contributions demonstrated that the origin of this turnover
pbehavior was indeed due to the intrinsic term dominating at high fields after magnetic
saturation of the sp—d exchange term.” From these data, the MCD spectra of undoped,
singly doped, and bi-doped QDs were also extracted, revealing negative Zeeman splittings
at all (positive) magnetic fields even in the limit of one dopant per QD.” This finding
suggests the strength of the ensemble sp—d exchange in SDQDs is sufficient to produce

giant magneto-optical responses necessary for viable spintronics applications.
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Figure 1.7. (A) 1.7 K electronic absorption spectrum (purple line) and multi-peak
Gaussian fit of d = 5.1 nm Cd, g06,MNg g0s5€ QDs. (B) Corresponding variable field
(0-6 T; blue to red lines) MCD spectra of the same QDs at 1.7 K. The arrow
indicates the direction of increasing magnetic field. Vertical dashed lines indicate the
average energies of the first two excitonic transitions. (C) Field-dependent Zeeman
splitting energies of the first excitonic band, determined from analysis of variable-
temperature, variable-field MCD spectra. The intrinsic component (which is
temperature-independent) is plotted as a grey dashed line. Adapted from
Chapter 5.”
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1.4 Measurements of Single Quantum Dots

Although the synthesis of colloidal zero-dimensional nanostructures has improved
tremendously over the last two decades, ensemble inhomogeneities inevitably remain.
Distributions in QD size, dopant concentration, and dopant location directly affect the
photophysical properties of DMSs. Studies of single QDs (SQDs) can reveal effects that
are attenuated by inhomogeneous broadening in ensembles. Isolation of single-magnetic-
dopant-single-particle interactions provides insight into the photophysical properties of

DMS QDs and advances our understanding of sp—d exchange on the nanoscale.

1.4.1 Imaging Single Dopants in Single QDs

Developments in microscopy now allow atomic-scale visualization of NC lattices.
|dentification of single dopants inside QD lattices can be achieved by annular dark-field
scanning transmission electron microscopy (ADF-STEM), but only when the atomic
number (2) of the dopant is in large contrast to the host atoms.***° Gunawan et al. recently
overcame this limitation by combining ADF-STEM with electron energy loss spectroscopy
(EELS), which detects atom-specific signals, regardless of Z-contrast.”’ Figure 1.8 shows
an EELS map correlated with ADF-STEM measurements of colloidal Mn?*-doped ZnSe
nanocrystals. At specific points in the map, the characteristic two-peaked EELS spectrum
of the Mn L, ;-edge appears, providing precise measurements of which atomic columns of
the NC contain the dopant. Detection of Mn** down to one dopant per d = 2.9 nm

nanocrystal was achieved. Further development of this technique, perhaps in tandem with
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modeling of MCD data,® could allow atomic-scale studies of dopant diffusion in

nanocrystals and provide insight into dopant location—photophysical property correlations.
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Figure 1.8. (A) Extracted core-level EELS map (shown as pixels on a grid) for the
Mn L,,-edge along with the corresponding ADF-STEM image of a Mn**-doped
ZnSe nanocrystal (d = 3.7 nm, 6.2 + 1.5 Mn?*/NC). The energy loss spectrum for
one of the pixels where Mn was detected is shown. The characteristic double-
peaked EELS spectrum for the Mn L,s-edge is seen. (B) Overlap of the Mn
L, ;-edge intensity map and the ADF-STEM image, both shown in panel A. Adapted
with permission from reference 91.
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1.4.2 Single-Particle Spectroscopy of SDQDs

The development of both self-assembled (epitaxially grown) QD synthesis and
spectroscopic techniques with high spatial resolution enabled the investigation of
(undoped) single self-assembled QDs using photoluminescence (PL) spectroscopy.® '
Spectroscopic investigations of single DMS QDs (grown by molecular beam epitaxy)
containing a very small number of magnetic impurities soon followed, revealing that the
observed PL linewidth is affected by magnetic fluctuations of the dopant spins.' % Shortly
after this, Besombes et al. reported the first observation of spin—spin exchange
interactions between a single Mn?* impurity and the charge carriers of an individual CdTe
QD.?® PL spectra of undoped SQDs typically exhibit a sharp emission feature related to
excitonic recombination, which in some cases is accompanied by relatively weak peaks at
lower energy that are attributed to phonon replicas.® ' Contrary to the commonly
observed and relatively simple emission spectra of undoped QDs, a SQD containing only
one Mn*" impurity displays six lines related to the projection of its spin onto the exciton

(Scheme 1.3). Although Mn?* is by far the most studied single magnetic dopant,?2% 195108

3 9

recently the incorporation of cobalt,’” chromium,*® and iron'® as single impurities in

individual self-assembled quantum dots have been reported.
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Scheme 3.3. Excitonic photoluminescence in QDs doped with a single Mn**
impurity. The interaction between the spin of a photo-generated electron-hole pair
(“Excited State”; m, = +£1) with the different spin projections of a single impurity
leads to the observation of multiple emission features. Mn** has five unpaired d-
electrons, thus leading to a total spin of 5/2 and six possible projections (+5/2,
+3/2, and =1/2).

The study of the PL of SDQDs was recently extended to colloidal systems for the
first time.”'® Fainblat et al. investigated the single-particle emission spectra of CdSe QDs
(d = 5.1-5.9 nm), each containing a very small number of Mn?* ions. Spectra
corresponding to 3 different kinds of single particles were observed: undoped QDs (single
sharp emission features with phonon replicas, similar to literature reports), QDs containing
two or more dopants (broad emission with no distinguishable sharp emission features) and
QDs containing single dopants (spectrally well resolved features). A representative
spectrum of a single colloidal CdSe nanocrystal containing a single Mn** impurity is
depicted in Figure 1.9A. The energy splitting of the peaks was analyzed and is summarized

in Figure 1.9B. The low-energy side of the spectrum displays features with an energy

spacing of ~27 meV, consistent with the exciton—-phonon coupling energy in undoped
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CdSe.” " The splitting between neighboring emission peaks in the high-energy part of
the spectrum originates from the exchange between the exciton spin with the different
projections of Mn** spins (Scheme 1.3). Because the sp—d exchange interaction strongly
depends on the overlap of the excitonic wavefunction and the dopant, the exact splitting
energy provides a spectroscopic fingerprint for determining the dopant location within the
nanocrystal, with larger splittings coming from dopants located closest to the core.
Calculations confirm that due to the smaller volume of the colloidal QDs this splitting can
be more than an order of magnitude larger than in epitaxially grown QDs. Indeed, splittings
of up to ~80 meV were observed for these colloidal SDQDs, even in the absence of an
applied magnetic field. Such “whopping” Zeeman splittings have only been observed

previously in heavily-doped ensembles® 4" 54 73 85,92

and could be used to prepare spin-
polarized currents in future spintronics devices. More experiments are necessary to
understand the relative intensities of the peaks. Time-resolved PL and MCPL could provide

further insight into SDQD relaxation processes.
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Figure 1.9. (A) PL spectrum of a single CdggesMng0.5€/ZnSe nanocrystal
collected at 5 K. The dots depict the experimental data, while the colored shaded
peaks represent the fitted peaks. The sum of the fitted peaks is represented by the
black line. The red curve accounts for the broad luminescence background,
attributed to the multiple weak phonon replicas of the various purely electronic
transitions. (B) Energy position of fitted peaks for two different single nanoparticles,

including the nanoparticle analyzed in panel A. Adapted with permission from
reference 110.
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1.5 Conclusion

The preparation of colloidal semiconductor nanocrystals with single magnetic
impurities represents a long-standing challenge in nanoscience. Our recent ability to
access these structures opens the door for questions in fundamental research and
potential technological applications. This Chapter highlights advances in this field and
presents new challenges for studies of spintronics. Harnessing the advantages of
thermodynamically controlled doping processes such as diffusion doping and cation
exchange will contribute to our ability to perform atomically precise ion implantation. Single
dopants are extremely sensitive to perturbations in nanocrystal size, shape, strain, or
anisotropy, and can therefore be utilized as probes of electronic structure. Development of
colloidal SDQDs represents the next logical step for implementing new solotronics
technologies and future work in colloidal nanocrystal doping (e.g., in lll-V materials and/or

with lanthanide dopants) will provide new opportunities for this rich and growing field.
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Chapter 2. Nanocrystal Diffusion Doping*

*Reproduced with permission from Vlaskin, V. A.; Barrows, C. J.; Erickson, C. S,
Gamelin, D. R. J. Am. Chem. Soc. 2013, 135, 14380-14389. Copyright 2013 American
Chemical Society.

2.1 Overview

A diffusion-based synthesis of doped colloidal semiconductor nanocrystals is
demonstrated. This approach involves thermodynamically controlled addition of both
impurity cations and host anions to preformed seed nanocrystals under equilibrium
conditions, rather than kinetically controlled doping during growth. This chemistry allows
thermodynamic crystal compositions to be prepared without sacrificing other kinetically
trapped properties such as shape, size, or crystallographic phase. This doping chemistry
thus shares some similarities with cation-exchange reactions, but proceeds without the
loss of host cations and excels at the introduction of relatively unreactive impurity ions that
have not been previously accessible using cation exchange. Specifically, we demonstrate
the preparation of Cd, Mn,Se (0<x<~0.2) nanocrystals with narrow size distribution,
unprecedentedly high Mn?* content, and very large magneto-optical effects by diffusion of
Mn# into seed CdSe nanocrystals grown by hot injection. Controlling the solution and
lattice chemical potentials of Cd®* and Mn?* allows Mn** diffusion into the internal volumes
of the CdSe nanocrystals with negligible Ostwald ripening, while retaining the
crystallographic phase (wurtzite or zinc blende), shape anisotropy, and ensemble size
uniformity of the seed nanocrystals. Experimental results for diffusion doping of other
nanocrystals with other cations are also presented that indicate this method may be
generalized, providing access to a variety of new doped semiconductor nanostructures
not previously attainable by kinetic routes or cation exchange.
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2.2 Introduction

The physical properties of inorganic crystals can be changed dramatically by the
introduction of impurities. The development of synthetic methods for growing high-quality
doped inorganic crystals has consequently been a perennial frontier of materials science,
laying the foundation for such technological milestones as the ruby laser and silicon
microelectronics. The past two decades have seen the emergence of another frontier in
crystal growth that exploits the ability to isolate kinetically trapped semiconductor
nanocrystals (NCs), often with anisotropic shapes, before they evolve into their
macroscopic thermodynamic end products. Colloidal CdSe nanocrystals have played a
central role in the advancement of this field,"® serving as a model system for the
development of optimized syntheses controlling structural quality, nanocrystal uniformity,
and shape anisotropies, and ultimately translating these features into powerful physical
properties.® ” For aimost as long, however, it has also been recognized that traditional
methods for doping macroscopic crystals are generally incompatible with the syntheses of

such kinetically trapped nanostructures.®™

For example, a traditional method for
preparation of high-quality crystals of II-VI semiconductor solid solutions is the Bridgman
technique, in which the crystal growth front is in equilibrium with the melt reservoir and
hence the crystal is formed at its thermodynamically favored composition. Heating colloidal
nanocrystals to drive such equilibria usually results in severe Ostwald ripening and loss of
the desired properties obtained from size or shape control. Consequently, efforts to dope

nanocrystals have largely focused on impurity incorporation during growth, where doping

is governed kinetically. Under these conditions, dopants must compete with host cations
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for available surface binding sites, and nanocrystal surfaces must compete against
surfactant ligands for impurity binding. These surface competition reactions are biased
against impurities that have mismatches in charge, size, geometry, iconicity, or other
physical attributes and hence typically disfavor doping. For example, whereas bulk
Cd,_Mn,Se crystals have been grown from the melt with x as high as 0.5, synthesis of
comparable colloidal Cd,_ Mn,Se nanocrystals by state-of-the-art hot-injection methods
has proven tremendously challenging.”" Figure 2.1A adapts the Sugimoto model™ of
nutrient concentration gradients during crystal growth to describe the scenario of a small
nanocrystal growing in the presence of both lattice nutrient and impurity ions. For
Cd,_,Mn,Se growth under normal hot-injection conditions, Cd** deposition is diffusion
limited, resulting in depletion at the surfaces. Because of unfavorable hard/soft acid/base
conditions, however, Mn?* depletion at the same surface is negligible. The synthesis of
colloidal Cd,_ Mn,Se nanocrystals has therefore long served as a testing ground for the
development of innovative nanocrystal doping chemistries intended to overcome these

general challenges.
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O.Q. : ceCe Q...
O . :
O 0
~
Co-deposition of host and impurity Addition of impurity
g g
29 impurity |5 o
S S SS
~ O o O
impurity |£ > -
> >
Distance From Surface Distance From Surface

Figure 2.1. Incorporation of impurities into nanocrystals under (A) kinetic or (B)
thermodynamic control. Under kinetic control, impurities compete with host
nutrients for surface binding sites and are internalized via subsequent crystal lattice
overgrowth. Under thermodynamic control, impurities enter the nanocrystal lattice
under quasi-equilibrium conditions, driven by entropy, and are internalized via

diffusion of the crystal ions.

45



In specific cases, fast-diffusing ions can be introduced into colloidal nanocrystals at
temperatures that are too low for substantial Ostwald ripening, allowing thermodynamic
nanocrystal composition control.'®# The most thoroughly investigated of such chemistries
is so-called “cation exchange.”’®?* A defining feature of cation-exchange reactions that
makes them extremely powerful is that the anion sublattice remains invariant, allowing
retention of crystallite shape anisotropies and phases despite dramatic changes in crystal
composition. Under thermodynamic control, cation exchange is governed by the
differences between crystal and solution chemical potentials (L/N° vs """ of the impurity
and host ions. Unfortunately, such reactions are limited to a relatively small set of cation
combinations for which diffusion is rapid. Raising temperatures to drive diffusion of less
reactive cations such as Mn?* can cause severe Ostwald ripening and sacrifice
nanostructuring.?® Mn?* incorporation into magic-size ZnTe nanoclusters via cation

,%" as has cation exchange in even smaller clusters,”® ?° but

exchange has been successfu
successful synthesis of Cd,_ Mn,Se or related nanocrystals by cation exchange has not
been reported. For example, deliberate attempts to introduce Mn** into preformed colloidal
ZnSe nanocrystals at elevated temperatures were either unsuccessful®® or accompanied
by severe ripening and collapse of shape anisotropy. Indeed, it has been a long-standing
tenet of nanocrystal doping that Mn?* diffusion in II-VI nanocrystals is negligible at normal
colloid growth or handling temperatures and that equilibrium compositions are therefore
inaccessible.” '@ %! ¥ Researchers wishing to access the unique luminescent, magnetic,

magneto-optical, or magneto-electronic properties of Mn**-doped [I-VI semiconductor

nanocrystals, or of other doped nanocrystals that do not involve fast diffusers, are thus to
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date primarily restricted to samples synthesized under kinetic control.

To achieve thermodynamically controlled Mn?* doping of semiconductor
nanocrystals, two seemingly incommensurate criteria must be met: the nanocrystals must
pbe allowed to progress toward their equilibrium solid-solution composition without
approaching their equilibrium morphology. In other words, the lattice must be sufficiently
fluid to allow mixing rather than just heterostructures formation, but at the same time,
interparticle (and in anisotropic crystals, also intraparticle) mass transfer must be avoided.
Figure 2.1B illustrates the desired thermodynamically suppressed doping process, in this
example via impurity addition to a preformed spherical nanocrystal. To be successful, the
solution and lattice chemical potentials of both host and impurity ions must be tuned such
that impurity addition is thermodynamically favorable and ripening is minimized.
Simultaneously, it must provide sufficient thermal energy for impurity diffusion from the
surfaces into the nanocrystal internal volumes.

Here we report development of a successful synthesis of high-quality colloidal
Cd,_Mn,Se nanocrystals performed under thermodynamic rather than kinetic control,
based on addressing the above challenges in a systematic way. Beginning with colloidal
CdSe quantum dots prepared by state-of-the-art hot-injection methods, we demonstrate
thermally activated diffusion of Mn?* into the nanocrystal internal volumes. In contrast with
cation-exchange processes described previously, we show that this diffusion doping
involves stoichiometric cation + anion addition, without the loss of host cations, and hence
increases the nanocrystal volume in proportion to x. In common with cation-exchange

reactions, we show that this diffusion doping allows retention of the original nanocrystal
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size distributions, crystallographic phases, and even shape anisotropies. The resulting
nanocrystals show Mn?** concentrations exceeding any reported previously for colloidal
Cd,_Mn,Se nanocrystals, while simultaneously showing size and shape uniformity
unparalleled in doped CdSe nanocrystals to date. We then illustrate the generality of this
method by describing doping of CdSe nanocrystals with other cationic impurities,
sequential tandem doping of two impurities into the same CdSe nanocrystals, and
preliminary results for diffusion doping of CdTe, CdS, and ZnSe nanocrystals. The
materials reported here represent a new benchmark for high-quality doped CdSe
nanocrystals in particular, and in general illustrate the value of diffusion doping for

preparing complex doped nanostructures under thermodynamic control.

2.3 Experimental Methods

2.3.1 Chemicals

Trioctylphosphine oxide (TOPO; 99%), 1-octadecene (ODE; 90%), hexadecylamine
(HDA; 90%), Super-Hydride (1 M triethylborohydride in THF), tributylphosphine (TBP; 97 %),
oleylamine (70%), oleic acid (OA; 90%), selenium metal (99.99+%), tellurium metal (99.8%),
CdO (99.99+%), Cd(OAC),*2H,0O (99.99+%), and Fe(SO,)*7H,O (99+%) were purchased
from Aldrich. Octadecylphosphonic acid (ODPA; 97%), trioctylphosphine (TOP; 97%), and
Mn(OAc),*4H,O (99.999+%) were purchased from Strem. Stearic acid (SA; 97%) was
purchased from Acros. Co(OAc),*4H,0O was purchased from GFS chemicals. All chemicals

were used as received.
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2.3.2 Nanocrystal Synthesis and Diffusion Doping

Seed CdSe nanocrystals of different crystallographic phases, shapes, and sizes, as
well as seed ZnSe, CdS, and CdTe nanocrystals, were all prepared by methods adapted

from various literature sources®*°

as described in detail in Appendix A. All nanocrystals
were capped with oleate prior to diffusion doping, but the complete elimination of the
native ligands employed in the various syntheses was not assumed.

Diffusion doping of CdSe nanocrystals with Mn?* was performed as follows: CdSe
nanocrystals (~0.13 mmol in terms of CdSe units) were dried and added to 0.17 g (2.1
mmol) of selenium powder, 1 mL of ODE, and 1 mL of TBP in a septum-capped 5 mL
round-bottom flask in a nitrogen-atmosphere glovebox. Separately, 12 g of ODE, 0.5 g of
SA, and 1 g of HDA were added to a 100 mL three-neck round-bottom flask. Following
heating of the latter solution for 30 min at 100 °C under vacuum, 0.03 g (0.1 mmol) of
Mn(OAc),*4H,O was added against a nitrogen overpressure in a method known
colloquially in the Gamelin lab as the “hot dump.” The flask was then placed under vacuum
to remove acetic acid and water and then heated under nitrogen to 300 °C, at which point
the CdSe/selenide solution was injected rapidly. This reaction mixture was held at
temperatures between 290 and 300 °C for between a few seconds and 29 h. The reaction
is aided by the greater activity of TBP than the more common TOP. As the solution was
cooled to room temperature, 3 mL of toluene was added at ~120 °C to prevent SA
solidification. Parallel experiments in which the samples were heated to only 200 °C failed
to incorporate Mn?* (see Appendix A). The synthetic procedures for Co** or Fe** diffusion
doping were identical, but with Co®* added as Co(OAc),*4H,O or Fe** added as
Fe(SO,)*7H,0.

Diffusion doping of CdTe nanocrystals with Mn?* was performed as follows: A 12 g
portion of ODE, 1 g of HDA, and 0.5 g of SA were added to a 100 mL three-neck round-
bottom flask. The solution was degassed for 30 min under vacuum at 100 °C and brought
back under nitrogen. Under a nitrogen overpressure, 0.03 g (0.1 mmol) of Mn(OAc),*4H,0

was added, followed by a brief pump/purge cycle, before the solution was heated to
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170 °C for the nanocrystal injection. In a separate, septum-capped 5 mL round-bottom
flask, 0.32 g (2.5 mmol) of tellurium, 1 mL of TBP, 0.5 mL of 1 M Super-Hydride solution in
THF, 1 mL of oleylamine, and CdTe nanocrystals (~0.1 mmol in terms of CdTe units) were
mixed in a nitrogen-atmosphere glovebox. This solution was injected into the Mn?* solution
at 170 °C and stirred for 30 min at this temperature.

All nanocrystals were washed using the same procedures: The nanocrystals
were precipitated from solution by addition of ethanol and washed by repeated
suspensions in toluene and flocculation with ethanol. In some cases, TOPO, HDA, OA, or

TOP was added to improve nanocrystal solubility.

2.3.3 Physical Characterization

Room-temperature electronic absorption spectra were collected for colloidal
toluene suspensions of nanocrystals in 0.1 cm path length cuvettes using a Cary 500
spectrophotometer (Varian). X-ray diffraction (XRD) data were collected from evaporated
nanocrystal films on glass slides using a Bruker D8 Discover spectrometer at the University
of Washington (UW) NanoTech User Facility (NTUF). TEM samples were prepared by
submerging a 200 mesh copper grid (Ted Pella, Inc.) in a 1 yM colloidal suspension of
nanocrystals in toluene and allowing this substrate to dry in air. TEM images were obtained
on an FElI TECNAI F20, 200 kV microscope at the UW NTUF. Nanocrystal sizes and size
distributions were determined by analysis of the images of >100 individual nanocrystals for
each value reported. Relative atomic concentrations were obtained by analysis of dried
nanocrystals digested in ultrapure nitric acid (EMD Chemicals) using inductively coupled
plasma atomic emission spectrometry (ICP-AES; Perkin-Elmer). Room-temperature
magnetic circular dichroism (MCD) spectra were collected on colloidal nanocrystal
suspensions in a 0.1 cm path length cuvette placed in a 1.5 T electromagnet oriented in
the Faraday configuration. Low-temperature absorption and MCD spectra were collected
on nanocrystal films prepared by depositing dilute toluene suspensions between two

quartz disks. These samples were placed in a superconducting magneto-optical cryostat
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(Cryo-Industries SMC-1659 OVT) oriented in the Faraday configuration. At helium
temperature, each sample was screened for depolarization by matching the CD spectra of
a chiral molecule placed before and after the sample. In all cases, depolarization was <5%.
Electronic absorption and MCD spectra were collected simultaneously using an Aviv 40DS
spectropolarimeter. The differential absorption collected in the MCD experiment is reported
as A = A - Ag, where A and Ay refer to the absorption of left and right circularly
polarized photons in the sign convention of Piepho and Schatz.*” * From these data,

values of AE,...., and g, can be obtained.'* %
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2.4 Results and Analysis
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Figure 2.2. (A) (Left) Room-temperature electronic absorption spectra of the first
excitonic feature of zb-CdSe nanocrystals before (blue) and after (black) 30 min at
300 °C under the conditions described in the text and with the ion ratios indicated.
Undoped zb-CdSe nanoctrystals are injected into reaction solutions with (A) Mn?* in
a 0.2:1 ratio to the Cd?* contained in the nanocrystals, (B) Mn®* in solution in a 1:1
ratio with the Cd** contained in the nanocrystals, (C) Se* and Mn** in 15:1 and
0.2:1 ratios, respectively, to the Cd** contained in the nanocrystals, and (D) Se*
and Mn?* in a 15:1:1 ratio to the Cd** contained in the nanocrystals. The excitonic g
values of the resulting nanocrystals, determined from room-temperature MCD
spectroscopy, are given in each panel and indicate negligible-to-weak Mn*—exciton
exchange coupling in panels A and B and strong exchange coupling in panels C
and D. (Right) Relative free energies of the Mn?* and Cd** cation chemical potentials
on either side of the nanocrystal/solution interface for identical reaction conditions
with the exception of relative ionic ratios.
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Figure 2.2 summarizes results from a series of experiments performed to elucidate
the roles of Mn?* and Se* concentrations in diffusion doping. Room-temperature
absorption and MCD spectra were used as convenient probes for monitoring sample
evolution under various diffusion-doping conditions. For the baseline experiment,
presented in Figure 2.2A, experimental conditions resemble those of a typical hot-injection
synthesis during postnucleation growth, in which the ratio of Mn?* (solvated) to Cd?* (as
CdSe seed nanocrystals) is relatively small (0.2:1) and no excess Se* has been added.
Prior to heating, the seed nanocrystals show a narrow exciton peak at ~2.17 eV. After
heating, the absorption spectrum is broadened substantially and shifted to lower energy,
indicative of severe Ostwald ripening and loss of size uniformity. The room-temperature
MCD spectrum shows no evidence of substantial Mn?* incorporation. As detailed
previously," 244" doping CdSe nanocrystals with Mn?* results in MCD intensity inversion
and enhancement at the CdSe absorption edge. These changes arise from the
introduction of strong sp—d exchange contributions to excitonic Zeeman splittings upon
Mn#* doping, as described by Equation 2.1.'>*° The first term in Equation 2.1 describes
the intrinsic contribution to the excitonic Zeeman splitting energies (AE eoman) Of CdSe
nanocrystals. This contribution is small, temperature independent, and linearly dependent
on the magnetic field (B, where ug is the Bohr magneton). Experimental measurements
have vyielded g,, = +1 for undoped pseudospherical CdSe nanocrystals.*® ** The second
term in Equation 2.1 describes the dopant-exciton sp—-d exchange coupling contribution
to AEseemans Where (Sy) is the spin expectation value of the dopant at the experimental

temperature and magnetic field (as described by the Brillouin function for magnetic ions
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with spin-only ground states, such as Mn*), Ny(o. — B) is the mean-field sp—d exchange
energy, and xg; represents the effective amount of paramagnetic Mn** exchange coupled
with the exciton. (S,) is strongly temperature dependent, increasing as 1/T for simple
paramagnets such as Mn**. x is generally smaller than x because of Mn*~Mn*" pair

formation, ™ 4

reaching its maximum of ~3.3% when x is ~8.2%. In nanocrystals, Xg is
typically also smaller than x because of undoped cores.** *° For the cases studied here,
the sp—d exchange term has the opposite sign compared to the intrinsic term. In the limit
of small B, (S,) is also linearly proportional to B (the Curie limit). In this regime, the
proportionality constant gg,. = AE,..ma/UsB pProvides a measure of these two competing
contributions to AE,...- FOr the purposes of this study we consider negative g, values to
be indicative of substantial Mn?* incorporation and positive gg,. values as indicative of an
absence of such incorporation, although positive gg,. values can be obtained at high
temperatures in doped nanocrystals with low doping concentrations.*® Room-temperature
MCD spectroscopy of the nanocrystals in Figure 2.2A shows little or no intensity at the first
exciton, gg,. = 0, and hence little or no success in doping.
AE zeemen = 9inibleB + Xer (S2)Nolt — B) (2.1)
Figure 2.2A (right) illustrates why doping fails here, in terms of Cd?** and Mn?*
chemical potentials. Under these experimental conditions, the soft Cd** Lewis acid
preferentially binds to the soft Se* rather than to the hard Lewis bases present in solution
as surfactants (stearate and hexadecylamine). Conversely, Mn** prefers these harder

ligands. The resulting imbalance in chemical potentials favors Mn?* solvation and is

responsible for the unsuccessful exchange of Cd?* by Mn** under these conditions.
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Moreover, the relatively small imbalance between Ucg,ne @nd Logeouion allows large Cd**
diffusion lengths in solution and hence Ostwald ripening.

To encourage doping, the Mn?* concentration in solution was increased massively
relative to the conditions of Figure 2.2A so that it equaled the total Cd** content of the
seed CdSe nanocrystals. These levels more closely resemble conditions in cation-
exchange reactions than in kinetic doping reactions. Figure 2.2B (left) shows absorption
spectra collected before and after heating CdSe nanocrystals in the presence of such an
excess of Mn?*. A positive value of gz, = +0.63 is observed by MCD spectroscopy
following heating at 300 °C for 30 min, again indicating little or no successful doping.
Although Mn?* is not incorporated, the nanocrystals remarkably preserve their average size
and narrow size distribution despite prolonged heating. These observations can be
understood by considering the effects of increased Mn?* concentration illustrated in Figure
2.2B (right). When Mn?* is added as Mn(OAc),, its ligands can be exchanged by pumping
off acetic acid, such that Mn** in the reaction solution is coordinated by the surfactant
ligands, stearate and hexadecylamine. Such a large increase in Mn** concentration thus
increases the chemical potentials of both Mn?* and Cd** ions in solution because the free
ligand concentration decreases (analogous to the common-ion effect). Supporting this
interpretation, control experiments confirm that adding more HDA increases Ostwald
ripening again. The added driving force for Cd** binding to the CdSe surfaces offsets any
increased driving force for Mn®* incorporation into the crystals, and consequently, doping
does not proceed. At the same time, the increased chemical potential of Cd** in solution

attenuates CdSe diffusion and thereby suppresses Ostwald ripening.
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For successful doping, the CdSe nanocrystal surface must be made more attractive
for Mn** binding. Figure 2.2C (left) shows absorption spectra collected before and after
heating when excess Se” (instead of excess Mn?") is added at a 15:1 ratio to total Cd*,
with other conditions the same as in Figure 2.2A. Upon heating, the CdSe absorption edge
red shifts by ~186 meV and broadens considerably, indicating extensive ripening, but
room-temperature MCD spectra of the resulting nanocrystals show sign inversion and yield
Jee = —3.9, indicating dominance of Mn*—exciton sp—d exchange and hence successful
Mn?* incorporation. Figure 2.2C (right) illustrates the origins of these changes. With excess
Se*, the Mn** chemical potential inside the lattice drops to a level where solid-solution
formation is thermodynamically favorable. Mn?* adds to the lattice not by expulsion of Cd*",
but via incorporation of new Mn-Se units instead. This feature constitutes an essential
distinction between the diffusion-doping process reported here and previous cation-
exchange chemistries.

By combining the suppression of Ostwald ripening at high Mn** concentrations
(Figure 2.2B) with the elimination of cation competition for Se*” at high Se*” concentrations
(Figure 2.2C), diffusion doping of CdSe nanocrystals to form Cd,_ Mn,Se nanocrystals
could be optimized. Figure 2.2D (left) shows absorption spectra collected before and after
heating CdSe seed nanocrystals at 300 °C for 30 min in the presence of high
concentrations of excess Se” and excess Mn?*. Instead of a red shift from Ostwald
ripening, the first CdSe excitonic maximum blue shifts and broadens slightly. Furthermore,
room-temperature MCD spectroscopy vields gg,. = —7.0 for these nanocrystals after

heating, indicative of very strong sp—d exchange and hence of even more successful

56



doping than in Figure 2.2C. As illustrated in figure 2.2D (right), the chemical potentials of
both Cd** and Mn?* decrease inside the CdSe nanocrystals and increase in solution when
both are added in excess. Importantly, neither XRD nor TEM shows any suggestion of
MnSe formation under the conditions of Figure 2.2D (vide infra), from which we conclude
that this phase either does not form at all or exists only as an intermediate. Control
experiments performed in the absence of seed CdSe nanocrystals also fail to produce
MnSe.

The data in Figure 2.2D are interpreted as reflecting Mn-Se addition to and diffusion
into the seed CdSe nanocrystals. To explore the chemistry of Figure 2.2D in more depth, a
reaction was performed under the same optimized conditions and aliquots were removed
periodically. Figure 2.3A shows the evolution of the CdSe absorption spectrum with the
reaction time at 300 °C. The first excitonic feature broadens and shifts to higher energy as
the reaction proceeds. Figure 2.3B shows that this trend is accompanied by an inversion
and progressive increase in MCD intensity at the CdSe absorption edge. gg,, becomes
dominated by sp—d exchange within only ~2 min. These data are consistent with rapid
Mn?* incorporation into the CdSe nanocrystals and a growing xg; (Equation 2.1) throughout

the entire reaction.
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Figure 2.3. (A) Room-temperature electronic absorption spectra of reaction
aliquots taken at different times during w-CdSe nanocrystal diffusion doping at
300 °C, normalized at the first excitonic maximum. (B) Corresponding MCD spectra
showing a sign inversion and signal growth with increased reaction time, indicative
of growing sp—d exchange coupling strengths. (C) TEM image and corresponding
diameter histogram from analysis of undoped CdSe (d = 4.37 + 0.18 nm) precursor
nanocrystals. (D) TEM image and corresponding diameter histogram from analysis
of Cd,_ Mn,Se nanocrystals after 240 min of diffusion doping at 300 °C (d = 4.69 +
0.24 nm). (E) Mn** cation mole fraction (x,,,) determined by ICP-AES (purple tilted
squares, with error bars from three measurements of each aliquot), analysis of
nanocrystal volumes from TEM (black squares), and analysis of the excitonic
absorption energy shifts (red triangles). The dashed line is a guide to the eye. In
order of increasing reaction time, the standard deviations of the average
nanocrystal diameters from TEM are 4.1% (seed), 3.4%, 4.1%, 3.8%, 3.6%, and
5.1% (see Appendix A). (F) Excitonic absorption energy shifts (red triangles, from
analysis of panel A data) and excitonic Zeeman splittings (blue circles, from analysis
of panel B data, multiplied by —100) plotted vs the diffusion-doping time. The
dashed line is a guide to the eye. See the text and Appendix A for additional details.
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Figure 2.3C shows a TEM image of the seed CdSe nanocrystals used in the
experiments of Figure 2.3A,B. These nanocrystals have a diameter of 4.37 + 0.18 nm
(o0 = 4.1%). Figure 2.3D shows a TEM image of the same nanocrystals after 240 min of
heating at 300 °C in the presence of excess Mn** and Se”. The average diameter
increases to 4.69 + 0.24 nm (o = 5.1%). We attribute this growth entirely to addition of
Mn-Se units to the seed CdSe nanocrystal. From this volume increase, a value of
Xuwn = 0.19 can be inferred in the maximally doped nanocrystals, corresponding to
~195 Mn?* ions/nanocrystal. Similar analyses were performed for other aliquots (Appendix
A). Figure 2.3E summarizes the TEM results, plotting the data as x,,, vs diffusion-doping
time under the assumption that growth derives solely from addition of Mn—-Se units. These
data show an initial increase and subsequent plateau at x,,, = 0.19 over the course of
4 hours. This curvature is indicative of an equilibrium process. For comparison, x,,, was
also determined analytically for each aliquot using ICP-AES following careful washing to
remove adventitious Mn?*. Figure 2.3E plots these analytical concentrations on the same
axes as the concentrations estimated from TEM. The analytical x,,, data agree very well
with the values deduced from the TEM data, again increasing over the first 2 hours before
plateauing at x,,, = 0.22. The agreement between these two data sets confirms that this
synthesis introduces Mn?* into seed CdSe nanocrystals by addition of Mn-Se units.
Beyond this unprecedentedly large Mn?* concentration in colloidal CdSe nanocrystals, the
remarkable feature of these data is that the nanocrystal size distribution remains essentially

unchanged following such prolonged heating.
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The TEM results show that the exciton broadening seen in Figures 2.2D and 2.3A
does not come from a loss of the size uniformity. Instead, this broadening reflects a
perturbation of the transition energy due to Mn?* addition. Figure 2.3F plots the energy of
the first excitonic maximum (E,) vs Mn?* diffusion-doping time for the same aliquots. E,
increases with Mn** addition, despite the increasing nanocrystal volumes. This increase
starts immediately and proceeds for the first 2 hours before leveling somewhat, but a
terminal plateau is not reached within 4 hours. These data demonstrate that Mn-Se does
not simply deposit onto the CdSe NC surfaces to form CdSe/MnSe core/shell structures.
Like CdSe/ZnSe core/shell nanocrystals, such structures would show exciton relaxation
into the shell layer and hence a small decrease in E,. Instead, the data confirm Cd,_Mn,Se
solid-solution formation. To understand these data, we recall that £, in bulk CdSe displays
a well-defined dependence on x,, shifting to higher energy linearly with a slope of
~11.4 meV/xy,, (%) (or +92 cm™/x,, (%)).*® This shift is largely attributable to the fact that
the empty Mn?* 4s orbitals are in poor energetic alignment with the Cd** 5s orbitals,*” *®
and consequently, Mn** inclusion into the lattice disrupts the CdSe conduction band. The
blue shift in £, with increasing nanocrystal volume shown in Figure 2.3 thus results from
the dependence of E; on Xy, An estimate of x,, from E;, was attempted but is made
difficult by the fact that these nanocrystals are quantum confined, and addition of Mn-Se
units simultaneously relaxes the exciton spatial confinement. If we assume that £, simply
scales linearly with xy, as in the bulk, but now starts from £, of the undoped CdSe NCs

and finishes at the bulk band gap energy of the hypothetical wurtzite MnSe (i.e., assuming

no MnSe quantum confinement at these diameters and no relaxation of confinement with
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Mn-Se addition to CdSe nanocrystals), then the excitonic blue shift in Figure 2.3F implies a
value of x,, = 0.14. Taking into account the increasing nanocrystal volumes determined by
TEM, the excitonic shift data can be corrected for the relaxation of quantum confinement
in the CdSe host® *° to yield a final x,,, = 0.17 (Figure 2.3E), which agrees well with the
values determined by ICP-AES and from TEM volume increases. For comparison with the
absorption data, Figure 2.3F also shows the room-temperature excitonic Zeeman splitting
energies (AE,..mqn) determined from analysis of the MCD intensities in Figure 2.3B, plotted
vs diffusion-doping time. These data behave in essentially the same way as E;. The fact
that Mn** addition plateaus (Figure 2.3E) but the spectroscopic effects of Mn?* continue to
increase (Figure 2.3F) provides strong evidence for a mechanism involving initial Mn-Se
deposition within an active surface volume, followed by slower homogenization of the
Cd,_Mn,Se solid solution.

To test whether diffusion doping retains the crystallographic phase, samples of
predominantly hexagonal wurtzite (w) or cubic zinc blende (zb) CdSe nanocrystals were
reacted with Mn?* under identical conditions. The different crystal phases of these samples
derive from different synthesis conditions (see Appendix A), but under the identical
diffusion-doping reaction conditions, both samples should have the same

thermodynamically favored crystal phase.
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Figure 2.4. (A) XRD and (B) TEM data for the d = 8.8 = 0.8 nm zb-Cd,_Mn,Se
nanocrystal product obtained from diffusion doping of d = 8.4 nm zb-CdSe seed
nanocrystals for 30 min as in Figure 2.2D. (C,D) Electronic absorption (C) and
variable-field MCD (D) spectra (1.8 K) of d = 8.8 nm zb-Cd,_Mn,Se nanocrystals.
(E) XRD and (F) TEM data for the d = 7.9 = 0.5 nm w-Cd,_Mn,Se nanocrystal
product obtained from diffusion doping of d = 6.8 nm w-CdSe seed nanocrystals
for 60 min. (G,H) Electronic absorption (G) and variable-field MCD (H) spectra
(2.1 K) of d = 7.9 nm w-Cd,_Mn,Se nanocrystals. The insets to (D) and (H) plot the
excitonic Zeeman splittings vs magnetic field, deduced from the MCD spectra. The
solid curves plot S = 5/2 Brillouin functions calculated using gy, = 2.0 and the
experimental temperatures. At saturation, AE,...n = —31 and —-65 meV for these
zinc blende and wurtzite Cd,_ Mn,Se nanocrystals, respectively. The excitonic g
values in the limit of small magnetic fields are g, = -376 and -815 for the zinc
blende and wurtzite Cd,_Mn,Se nanocrystals, respectively.
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Figure 2.4A-D shows data collected following 30 minutes of diffusion doping of
d = 8.4 nm zb-CdSe seed nanocrystals under the same optimized conditions as in
Figure 2.2D. The TEM data of Figure 2.4B show growth to d = 8.8 nm, and the XRD data
of Figure 2.4A show retention of the cubic lattice structure. Likewise, Figure 2.4E-H show
data collected following 60 minutes of diffusion doping of d = 6.8 nm w-CdSe seed
nanocrystals under the same conditions. The TEM data of Figure 2.4F show growth to
d = 7.9 nm, and the XRD data of Figure 2.4E show retention of the wurtzite lattice
structure. From the XRD peak positions and bulk relationships between x,,, and XRD peak
positions, Xy, values of 0.12 + 0.02 and 0.19 + 0.01 are estimated for the zinc blende and
wurtzite Cd,_Mn,Se nanocrystals, respectively, consistent with the results of Figure 2.3."

Panels C and D and panels G and H of Figure 2.4 plot low-temperature absorption
and variable-field MCD spectra of these nanocrystals after diffusion doping. In both cases,
the MCD signals are very strong and show the hallmark signatures of successful Mn?*
doping. Plots of AE,.... VS magnetic field (insets) show the S = 5/2 saturation
magnetization expected for Cd,__Mn,Se. For the zb-Cd, Mn,Se nanocrystals, AE,.cman
saturates at —-31 meV and gg,, = —376 in the low-field limit (1.8 K). For the w-Cd,_Mn,Se
nanocrystals, AE,...., Saturates at -65 meV and gg,, = —-815 in the low-field limit (2.1 K),
consistent with their greater x,,. The largest AE,....., we have achieved using diffusion
doping is AE ey = —100 meV, with an extraordinarily large value of g¢,, = 907 (at 1.8 K;
see Appendix A). This AE,....., value is close to the maximum of —120 meV anticipated
from bulk sp—d exchange parameters and the maximum xg, of ~3.3%.** Comparison with

the literature shows these to be the largest magneto-optical effects achieved for
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Cd,_Mn,Se nanocrystals of any type to date, for example, exceeding the next largest
AE,oen @Nd Qe Values by nearly a factor of 2. ™ Such strong magneto-optical
responses, and the magneto-electronic properties they report upon, constitute one of the
main motivations for synthesis of this class of materials. Beyond showing that diffusion
doping Yyields high-quality Cd,_Mn,Se nanocrystals with record large magneto-optical
effects, the results in Figure 2.4 demonstrate that diffusion doping retains the
crystallographic phases of the seed nanocrystals, a key finding.

To test whether diffusion doping also retains the nanocrystal shape, experiments
were performed using anisotropic seed nanocrystals. Figure 2.5A shows TEM data of
CdSe nanorods prepared by seeded growth and having d =~ 6-8 nm with ~6:1 aspect
ratios and distinct bulges that are characteristic of seeded-growth nanorods.** The
shapes, sizes, and even bulges of these nanorods are retained following 30 minutes of
diffusion doping with Mn?* at 300 °C under the optimized conditions of Figure 2.2D, with
successful doping confirmed by MCD spectroscopy (see Appendix A). Combined, the
above results demonstrate diffusion doping as a new example of nanocrystal composition
control without loss of crystallographic phase, size uniformity, or shape anisotropy, placing

this method alongside cation exchange in these capacities.
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Figure 2.5. (A) Diffusion doping of seeded w-CdSe nanorods. TEM images
collected before and after diffusion doping of seeded CdSe nanorods (d = 6-8 nm,
aspect ratio ~6:1) with Mn?* at 300 °C for 30 min. The nanorods retain their shapes.
MCD spectra confirm doping (see Appendix A). (B) MCD spectrum of CdTe
nanocrystals after diffusion doping with Mn**, showing inversion of the excitonic
MCD signal indicative of successful doping. (C) Tandem diffusion doping of
zb-CdSe nanocrystals with Co** followed by Mn*". (Top) MCD of undoped CdSe
nanocrystal seeds. (Middle) MCD spectrum of the same nanocrystals after diffusion
doping with Co?*, showing inversion of the excitonic MCD signal and appearance of
the characteristic Co** “T,(P) d—d transition. (Bottom) MCD spectrum of the same
nanocrystals following diffusion doping with Mn**, showing increased excitonic
Zeeman splitting and retention of the Co?* “T,(P) d—d transition. The vertical scale
bars indicate intensities of AA/A, = 0.001. All MCD spectra were collected at 300 K.

65



Although the present work has focused primarily on optimization of reaction
conditions for the benchmark Cd,_Mn,Se nanocrystal system, the principles underpinning
the diffusion-doping process described here are general, and the chemistry should
therefore also be broadly generalizable. For example, by replacing CdSe nanocrystals and
Se? with CdTe nanocrystals and Te*, decreasing the injection temperature to 170 °C, and
adding a reductant (Super-Hydride) to accommodate the lower stability of Te* in
solution,® successful synthesis of Cd,_Mn,Te nanocrystals was achieved (Figure 2.5B) but
without satisfactory suppression of Ostwald ripening, as in Figure 2.2C. Similar preliminary
results have been obtained for Cd,_Mn,S and Zn,_ Mn,Se nanocrystals (Appendix A).
Doping by addition thus appears broadly promising, and we speculate that with
optimization it should also be possible to suppress Ostwald ripening to the same extent in
these cases as in the Cd,_Mn,Se syntheses discussed above. Optimization within each of
these large parameter spaces was considered beyond the scope of the present study.

Extension of this diffusion-doping synthesis to other cations has also been
preliminarily investigated. Hard Lewis acids such as A”**, Mg?*, Gd**, and Er** were found
to bind the capping ligands too strongly and cause sample precipitation. Attempts to
codope these ions simultaneously with Mn?*, thereby using a lower concentration of the
interfering ion, sacrificed the ability of Mn?* to suppress Ostwald ripening, likely for the
same reason. Extension of this method to these hard Lewis acids may be possible with
identification of a suitable ligand set, but this parameter space has not yet been thoroughly
explored. On the other end of the spectrum, extension to soft Lewis acids such as Cu*

and Ag" was not possible because of rapid formation of their respective selenide lattices
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separately from the CdSe nanocrystals. Cation-exchange reactions involving these cations
avoid such competing side reactions by not including excess anion, and indeed, the new
method introduced here can be considered unnecessary for these ions. Borderline
hard/soft Lewis acids were also examined: Replacing Mn** with excess Fe?* without
excess Se* was found to successfully preserve the absorption spectrum of the seed
CdSe nanocrystals (see Appendix A), precisely as with Mn** in Figure 2.2B. Importantly,
the nanocrystals also retain their excitonic photoluminescence. Fe** is a “killer trap” for
luminescence in II-VI semiconductors, and this result thus indicates an absence of Fe**
doping in the absence of excess Se* (as concluded for Mn** above). Addition of Se* to
this reaction mixture leads to an increase in E; with reaction time and complete quenching
of the CdSe luminescence (see Appendix A), consistent with successful Fe** incorporation.
Fe** diffusion doping into CdSe nanocrystals thus closely mirrors that of Mn?*. Similarly,
using Co?* in place of Mn** allows the successful synthesis of Cd, Co,Se nanocrystals
with high Co®* concentrations (see below and Appendix A).

Finally, the capacity to separate doping from nanocrystal synthesis introduces new
opportunities to prepare doped nanostructures that would be difficult to obtain under
kinetic trapping conditions. For example, previous work has shown that dopants are
excluded from very small semiconductor nanocrystals under kinetic doping
conditions.? ***>°" Among other things, this behavior has complicated the analysis of the
recently discovered intrinsic dual emission phenomenon in small Cd,_ Mn,Se nanocrystals
because of the coexistence of both doped and undoped nanocrystals.® To overcome this

problem, Cd,.,ZnMn Se alloys and complex Zn,_ Mn,Se/CdSe and
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Zn,_ Mn,Se/ZnS/CdS/ZnS nanocrystal heterostructures were developed.”** By diffusion
doping, we have now succeeded in reaching large values of x,,, in CdSe nanocrystals
small enough to show pronounced dual emission directly in Cd,_Mn,Se for the first time,
without signal contamination from undoped nanocrystals (see Appendix A), and have also
successfully added both Mn?* and Zn?* into seed CdSe nanocrystals in one simultaneous
step, offering a convenient new way to achieve dual-emitting nanocrystals. Furthermore,
qualitatively new chemistries are now possible. For example, Figure 2.5C shows excitonic
MCD spectra of d = 3.8 nm CdSe seed nanocrystals that are doped sequentially by
addition of Co?* and then Mn?*. The undoped CdSe nanocrystals show a negative leading-
edge MCD intensity consistent with the absence of sp—d exchange. Diffusion doping with
Co?* for 30 minutes at 300 °C inverts the excitonic MCD signal and yields the characteristic
Co?* *A,(F) — “T,(P) MCD feature centered at 1.66 eV, confirming successful incorporation
of Co** at the tetrahedral cation sites of the CdSe lattice.*> *' After subsequent diffusion
doping with Mn** for 40 minutes at 300 °C, the Co** *A,(F) — “T,(P) transition is retained
and the excitonic MCD intensity is further increased. The ratio of excitonic to Co** ligand-
field absorbance varies slowly during Mn®* incorporation (see Appendix A), indicating
minimal loss of Co?* during Mn?* addition, consistent with the large difference between

lattice and solution chemical potentials for all cations under these conditions.
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2.5 Discussion

The data presented here reveal the remarkable ability to introduce Mn?* into high-
quality hot-injection CdSe nanocrystals from very low to exceptionally high values of xy,
simply by changing the reaction time, without sacrificing the nanocrystal size or shape
uniformity or the crystallographic phase. This process is reminiscent of cation exchange in
nanocrystals, but displays a few key differences. First, to date it has been a general
requirement of nanocrystal cation-exchange reactions that the participating cations diffuse
rapidly. The chemistry demonstrated here involves Mn?*, which shows negligible diffusion
into II-VI semiconductor nanocrystals at room temperature. Instead, this diffusion must be
activated thermally, requiring long incubation at relatively high temperatures that would
normally also cause severe Ostwald ripening. Second, it is a fundamental property of
nanocrystal cation-exchange reactions that the number of anions per nanocrystal is
invariant,'® but the results presented above demonstrate that this diffusion doping involves
stoichiometric anion and cation addition. The data suggest rapid composition equilibration
at the surfaces followed by slower cation randomization within the nanocrystals’ internal
volumes, precisely how cation exchange proceeds at bulk II-VI semiconductor surfaces,®®
but this stoichiometric cation + anion addition avoids the need to eject Cd?** to form less
favorable Mn?*-Se? bonds. This feature represents a defining characteristic of the diffusion
doping presented here that differentiates it from cation-exchange chemistries explored
previously.'®?* Because of this qualitative difference, diffusion doping provides the
opportunity to introduce relatively unreactive cations such as Mn*" into semiconductor

nanocrystals such as CdSe that have been notoriously difficult to dope under kinetic
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control. Sequential tandem doping has been used to illustrate the qualitative difference
between this doping by addition and previous cation-exchange or kinetic trapping
chemistries. Despite these differences, diffusion doping also offers some of the most
attractive features of cation exchange, namely, retention of seed nanocrystal shape
anisotropies, sizes and size distributions, and crystallographic phases. These properties
identify diffusion doping as a valuable new addition to our current repertoire of methods for

controlling crystal composition at the nanoscale.

Scheme 2.1

Thermodynamically Controlled
Deposition and Diffusion

Scheme 2.1 summarizes the diffusion-doping chemistry found here, illustrating a
case of doping spherical nanocrystals. Surface binding equilibria, defined by the relative
solution vs lattice chemical potentials of the host and impurity cations, allow the
thermodynamic solid-solution compositions to be reached within an effective reaction
volume at the nanocrystal surfaces (Figure 2.3E). This equilibration is followed on a longer
time scale (Figure 2.3F) by impurity randomization within the nanocrystal internal volumes.

Ostwald ripening is suppressed despite the long reaction times at high temperatures
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because of the limited availability of uncoordinated surfactant ligands and the ample
availability of lattice anions. These two factors minimize the solution diffusion length of the
host cations.

Although interparticle Cd** diffusion can be successfully minimized, Cd?* ions
continue to diffuse at the nanocrystal surfaces. Surface diffusion is essential for the
formation of solid-solution Cd,_Mn,Se nanocrystals rather than simple core/shell
CdSe/MnSe nanocrystals. As in cation exchange, this reactive surface layer must be small
compared to the dimensions of the nanocrystals themselves for the crystallographic
phases and shape anisotropies of the seed nanocrystals to be preserved.'®

The chemical trends in diffusion doping observed here can be understood by
considering the surface equilibria as governed by hard/soft acid/base rules. The
experimental conditions identified here (including cation, anion, ligand, and nanocrystal
concentrations, as well as temperature) were optimized for introduction of Mn?* into CdSe
nanocrystals and subsequently found to be suitable for introduction of Fe** and Co** as
well. These cations share in common that they are all borderline hard Lewis acids. By
contrast, more conventional cation-exchange chemistries excel when using soft Lewis
acids (e.g., Cu*, Ag*, Au*, Cd®*, Pb*", and Hg?*), which have a greater affinity for the lattice
anions and hence can more easily displace the initial host cations. For the same reason,
use of these soft cations under the present diffusion-doping conditions simply leads to
nucleation of their independent phases because of the large excess ion concentrations
used. Conditions for doping hard Lewis acids (e.g., A**, trivalent lanthanides) into II-VI

semiconductors via diffusion have so far not been identified but should exist. Under the
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present conditions, such hard Lewis acids have too great an affinity for the hard surfactant
Lewis bases employed.

Essential to the success of this diffusion-doping strategy in the present case is the
fact that MnSe crystallites do not form under the experimental reaction conditions.
Formation of MnSe nanoclusters has been reported under conditions similar to those used
here,® but with the key differences that the present reaction mixtures (i) contain nearly an
order of magnitude more stearic acid relative to Mn** and (i) also contain CdSe
nanocrystals. Both of these additions disfavor MnSe formation by introducing processes
that compete for available Mn** (ligation and surface binding, respectively). The presence
of excess stearic acid makes MnSe formation unfavorable.

This synthesis of Cd,_Mn,Se nanocrystals is distinct from any reported previously,
but its comparison to analogous chemistries is instructive. One interesting analogue is the
conversion of CdSe nanocrystals to ZnSe nanocrystals by sequential cation-exchange
reactions proceeding via an intermediate Cu,_,Se nanocrystal composition. Whereas the
first cation-exchange step (taking CdSe to Cu,_Se) proceeds rapidly at room temperature,
the following step (Cu,_Se to ZnSe) requires elevated temperatures (up to 250 °C), with
trioctylphosphine added as a soft base to assist Cu* removal (and no added Se*). This
transformation reaches completion within a few seconds at 250 °C.?' Although less
reactive than common Lewis acids used in cation exchange, Zn** has sufficient affinity for
Se? for this reaction to proceed rapidly, and ripening is not problematic. In principle, a
similar approach might possibly allow formation of Cd, Mn,Se or related doped

nanocrystals, but such chemistries have not yet been demonstrated.
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Perhaps most closely related to the observations here is the synthesis of Cd,_Zn,Se
alloy nanocrystals by heating core/shell CdSe/ZnSe nanocrystals.®® In this chemistry,
internal  diffusion is believed to cause homogeneous alloying within minutes at
temperatures above ~290 °C. Ostwald ripening is evident at temperatures below this
alloying point, but the size distribution can be kept relatively narrow (o = 5-12%). XRD data
suggest a transformation from zinc blende to wurtzite may accompany this alloying.”® A
significant difference between this Cd,_Zn,Se nanocrystal synthesis and the present
Cd,_Mn,Se nanocrystal synthesis is that MnSe is far less stable than ZnSe under the
reaction conditions. Because of this instability, the Cd,_Mn,Se nanocrystals do not form
via core/shell intermediates like the Cd,_Zn,Se nanocrystals do, longer times are needed
to homogenize the Cd,_ Mn,Se alloys (hours at 300 °C, Figure 2.3, compared to <5 min for
the Cd,,ZnSe alloys®), and Cd, ,MnSe reaches smaller maximum values of x at
equilibrium  (x,(max) =~ 0.2 vs xy,(max) = 0.7). The slower alloying in Cd,_ MnSe
nanocrystals in particular highlights the importance of suppressing Ostwald ripening, as
achieved here. Despite these differences, these two processes may ultimately share a
common mechanism. Notable, the Cd,_Zn,Se synthesis is also performed in the presence
of excess cation and anion precursor, like in the present diffusion doping, and may
therefore be assisted by the resulting high chemical potentials of these ions in solution.
Given these similarities, it would be of interest to know whether CdSe/ZnSe alloying
preserves nanocrystal shape anisotropies and whether conditions can be found under
which crystallographic phases are also preserved. The results presented here for

Cd,_Mn,Se nanocrystals suggest that both should be possible.
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2.6 Conclusion

We have demonstrated a successful equilibrium synthesis of doped semiconductor
nanocrystals. This method involves cation + anion addition to seed nanocrystals at
elevated temperatures followed by diffusive mixing to yield the solid solution, akin to liquid-
solid alloying of metals.”® By suppressing Ostwald ripening, this method allows
incorporation of relatively unreactive impurity ions while still retaining anisotropic shapes,
size distributions, and crystallographic phases. This diffusion-doping method thus allows
the nanocrystals to achieve their thermodynamic compositions without reaching their
thermodynamically favored shapes, sizes, or crystallographic phases. Using this strategy,
we have demonstrated the successful synthesis of high-quality colloidal Cd,_ Mn,Se
nanocrystals that simultaneously display the narrowest size distributions, the highest
values of x, and the largest magneto-optical exciton splittings of any Cd,_ Mn,Se
nanocrystals reported to date. This success motivates the generalization of this strategy to
synthesize nanocrystals of various other shapes and compositions under thermodynamic
control, particularly compositions that do not involve the few well-known fast-diffusing ions
that have dominated cation-exchange chemistries to date, and promising preliminary
results for other nanocrystal compositions have been presented. Overall, these findings
raise interesting possibilities for the development of new doped nanostructures with
complex shapes and compositions, possibly including heterostructures, and may
ultimately enable the advancement of new technologies involving this important class of

materials.

2.7 Appendix A
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Additional synthetic details and experimental data.
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Chapter 3. Tuning Equilibrium Compositions in
Colloidal Cd,_,Mn,Se Nanocrystals Using Diffusion
Doping and Cation Exchange*
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*Reproduced with permission from Barrows, C. J.; Chakraborty, P.; Kornowske, L. M.;
Gamelin, D. R. ACS Nano 2016, 70, 910-918. Copyright 2016 American Chemical
Society.

3.1 Overview

The physical properties of semiconductor nanocrystals can be tuned dramatically via
composition control. Here, we report a detailed investigation of the synthesis of high-
quality colloidal Cd;,_Mn,Se nanocrystals by diffusion doping of preformed CdSe
nanocrystals. Until recently, Cd,_ Mn,Se nanocrystals proved elusive because of kinetic
incompatibilities between Mn?* and Cd?** chemistries. Diffusion doping allows Cd,_,Mn,Se
nanocrystals to be prepared under thermodynamic rather than kinetic control, allowing
access to broader composition ranges. We now investigate this chemistry as a model
system for understanding the characteristics of nanocrystal diffusion doping more deeply.
From the present work, a Se”-limited reaction regime is identified, in which Mn?* diffusion
into CdSe nanocrystals is gated by added Se*, and equilibrium compositions are
proportional to the amount of added Se”". At large added Se* concentrations, a solubility-
limited regime is also identified, in which x = x,,, = ~0.31, independent of the amount of
added Se”. We further demonstrate that Mn?* in-diffusion can be reversed by cation
exchange with Cd?* under exactly the same reaction conditions, purifying Cd,_ Mn,Se
nanocrystals back to CdSe nanocrystals with fine tunability. These chemistries offer
exceptional composition control in Cd,_Mn,Se nanocrystals, providing opportunities for
fundamental studies of impurity diffusion in nanocrystals and for development of
compositionally tuned nanocrystals with diverse applications ranging from solar energy
conversion to spin-based photonics.
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3.2 Introduction

Nanocrystal (NC) composition control represents a central challenge in nanoscience.

Although there has been tremendous progress in recent years,''°

many desirable
compositions still remain unattainable in colloidal NCs, motivating the development of new
chemistries. One important area of composition control pertains to semiconductor
nanocrystal doping,'''® because the addition of impurities can dramatically change the
electronic, magnetic, or optical properties of the NCs, imparting desirable physical
properties that in turn may stimulate fundamental discoveries or applied technologies.
Understanding the fundamental chemical boundaries of nanocrystal composition control
for new and challenging dopant/host combinations could yield unprecedented doped
semiconductor nanomaterials for applications from spectral conversion in lighting and
luminescent solar concentrators (LSCs)'"'® to optical nanothermometry,'® bioimaging,*

2123 or spin-based electronic/photonic information processing.?

plasmonics,

Recently, we reported a "diffusion doping" approach for introducing relatively
incompatible and slowly diffusing cations into semiconductor nanocrystals.*® This
approach involves thermodynamically driven cation + anion addition followed by high-
temperature diffusive cation randomization. Cd,_Mn,Se was selected as our model system
because of the well-known and long-standing challenges of synthesizing high-quality
Cd,_Mn,Se nanocrystals.?*2?° Mn?* diffusion is notoriously slow in Il-VI semiconductors,

making this ion unsuitable for doping into the internal volumes of II-VI nanocrystals via

cation exchange chemistries,”® and the high temperatures that would be required to
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accelerate its diffusion have widely been associated with Mn** out-diffusion from
nanocrystals ("self-purification").*>*" We found that by tuning the Mn?* chemical potential in
solution to be greater than that inside the NCs, Mn?* in-diffusion into various -V
semiconductor nanocrystals could be made thermodynamically favorable, but diffusive
composition scrambling still requires long reaction times at elevated temperatures, for
which deliberate suppression of Ostwald ripening is also essential if the desired
nanostructuring of the preformed host crystallites is to be retained.® To this end, we
demonstrated that Ostwald ripening can be effectively eliminated by raising the chemical
potentials of all cations in solution using a large excess of solvated Mn?*.%

Among existing synthetic methods for making Cd,_Mn,Se nanocrystals, diffusion
doping has yielded simultaneously the largest Mn** content and the greatest size
uniformity, making NCs prepared by this method especially attractive for spectroscopic
investigations and subsequent applications. Cd,_Mn,Se nanocrystals prepared by diffusion
doping have now been used to demonstrate rich upper-excited-state magnetic circular
dichroism (MCD),** extraordinarily large excitonic Zeeman splittings,* excitonic magnetic
polarons,® and enhanced positive magneto-resistance suggestive of electron magnetic
polarons.®® Although the products of this chemistry are already proving useful, many
details of the chemistry itself remain unexplored. For example, previous work has not
systematically explored relationships between synthesis conditions and product
compositions, and tunable equilibrium compositions have not been demonstrated. Further

studies that better characterize this promising synthetic method should help accelerate its

adaptation to other even more challenging target compositions. At the same time, further
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experimentation will provide new fundamental insights into ion diffusion in semiconductor
nanostructures in general, and will also inform our understanding of the stabilities of doped
nanocrystals under high-temperature processing or device operation conditions.

Here, we report the results of synthetic experiments aimed at improving our
understanding of CdSe nanocrystal diffusion doping with Mn?*. Key new observations
include the demonstration of complete compositional equilibration, widely tunable
equilibrium compositions via added Se*, existence of a thermodynamic Mn?* solubility
limit, and reversal of the diffusion doping via cation exchange. These new findings highlight
several unique features of this chemistry that allow its use for extraordinarily fine
composition control in doped semiconductor nanocrystals, advancing the frontier of
doped nanocrystal synthesis and elevating the quality of doped nanocrystals accessible for

future physical, spectroscopic, or technological applications.

3.3 Results and Analysis

Reactions in our initial report®® on diffusion doping were all performed using a large
excess of added Se*". A primary goal of the present study is to clarify the role of the added
Se* in this chemistry. Figure 3.1 summarizes spectroscopic data collected during a
reaction specifically designed to illustrate two key features of nanocrystal diffusion doping:
doping gated by Se*", and equilibration. Figure 3.1A,B shows room-temperature electronic
absorption and MCD spectra of three aliquots taken during this reaction: () the initial seed

CdSe nanocrystals, (i) the same nanocrystals after 20 minutes of heating at 300 °C in the
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presence of a large excess of Mn?* but without added Se*, and (i) after 24 hours of
heating following injection of additional Se*". The absorption and MCD spectra of the seed
CdSe nanocrystals show multiple resolved excitonic transitions, consistent with a narrow
size distribution. The first excitonic absorption maximum occurs at ~2.15 eV, implying an
average nanocrystal diameter of d = 3.7 nm.*® The MCD spectrum of the same sample
shows a derivative-shaped A-term feature coincident with the first excitonic absorption
maximum, arising from the Zeeman splitting of this excitonic excited state. The negative
leading-edge intensity of this derivative signal is indicative of a positive excitonic Zeeman
splitting energy (AE,..man > 0) @nd hence a positive intrinsic excitonic g value (g, > O,
Equation 3.1, where g is the Bohr magneton and B is the magnetic field).*” Quantitative

13,33

analysis of these spectra yields a value of gg, = g = +1 for the seed CdSe

nanocrystals.
AEzeemen = JexcdlsB (3.1)
The absorption and MCD spectra of these nanocrystals remain unchanged after many
hours at 300 °C, despite the large excess of solvated Mn?* (vide infra, Figure 3.2). In this
particular experiment, injection of Se*” into this reaction mixture after 20 minutes at 300 °C
causes a blue shift of the first exciton by ~80 meV and inversion and intensification of its
associated MCD intensity in the 24 hour aliquot. Both of these spectroscopic changes are
signatures of Mn?* incorporation into the internal volumes of the CdSe nanocrystals.
Addition of Mn?* into CdSe nanocrystals introduces strong sp—d magnetic exchange
interactions between the unpaired Mn?*(3d) spins and the exciton. The sp-d contribution

to AE,..man 1S Parameterized by the last term of Equation 3.2a, where x; represents the
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concentration of paramagnetic Mn** (reduced from the true x because of Mn?-Mn**

antiferromagnetic superexchange interactions®)

, g describes the overlap between the
ensemble of Mn* dopants and the excitonic wavefunction (g = 1 for uniform Mn*
distribution), (S.) is the Mn?* spin expectation value at the experimental temperature and
magnetic field, and Ny(a — B) describes the mean-field sp—d exchange energy. In the Curie
limit, this sp—d term converges to the linear term g, wgB, such that gg,. = G + 950
(Equation 3.2b). Because Ny(o — B) = —1.5 eV for Mn**-doped CdSe, g, 4 < 0 and Mn**
doping causes the sign inversion observed in AE,., (Figure 3.1).'%24283740 |n this way,
room-temperature (Curie limit) MCD spectroscopy can be used as a sensitive analytical
probe of Mn** incorporation into the CdSe nanocrystals.
AEeeman = JindlsB + X4 9{(S2)No(0 — B) (3.23)
= (G + 9sp-alsB (Curie limit) (3.2b)
Figure 3.1C summarizes the MCD results from several aliquots taken from this
reaction, plotting gg,. VS reaction time in a semi-logarithmic representation. Prior to Se*
addition, gg.. remains unchanged. After Se*" addition, g,. shifts smoothly from its initial
value of gg,. = gix = +1 to a new equilibrium value of gg,. = G + 9spv = —10. The room-
temperature sp—d exchange contribution is thus described by g, 4 = =11 for this sample.
The data in Figure 3.1 demonstrate that Mn?* incorporation into these CdSe nanocrystals
is gated by the addition of Se*, consistent with our previous interpretation that diffusion
doping involves stoichiometric cation + anion addition.?® Furthermore, whereas most

reactions in our previous report were run for only ~30 minutes, these data show that

equilibrium is not actually reached for several hours after Se*” addition.
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Figure 3.1. Room-temperature (A) electronic absorption and (B) 1.5 T MCD
spectra of undoped d = 3.7 nm CdSe nanocrystals (0.1 mmol, black), the same
nanocrystals after 20 minutes in the presence of Mn?* at 300 °C (0.1 mmol, red),
and 24 hours following the addition of Se* (0.04 mmol, blue). These concentrations
correspond to a ratio of 0.4:1:1 Se*:Mn?":Cd** ions in CdSe (referred to here as
Se?:Mn?*:CdSe). Spectra for other aliquots are omitted for clarity. (C) Time
evolution of gg,. during diffusion doping to form Cd,_Mn,Se NCs, as determined by
analysis of the MCD spectra of these and other aliquots.
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Next, we wished to explore the dependence of this reaction on the amount of Se*
added. Figure 3.2A plots the evolution of g, 4 measured during several ~24 hour diffusion-
doping reactions performed under identical conditions except using different amounts of
added Se*. As in Figure 3.1, if no Se* is added then g, does not change even after
several hours, indicating that g, , = O at all times and hence the CdSe NCs remain
undoped. Adding Se* induces Mn*" doping and consequently an increase in |g,|. For
these reactions, addition of more Se* leads to a greater equilibrium value of |g,_,|. Each
reaction equilibrates over ~6-8 hours with similar kinetics. The curves in Figure 3.2A were
obtained from a global fit of all data points to a single exponential function. Use of an
exponential fitting function is helpful for capturing the phenomenological effective reaction
rates but is not meant to imply a particular reaction mechanism. This fitting yields a
universal time constant of 4~ 1.3 hours that reproduces the entire data set reasonably
well. Under these conditions, diffusion doping thus proceeds with roughly the same very
slow kinetics at different Se*” loadings, reaching different equilibrium values of x in the

resulting Cd,_Mn,Se nanocrystals.

87



0.1

I T T T T T T T T T T Olo

0O 4 8 12 16 20 24
Time (hours)

(B) A 30
. ° | Gsp-d|=> _:_
0.3+ . /=’ -~~~ 7777 .
e - A [} L 20
c - Q
><20.2-*/’ 1
A €& Excitonic Shift -
-1
0.1 0
m € |[CP-AES
0.0 ——— N

0 5 10 21'5 20 25
Added Se” : CdSe

Figure 3.2. (A) Time evolution of |g,, 4, as determined by room-temperature
MCD, from undoped d = 3.9 nm CdSe NCs with varying amounts of excess Se*
(relative to Cd** in CdSe) during diffusion doping at 300 °C. The lines show results
from a global fit of all of the data to a single exponential function, yielding
t = 1.3 hours. All reactions were performed at a ratio of 1:1 added Mn?* to Cd?®* in
CdSe (1:1 Mn*":CdSe). Electronic absorption and MCD spectra for representative
aliquots are shown in Appendix B. (B) Se*-dependence of x,,,, determined from
analysis of absorption spectra (red triangles) and analytically determined by ICP-
AES (green squares), after 24 hours of diffusion doping at 300 °C with 0-25:1:1
Se*:Mn*":CdSe. |9, values (blue circles) for these samples are plotted on the
right axis and scaled to match the trend shown in x,,,. The dashed line is a guide for
the eye. Reactions performed multiple times have yielded values within ~5 % of the
mean.
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Under the conditions of our previous report,® reactions run with excess Se* showed
evolving differences between spectroscopic and total (ICP-AES) Mn?* contents,
demonstrating evolving Mn?* concentration gradients within the NCs prior to equilioration,
and thereby implicating slow Mn?* lattice diffusion as the rate-determining process.
Because the diffusion-doping kinetics appear independent of added Se?* (Figure 3.2A), we
conclude that very slow Mn?* diffusion through the NC lattice is also rate-determining in the
Se?-limited regime.

Figure 3.2B summarizes equilibrium data from a broad series of diffusion-doping
reactions spanning from very small amounts of added Se® up to a large excess of added
Se* (25:1:1 Se*:Mn?":CdSe), with all other reaction conditions held constant. In addition
to equilibrium |g,,,| values, Figure 3.2B plots Mn** concentrations (x in Cd,_Mn,Se)
determined by two independent methods: Analytically (ICP-AES), and via analysis of the
exciton blue shift according to the known dependence of E, on x in bulk Cd,  Mn,Se,*
extrapolated to the nanoscale.?® The two measures of x agree well, and both also track the
magnitude of |g,, ,| determined spectroscopically. The equilibrium values of x rise sharply
with added Se* up to ~5 equivalents but then plateau at x = 0.31 + 0.03, at which point
|9.,-4| also plateaus at ~26. The reaction thus exhibits two qualitatively different regimes: At
low Se?” concentration, diffusion doping is Se? limited, whereas at high Se* concentration
X is limited by other factors (discussed below).

The data in Figures 3.1 and 3.2 demonstrate that this diffusion doping involves
equilibrium control over nanocrystal compositions, iLe., compositions controlled

thermodynamically, rather than kinetically.?® As an equilibrium process, we hypothesized
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that this chemistry should be reversible. Specifically, under competition conditions, Cd?*
should out-compete Mn** for lattice Se* in Cd,_,Mn,Se nanocrystals because of the highly
favorable Cd?*-Se? thermodynamics relative to Mn**-Se* (bond energies: ~310 vs
~201 kJ/mol at 298 K*). To test this hypothesis, a diffusion-doping reaction was
performed to incorporate Mn** into CdSe NCs under Se*-limited conditions
(0.5 Se*:CdSe) in the presence of a large excess of Mn?*, as described above. After
equilibration, Cd** was then added to the same reaction mixture (without introducing
additional Se*, T = 280 °C, see Section 3.6.1). Figure 3.3A shows absorption spectra of
aliquots taken from this reaction. During diffusion doping, the first exciton blue-shifts by
51 meV (from 2.076 to 2.127 eV) at equilibrium, consistent with Mn** incorporation to
reach x ~0.13 (Figure 3.2B).%° Upon Cd** addition, the first exciton red-shifts again by 115
meV to 2.012 eV at equilibrium, overshooting its original energy. The change in exciton
energies from before diffusion doping to after cation exchange suggests that the
nanocrystals have grown from d ~4.4 to ~5.4 nm, again indicating x ~0.13 in the
intervening Cd,_Mn,Se nanocrystals. These results illustrate that diffusion doping proceeds
by addition of Mn**~Se* units, and hence involves nanocrystal growth in accordance with
the number of Mn** ions added, but subsequent nanocrystal purification proceeds by
cation exchange with no net change in the total number of cations. TEM analysis of
aliquots removed from a similar reaction confirms that the nanocrystals grow during

diffusion doping but remain nearly the same size after cation exchange (see Appendix B).
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Figure 3.3. (A) Room-temperature electronic absorption spectra of undoped
d = 44 nm CdSe NCs (black) diffusion doped at 280 °C with 0.5:1:1
Se?:Mn?*:CdSe (blue traces) and purified at 280 °C by cation exchange (red traces),
triggered after 20 hours by injection of cadmium oleate (1.92 Cd** added per Mn?*
dopant). (B) Room-temperature MCD spectra of undoped CdSe (black), diffusion
doped Cd,_ Mn,Se after 20 hours (blue) and the same NCs after 6 hours of cation
exchange (red). Spectra for additional aliquots omitted for clarity. (C) EPR spectra
of representative aliquots, with solid line spectra matching the times of the MCD
spectra shown in panel B. (D) Normalized Gaussian widths (o) of the first excitonic
absorption (green triangles, from analysis of panel A data), |g,, | (blue circles, from
analysis of panel B data), and quantitative integrated EPR intensities (red squares,
from analysis of panel C data), over the course of diffusion doping and cation
exchange. The black lines are from global single exponential fits to the
spectroscopic signatures of diffusion doping and cation exchange. The syringe
cartoon indicates when Cd?* was added to the reaction mixture.
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In addition to these energy shifts, the first exciton's Gaussian line width increases
from o = 44 to 62 meV during diffusion doping, and remarkably, it decreases back to
44 meV again after cation exchange. The increase in o with Mn?* doping is thus not a
result of Ostwald ripening, but instead it reflects additional inhomogeneous broadening in
the Cd,_ Mn,Se NCs, presumably coming from statistical and spatial Mn?* distributions
within the NC ensemble, as well as Mn** magnetic fluctuations.*?

Finally, Figure 3.3B plots MCD spectra of the initial CdSe NCs, the equilibrium
diffusion-doped Cd,_Mn,Se NCs, and the same nanocrystals equilibrated again after Cd**
addition. The first excitonic MCD feature inverts and grows in intensity during diffusion
doping, but diminishes again after Cd?* addition, reverting to a signal consistent with
undoped CdSe NCs. These data demonstrate that Cd®* addition to the reaction mixture
under diffusion-doping conditions indeed reverses the Mn** doping, purifying the
nanocrystals despite the presence of a large excess of solvated Mn**.

The absorption and MCD spectroscopic probes of Mn** doping are both selective for
Mn?* ions within the NC cores, where Mn?*—exciton interactions are strong. Furthermore,
analysis of these data yields the effective concentrations that would be required to
generate the same spectroscopic observables in the limit of uniform distribution of Mn**
throughout the entire NC volume. It is conceivable that these techniques might not
faithfully report on the total Mn** content of the nanocrystals, for example if Mn** were
concentrated near the nanocrystal surfaces. For this reason, EPR spectroscopy was also
used to follow the progress of the same diffusion doping and purification reaction

described above. EPR spectroscopy provides a measure of the paramagnetic Mn**
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content, independent of Mn** position within the NCs. A limitation of this EPR experiment
is that it can be performed only after thorough washing and resuspension of the NCs to
remove the excess solvated Mn?** because this procedure also likely removes surface-
bound Mn*". Nevertheless, this experiment provides a valuable independent measure of
Mn#* content. Figure 3.3C plots EPR spectra of the same aliquots described above, and
shows intensification of a broad g = 2 feature consistent with Mn* in Cd,_ Mn,Se
nanocrystals during diffusion doping.*® The Mn** hyperfine structure is not resolved
because of the high Mn?* concentrations involved (x... ~0.13). The EPR intensity
diminishes and disappears after addition of Cd**, consistent with full expulsion of Mn?*
from the nanocrystals.

Figure 3.3D summarizes the complete collection of data from this entire set of
measurements, plotting the evolution of o, |94, and the integrated EPR intensity. For
convenience of comparison, each metric has been normalized within its undoped (0) and
maximum diffusion-doped (1) range. All three spectroscopic signatures follow the same
trends during the diffusion-doping and purification steps.

In the purification step of the experiment described in Figure 3.3, we added
~1.9 equivalents of Cd?* per lattice Mn**. To investigate the lattice purification chemistry
more broadly, a series of reactions was performed under identical conditions but with
different amounts of added Cd**. Figure 3.4A plots |g,, | Vs reaction time for several of
these reactions. The black trace reproduces the data from Figure 3.3. The green trace
shows that adding a sub-stoichiometric amount of Cd?* (0.24 Cd?* per lattice Mn**) yields

similar equilibration kinetics but a smaller decrease in |g,, .|, terminating at |g, 4 ~ 40% of
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its initial value, i.e., part but not all of the Mn** is removed by a sub-stoichiometric Cd**
addition. The blue traces show data from a similar experiment involving two sequential
injections of 0.6 Cd?* equivalents each, separated by 4 hours. After the first Cd** addition,
|19.,-4| decreases and equilibrates at ~35% of its initial value. After the second addition of
Cd*, |9, decreases again and equilibrates at 0. A control experiment in which oleic acid
and ODE were added without Cd** caused no meaningful change in g,,,. Use of Na*
instead of Cd?* also does not change ge,.. These control experiments demonstrate that it
is indeed the Cd?* addition that causes nanocrystal purification of Mn**, consistent with the

proposed cation-exchange process.
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Figure 3.4. (A) Time evolution of |g,, .| during cation exchange of equilibrated,
diffusion-doped Cd,_ Mn,Se nanocrystals held at 280 °C. In grey pentagons, no
Cd?* was added. In green squares and black circles, the Cd?** (0.24 and
1.92 added Cd?*:lattice Mn**, respectively) was added all at once. In blue triangles,
1.20 added Cd*":lattice Mn** was divided equally into two injections and the NCs
were allowed to equilibrate after each injection of 0.60 added Cd?*:lattice Mn?*.
Solid lines are a global fit to a single exponential with = 1.1 hours. The dashed
curve is a guide for the eye. (B) Dependence of the extent of purification by cation
exchange on added Cd**, monitored as |g,, 4| (normalized) of equilibrated samples
after cation exchange from diffusion-doped NCs, plotted as a function of the
number of equivalents of Cd** added relative to the amount of Mn?* in the diffusion-
doped NCs. The red “+” and purple “X” markers are from successive titrations of
Cd?* in two separate reaction mixtures, allowing equilibration before each
subsequent titration. Each other color/symbol pair represents the equilibrium value
obtained from Figure 3.4A. The dashed curve is a guide for the eye. Electronic
absorption and MCD spectra of representative reaction aliquots are provided in
Appendix B.
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Interestingly, the purification kinetics are similar for all added Cd** concentrations.
The solid curves in Figure 3.4A represent the results of a global fit of all reaction kinetics to
a single exponential function, which vyields 7, = 1.1 hours. Even at its slightly lower
temperature (280 °C vs 300 °C), this purification chemistry is marginally faster than the
diffusion doping (t+ = 1.3 hours, Figure 3.2), but both are remarkably slow. The similarity
of the diffusion-doping and cation-exchange reaction rates is consistent with both kinetics
being determined by very slow Mn** diffusion through the CdSe NC lattice.

Figure 3.4B summarizes equilibrium values of |g,, ;| measured after equilibration of
several different NC puirification reactions under the same conditions as in Figure 3.3,
plotted vs equivalents of added Cd**. The data are consistent with |g, ¢ returning to O at
~1 equivalent of Cd** per lattice Mn**. The curvature of these data is interesting, however,
and not fully understood. Initially, the slope of the curve exceeds 1 Mn?* lost from the NC
per added Cd?*, suggesting that Cd** addition may initiate diffusion of more than one Mn**,
perhaps by aiding the formation of a steady-state concentration of Frenkel defects. At the
other end of the curve, however, the slope decreases below 1 Mn?* lost from the NC per
added Cd?*, indicating that removal of the last Mn?* ions from the NCs requires some
excess of Cd*". These trends may in part reflect statistical distributions of both Mn** and
added Cd** over the ensemble of nanocrystals, or they could reflect a changing ratio of
equilibrium constants for Mn**-Se* vs Cd**~Se* bond formation. Addition of even more
Cd?* (up to 12 equivalents, see Appendix B) does not cause any further change in the
absorption or MCD spectra, indicating that further Cd?* is not incorporated into the

nanocrystals after the Mn** has been replaced.
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3.4 Discussion

Scheme 3.1 summarizes the diffusion-doping and cation-exchange chemistries
reported here. In the presence of a large excess of solvated Mn?*, nanocrystal doping with
Mn# is gated by the addition of Se* to the reaction mixture. The quantity of added Se*
tunes the composition of the resulting Cd,_Mn,Se nanocrystals by dictating how much
Mn?* is transferred from solution to the nanocrystal at equilibrium (Equation 3.3a,
Se?-limited regime). The nanocrystals' composition in turn tunes their corresponding
magneto-optical properties. Because diffusion doping involves addition of Mn** + Se* to
the nanocrystal lattice, the nanocrystal diameter increases during diffusion doping. After
diffusion doping, the addition of Cd?* to the reaction mixture under the same conditions
triggers cation exchange, expelling Mn?* ions from the lattice and replacing them with the
added Cd* ions (Equation 3.3b). The cation-exchange reaction preserves the total number
of cations and anions within the nanocrystal but tunes the composition. Both reactions are

equilibrium processes.

Diffusion doping: CdSe + yMn** + ySe” === CdMn,Se,,, (= Cd,_,Mn,Se) (3.3a)

Cation exchange: CdMn,Se,, + yCd** == Cd,,,Se,., (= CdSe) + yMn** (3.3b)
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Scheme 3.1. Mn?* diffusion doping of CdSe nanocrystals, and Mn?* expulsion from
Cd,_Mn,Se nanocrystals via cation exchange with Cd**.
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With small quantities of added Se?, x in the final Cd, ,Mn,Se NCs is Se*" limited. The
Cd,_Mn,Se equilibrium composition thus changes in direct proportion to the amount of
added Se*. Above x ~0.31, however, x becomes independent of added Se?. In this
regime, no further precipitation of Mn** occurs in any form, even when a 25-fold excess of
Se? is introduced. Curiously, the slope of x vs added Se* in Figure 3.2B is significantly
smaller than expected from the stoichiometry of Equation 3.3a, suggesting that a large
fraction of the added Se* is somehow unreactive. We speculate that this Se*” might be
absorbed in the form of soluble (Mn-Se), clusters. This lost Se*” does not reappear upon
addition of excess Cd?*, however, perhaps suggesting that it is unreactive for another
reason such as incomplete in situ reduction of the metallic Se precursor. Despite extensive
efforts, we have found no evidence of MnSe precipitation under any of our reaction
conditions (in any crystallographic or amorphous phase), even in control experiments
performed in the absence of CdSe nanocrystals. This latter observation is interpreted as
indicating that MnSe is too soluble to precipitate under these conditions, tentatively
attributed to the presence of coordinating amines and oleic acid in our reaction mixtures.

Given the high solubility of MnSe and the insolubility of CdSe under our reaction
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conditions, it follows that there must exist some threshold value of x above which
Cd,_Mn,Se also cannot be precipitated. The experimental data indicate that this solubility
limit occurs at x,,,, ~0.31 under our reaction conditions. The equilibrium compositions thus
transition from being Se*-limited to being solubility-limited as the amount of added Se* is
increased.

Scheme 3.2A summarizes these observations by plotting the free energy of formation
(AG)) for the Cd,_ Mn,Se nanocrystals vs the composition parameter x. Up to x ~0.31,
AG; < 0 under our reaction conditions, but for x > ~0.31, AG; > 0, and consequently
nanocrystals with x > x., = 0.31 are not observed. Because of the insolubility of
crystallites with x < x...,, Cd,_,Mn,Se nanocrystals heated in the presence of excess Se*
and excess Mn?* reach but do not exceed x,,,. It follows that the equilibrium concentration
of solvated Se* is small in the Se*-limited regime, but grows in proportion to added Se*
in the solubility-limited regime (Scheme 3.2B). Similarly, the equilibrium concentration of
solvated Mn?* decreases linearly with added Se* in the Se*-limited regime, but becomes
independent of added Se”” in the solubility-limited regime, mirroring the Mn?* uptake by the
nanocrystals. Under our experimental conditions, ~55% of all Mn** remains in solution in
the solubility-limited regime, after maximum diffusion doping. The specific value of x.,
obviously must depend on the specific reaction conditions, e.g., temperature, ligand
identity and concentration, Mn®* concentration, and possibly even nanocrystal size or
faceting, but a thorough exploration of this vast parameter space was considered beyond
the scope of the present investigation. Nevertheless, it is interesting to note that our x,.,

lies only a little below the analogous limit for crystals grown from the ionic melt (x,,, ~0.4 at
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300 °C, extrapolated from the CdSe-MnSe phase diagram®’), where there is no solvent
and there are no ligands to stabilize Mn?* outside of the growing CdSe-based crystal. This
comparison illustrates the dependence of x,,, on the chemical potentials of the ions in the
liquid phase, and simultaneously emphasizes the very high Mn?* content achievable by this
nanocrystal diffusion-doping method.

Scheme 3.2. Cd,_Mn,Se lattice formation energies and the normalized concentrations
of reaction components plotted vs composition and added Se?.
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Microscopically, the role of the added Se* during diffusion doping is two-fold. The
addition of Se* to the nanocrystal surfaces is formally equivalent to introducing surface
cation vacancies (Scheme 3.3), which lowers the chemical potential (uy,,) of lattice Mn**
relative to solvated Mn?*, allowing it to become thermodynamically favorable for Mn** from
solution to bind to the surface Se* and become part of the nanocrystal lattice. The cation
vacancies formed upon Se® addition also aid cation diffusion within the lattice, which is
necessary for scrambling Mn** positions to reach the randomized equilibrium Cd,_ ,Mn,Se
compositions observed experimentally. The diffusivity of Mn?* in bulk 1I-VI semiconductors

is strongly enhanced when the lattice is non-stoichiometric.*® Non-stoichiometries
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accelerate cation diffusion by increasing the concentrations of Frenkel-type cation
vacancies, which play a central role in the Mn** diffusion mechanism. In nanocrystals, the
surface cation vacancies (excess surface Se* anions) can be filled by sub-surface cations,
thereby generating lattice vacancies (Voq, Scheme 3.3) that accelerate cation diffusion
throughout the internal nanocrystal volume, for example via a cation vacancy-interstitial
(Frank-Turnbull) mechanism.***® The correlation between magneto-optical intensities and
analytical Mn?* concentrations indicates that Mn?* enters the lattice randomly, and not via a
preferred sector, a discrete shell, or layer-by-layer substitution along specific

crystallographic planes, as often observed in cation-exchange reactions.*®*

Scheme 3.3. Microscopic contributions to nanocrystal diffusion doping.
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Under the same reaction conditions as used for diffusion doping, addition of Cd?*
removes Mn?* from the Cd,_Mn,Se NCs. When Cd?* is added, it is thermodynamically able
to outcompete Mn?* for its coordinated Se* anions, which has the effect of raising iy, in
the lattice relative to L, in solution and thereby driving Mn?* into solution. Analogous to
composition tuning during diffusion doping via added Se?*, nanocrystal compositions can

be finely tuned via the amount of added Cd** during cation exchange. When added
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approximately stoichiometrically, Cd** displaces all Mn®* from the nanocrystals. Unlike
many other nanocrystal cation-exchange processes, however, the exchange of Cd?* for
Mn# is extremely slow, requiring several hours at 280 °C instead of seconds or less at
room temperature.®**® To prevent Ostwald ripening during this slow cation exchange, gq
must remain substantially lower in the lattice than in solution, a condition achieved through
the presence of excess solvated Mn?*.

This extremely slow cation exchange is interpreted as reflecting specifically a very
slow diffusion of Mn?* in CdSe, even in the nanocrystalline form. In stoichiometric Mn?*
6-doped CdTe wafers, Mn?* diffusion measured between 420 and 530 °C shows Arrhenius
behavior described by a temperature-independent Mn** diffusion constant (D,) of
1.7 x 10° cm?/s and an activation energy of E, = 1.35 eV.* Extrapolation of these data
down to our reaction temperature of 280 °C suggests that Mn?* should require ~22 hours
to diffuse 2.7 nm, the average radius of our nanocrystals. By some measures of bulk Mn?*
diffusivity,* this diffusion should even take an order of magnitude longer. Although slow,
the data in Figure 3.4 thus suggest diffusivities in the nanocrystals that still exceed those in
bulk by at least an order of magnitude and possibly more, consistent with the general
notion of enhanced ion diffusion in nanocrystals.®>* Although the precise microscopic
origins of this enhancement are not yet clear, and many possible explanations exist
invoking surface nonstoichiometries or interfacial strain, it is undoubtedly associated with
surface proximity; even in bulk, accelerated cation diffusion near surfaces appears to be a
general phenomenon.”® Notably, the Mn?* in- and out-diffusion kinetics do not differ

markedly from one another in our experiments (Figure 3.3D), suggesting a relatively narrow
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range of Mn?* diffusivities even with the different surface chemistries of these two
processes. With kinetic data of the types shown in Figures 3.2 and 3.4 now available for
the Mn* diffusion-doping and cation-exchange reactions discussed here, modeling
studies, perhaps in conjunction with atomistic reaction-coordinate calculations, should
make possible an even deeper understanding of the microscopic diffusion pathways
involved in these interesting chemistries. Further work in this direction is presently

underway.

3.5 Conclusion

Diffusion doping allows nanocrystals to achieve their thermodynamically favored
compositions without reaching their thermodynamically favored shapes or sizes.?® Here,
we have investigated in detail the model system of Cd,_,Mn,Se nanocrystals. A Se?-limited
reaction regime is identified, in which Mn?* diffusion into CdSe nanocrystals is gated by the
addition of excess Se?". In this regime, the Mn?* content (x) at equilibrium is proportional to
the amount of added Se*. A second, solubility-limited regime is also identified, which
occurs for large values of added Se?. In this regime, x at equilibrium is limited to x,,,, ~0.31
by the thermodynamic instability of Cd, Mn,Se nanocrystals that have x > X, ..
Consequently, x at equilibrium is independent of the amount of added Se? in this regime.
After diffusion doping, Mn?* in-diffusion can be reversed by cation exchange with Cd?*,
effectively purifying Cd,_Mn,Se nanocrystals back to CdSe nanocrystals. Under these

reaction conditions, the equilibrium compositions of Cd,_,Mn,Se nanocrystals can therefore
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be tuned continuously from 0 < x < ~0.31 in two ways: () during diffusion doping by
changing the amount of added Se*", or (i) during cation exchange by changing the amount
of added Cd**. Combining diffusion doping and cation exchange methodologies thus leads
to unprecedented composition control in Cd,_Mn,Se NCs. All of these chemistries are
performed under conditions in which Ostwald ripening has been suppressed, allowing this
composition control in pre-formed high-quality colloidal CdSe nanocrystals prepared
separately by independent state-of-the-art synthetic methods. The advances in
compositional tuning reported here enable further studies of microscopic cation diffusion
processes and of advanced dopant-dependent physical properties in semiconductor
nanocrystals, which in turn will enable development of new high-quality colloidal doped

nanocrystals for target applications ranging from solar energy conversion to spintronics.

3.6 Experimental Methods

3.6.1 Synthesis

Oleate-capped seed CdSe nanocrystals were prepared by methods adapted from refs. 36
and 50-52, as detailed in ref. 25. Typically, diffusion doping of CdSe nanocrystals with
Mn?* was performed as follows: CdSe nanocrystals (~0.1 mmol in terms of CdSe units)
were dried and added to 1 mL of octadecene (ODE), 1 mL of tributylphosphine (TBP), and
the desired amount (0-2.5 mmol) of selenium powder, in a septum-capped 5 mL round-
bottom flask in a nitrogen-atmosphere glovebox. Separately, 12 g of ODE, 0.5 g of oleic
acid (OA) and 1 g of hexadecylamine (HDA) were added to a 100 mL three-neck round-
bottom flask. Following heating of the latter solution for 60 minutes at 100 °C under

vacuum, 0.025 g (0.1 mmol) of Mn(OAc),*4H,O was added against a nitrogen
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overpressure. The flask was then placed under vacuum to remove acetic acid and water
and then heated under nitrogen to 300 °C, at which point the CdSe/selenide solution was
injected rapidly. This reaction mixture was held at 300 °C and allowed to equilibrate for
between a few seconds and one day. In NC purification experiments, diffusion doping was
performed at 280 °C for 20-24 hours. A solution of cadmium oleate (0-0.25 mmol)
dissolved in 2 mL of ODE was then dripped in to the flask and the system was allowed to
re-equilibrate for up to one day at 280 °C. After equilibrium was reached, the solution was
cooled to room temperature and washed by repeated suspensions in toluene and
flocculation with ethanol. In these experiments, no freshly nucleated CdSe or MnSe

particles were ever detected by absorption, luminescence, TEM, or XRD measurements.

3.6.2 Physical Characterization

Relative atomic concentrations were determined by analysis of dried nanocrystals digested
in ultrapure nitric acid (EMD Chemicals) using inductively coupled plasma atomic emission
spectrometry (ICP-AES; PerkinElmer). CW electron paramagnetic resonance (EPR)
experiments were performed on equally concentrated colloidal toluene suspensions of
nanocrystals using an X-band Bruker EMX spectrometer. Room-temperature electronic
absorption spectra were collected for colloidal toluene suspensions of nanocrystals in a
0.1 cm path length cuvette using a Cary 500 spectrophotometer. Room-temperature
magnetic circular dichroism (MCD) spectra were collected on the same cuvette placed in a
1.5 T electromagnet oriented in the Faraday configuration. MCD spectra were collected
using an Aviv 40DS spectropolarimeter. The differential absorption collected in the MCD
experiment is reported as AA = A — Ag, where A, and Ag refer to the absorption of left and
right circularly polarized photons in the sign convention of Piepho and Schatz.>*** From

these data, values of AE ..., and gg,. can be obtained. %%
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3.7 Appendix B

Additional absorption and MCD spectra, TEM data.
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Chapter 4. Kinetics of Isovalent (Cd?*) and
Aliovalent (In®*) Cation Exchange in Cd,_,Mn,Se
Nanocrystals*

Selective Cation Exchange
Local Reaction
[Mn?*] Time
Cd2+( ) (] |n3+

*Reproduced with permission from Chakraborty, P.; Jin, Y.; Barrows, C. J.; Dunham, S.
T.; Gamelin, D. R. J. Am. Chem. Soc. 2016, 738, 12885-12893. Copyright 2016
American Chemical Society.

4.1 Overview

lon exchange, in which an in-diffusing ion replaces a lattice ion, has been widely exploited
as a synthetic tool for semiconductor doping and solid-to-solid chemical transformations,
both in bulk and at the nanoscale. Here, we present a systematic investigation of cation-
exchange reactions that involve the displacement of Mn** from CdSe nanocrystals by Cd**
or In®. For both incoming cations, Mn** displacement is spontaneous but thermally
activated, following Arrhenius behavior over a broad experimental temperature range. At
any given temperature, cation exchange by In® is approximately 2 orders of magnitude
faster than that by Cd*, illustrating a critical dependence on the incoming cation.
Quantitative analysis of the kinetics data within a Fick's-law diffusion model yields diffusion
barriers (Ep) and limiting diffusivities (D,) for both incoming ions. Despite their very different
kinetics, indistinguishable diffusion barriers of £, = 1.1 eV are found for both reactions (In**
and Cd*). A dramatically enhanced diffusivity is found for Mn?* cation exchange by In®*.
Overall, these findings provide unique experimental insights into cation diffusion within
colloidal semiconductor nanocrystals, contributing to our fundamental understanding of
this rich and important area of nanoscience.
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4.2 Introduction

lon diffusion in solids is integral to many energy storage and conversion
technologies, impacting for example solid-electrolyte kinetics in batteries and fuel cells,
and doping profiles in diffusion-doped semiconductor devices." ? Diffusion occurs in all
solids, spanning broad time and length scales, and its physical underpinnings are very
generally relevant across physics, chemistry, biology, geology, and other disciplines.® In
recent years, directed ion diffusion has become a prominent tool in the synthetic repertoire
of nanoscience, enabling formation of non-equilibrium semiconductor nanostructures with
exquisite compositional, shape, and size control.*'®> Whereas broad attention has been
dedicated to understanding the motions of charge carriers into and out of semiconductor
nanostructures, less is known about ion mobilities in such materials. Reduced
dimensionality is frequently credited with accelerating ion diffusion via increased surface-
to-volume ratios, reduced transport lengths, and in some instances, altered diffusion
mechanisms.* '®'® Although large ion mobilities may improve performance in some device
technologies, it may also compromise performance in others when stable compositions
are demanded at high operating temperatures. A fundamental understanding of ion
diffusion in nanostructured semiconductors will thus be important for future applications of
this important class of materials.

Mechanistic studies of ion diffusion in colloidal semiconductor nanocrystals are at
an early stage. Experimentally, a great deal of work has been done on controlling

nanocrystal compositions through cation exchange, which allows access to compositions,
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shapes, and heterostructures that cannot be prepared by other routes.® ' ¥ 2% Cation
exchange frequently involves rapidly diffusing cations such as Cu® or Ag*, whose reactions
are often complete within milliseconds at room temperature,®® but it has also been
explored with various slower-diffusing cations.>” %9123 |n most cases, cation diffusion is
generally assumed to involve vacancy or interstitial mechanisms, with smaller ions diffusing
interstitially more easily. Computational work has highlighted the importance of
electrostatics in stabilizing cation vacancies during Ag* diffusion into CdSe nanocrystals.?’
Also computationally, energy barriers for interstitial diffusion of Mn** have been predicted
to be significantly smaller in nanocrystalline CdSe (@ < 2 nm) than in bulk CdSe, leading to
greater Mn** hopping frequencies in the former.'® Acceleration of Mn?* hopping by new
low-energy nanocrystal lattice vibrations was also proposed.’® Quantitative experimental
investigation of cation diffusion kinetics in semiconductor nanostructures are needed to
advance the understanding, and ultimately the utility, of chemical transformations that
involve ion diffusion through semiconductor nanostructures.

Here, we report a detailed investigation into the cation-exchange kinetics of a
model system of free-standing colloidal semiconductor nanocrystals. Mn?* ions embedded
within colloidal Cd,_Mn,Se nanocrystals are expelled from these crystals by addition of
Cd?* and In* cations, both of which form stronger M™-Se?* bonds than Mn*
(Cd**-Se*: 310 kJ/mol; In®*-Se?: 247 kJ/mol vs Mn?*-Se®: 201 kJ/mol),* providing a
thermodynamic driving force for cation exchange. The rates of Mn?* displacement by these
two cations differ by nearly two orders of magnitude under otherwise identical conditions,

with In® causing much faster Mn?* expulsion from the nanocrystals. Experimental cation-
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exchange reaction kinetics have been measured as a function of temperature over broad
temperature ranges. Fick's-law modeling of these data allows quantitative assessment of
the diffusion constants and barriers for these cation-exchange reactions. The results of this
analysis reveal indistinguishable diffusion barriers () for the reactions involving Cd** and
In®. The vastly accelerated cation exchange when using In** could be attributed to lower
effective cation activity in solution for In® (relative to Cd?*) increasing the vacancy
concentration in nanocrystals, or to electrostatic stabilization of lattice cation vacancies or
interstitials by this aliovalent cation, emphasizing the critical role such point defects play in
these chemical transformations. These results offer a unique experimental mechanistic

view into cation diffusion within colloidal semiconductor nanocrystals.

4.3 Experimental Methods

4.3.1 Nanocrystal Synthesis and Diffusion Doping

Synthesis of oleate-capped wurtzite-CdSe nanocrystals was adapted from various
publications.’ #*%® The NCs were washed by repeated suspensions in toluene and oleic
acid (OA) and flocculation with ethanol. Diffusion doping of CdSe NCs with Mn?* was
carried out according to our previously reported procedures' ™ for 20 hours at 300 °C
using 0.1 mmol (in terms of CdSe units) of CdSe seed NCs, 0.004 g (0.05 mmol) of Se
powder, and 0.025 g (0.1 mmol) of Mn(OAc),*4H,0. Reactions were monitored by

removing aliquots at various times for spectroscopic and analytical characterization.
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4.3.2 Cation Exchange

Cation exchange was carried out from the equilibrated diffusion-doped
Cd;_Mn,Se NCs between 300 °C and 125 °C without further purification of the reaction
mixture. Solutions of cadmium oleate and indium oleate were prepared separately by
adding 0.0064 g (0.05 mmol) of CdO or 0.0146 g (0.05 mmol) of indium (lll) acetate,
respectively, to 0.2 g of OA, and 2 g of 1-octadecene (ODE). These solutions were
degassed for one hour at 115 °C to remove acetic acid and water, followed by heating to
280 °C under nitrogen until the solutions became transparent and colorless, consistent
with the formation of Cd(oleate), and In(oleate),. The solutions were then cooled to room
temperature under nitrogen and added to the equilibrated diffusion-doped
Cd,_Mn,Se NC solution dropwise over the course of two minutes so as not to perturb the
temperature of the solution. The resulting reaction mixtures were held between 300 °C and
125 °C and allowed to re-equilibrate between a few minutes and several days. All the
reactions were monitored by taking aliquots at various time intervals, followed by washing

as described above.

4.3.3 Physical Characterization

Room-temperature electronic absorption spectra of all the aliquots suspended in
toluene were taken in a Cary 5000 spectrometer using a 0.1 cm path length cuvette.
Room-temperature magnetic circular dichroism (MCD) spectra of those aliquots were
measured using the same cuvette placed in a 1.5 T electromagnet oriented in the Faraday
configuration. MCD spectra were collected using an Aviv 40DS spectropolarimeter. The
differential absorption of left and right circularly polarized light in the MCD experiment is
reported as AA = A — Az, Where A and Ag refer to the absorption of left and right circularly
polarized photons in the sign convention of Piepho and Schatz.?” Values of AE, e Jece
and g,,, can be calculated from these MCD data.'" ™ *** Based on experimental

uncertainty, we estimate o < 5% for all values of g, , reported here. TEM samples were
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prepared by immersing Cu grids (200 mesh, Ted Pella, Inc.) in colloidal suspensions of
NCs in toluene. The grids were allowed to dry in air for a few minutes and kept inside the
desiccator overnight to remove any excess water. Nanocrystal sizes from TEM and the
size distribution histogram analysis were performed on =100 individual nanocrystals by

using the ImageJ64 software.

4.4 Results and Analysis

4.4.1 Diffusion-Doping and Cation-Exchange Reactions

Figure 4.1 presents electronic absorption and MCD spectra of colloidal CdSe
nanocrystals measured at various stages of sequential diffusion-doping and cation-
exchange reactions. Panel A shows room-temperature electronic absorption spectra of
seed CdSe nanocrystals, of the same nanocrystals equilibrated after 20 hours of diffusion
doping with Mn?*,"" ' and of the same nanocrystals after subsequent cation exchange
with Cd?*. The diffusion-doping and cation-exchange reactions were performed at 300 °C
with the ratio 0.5:1:1 for Se*:Mn**:CdSe (where CdSe here represents lattice Cd**~Se*
units) during diffusion doping, and the ratio 1:1 between added Cd** and previously added
Se* during cation exchange. Diffusion doping shifts the first excitonic absorption

maximum to higher energy, whereas subsequent cation exchange with Cd** shifts it to

lower energy again.
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Figure 4.1. (A) Room-temperature electronic absorption spectra of undoped
d = 4.5+ 0.2 nm CdSe nanocrystals (1, black), the same nanocrystals equilibrated
after 20 hours of Mn** diffusion doping at 300 °C with 0.5:1:1 Se*:Mn?":CdSe (2,
blue), and purified by 10 hours of cation exchange with Cd?* (3, red, 1:1 added
Cd?*":previously added Se*) at 300 °C. (B) Room-temperature MCD spectra of the
same nanocrystals. (C) Time evolution of |g,, | during diffusion doping (black and
blue triangles) and cation exchange by Cd®* (red circles) at 300 °C, as determined
by room-temperature MCD at 1.5 T. The data are represented as the absolute
value of g., , normalized to the equilibrated diffusion-doped Cd,_Mn,Se value. (D)
Room-temperature electronic absorption spectra of undoped d = 4.4 + 0.2 nm
CdSe nanocrystals (1, black), the same nanocrystals equilibrated after 20 hours of
Mn#* diffusion doping at 300 °C (2, blue, 0.5:1:1 Se*:Mn?":CdSe), and after 10
minutes of cation exchange with In*" (3, green, 1:1 In*:previously added Se?*) at
300 °C. (E) Room-temperature MCD spectra of the same nanocrystals. (F) Time
evolution of |g,, 4| during diffusion doping (black and blue triangles) and cation
exchange by In** (green squares) at 300 °C, as determined by room-temperature
MCD at 1.5T.
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Figure 4.1B shows corresponding room-temperature MCD spectra of the same
seed CdSe nanocrystals, equilibrated diffusion-doped Cd,_ Mn,Se nanocrystals, and the
same nanocrystals after cation exchange with Cd?*. Diffusion doping causes inversion and
enhancement of the first CdSe excitonic MCD feature, whereas cation exchange inverts
this feature back to a signal consistent with undoped CdSe nanocrystals. As detailed
previously,”" ' these spectroscopic changes are manifestations of Mn?* diffusion into the
CdSe nanocrystal lattice. Specifically, the MCD intensity inversion and enhancement seen
in Figure 4.1B reflect the introduction of a new Mn?-exciton magnetic-exchange
contribution to the excitonic Zeeman splitting upon Mn?* incorporation into the CdSe
nanocrystal, parameterized by the spectroscopic splitting term g, ,. Simultaneous analysis
of the MCD and absorption spectra allows quantification of g, 4, which is proportional to
the Mn?*—exciton overlap. These spectroscopic data thus provide a quantitative measure
of Mn?* concentration within the CdSe nanocrystals, as verified by independent ICP-AES,
TEM, and EPR measurements, allowing us to monitor the evolution of the Mn?* population
within the CdSe nanocrystals during diffusion doping and cation exchange.' ' Under
these diffusion-doping conditions, x reaches ~0.15 and Mn?* is distributed uniformly
throughout the nanocrystal volume at equiliorium.™ Figure 4.1C plots the time evolution of
|90 (norm.) during diffusion doping and cation exchange. Here, g, has been
normalized to its maximum value achieved at equilibrium during the diffusion-doping
reaction. In the undoped CdSe nanocrystals, |g,, | = 0. During diffusion doping, |g., 4]

increases with time and eventually plateaus as the reaction approaches equilibrium. During
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cation exchange with Cd**, |g..4| drops and re-equilibrates at |g,,4| = O again,
indicating complete removal of Mn** from the CdSe nanocrystals.

Figure 4.1D shows room-temperature electronic absorption spectra of undoped
CdSe nanocrystals, of the same nanocrystals after 20 hours of diffusion doping with Mn**
at 300 °C, and of the same nanocrystals after subsequent cation exchange with In®* (1:1
between added In** and previously added Se*). Diffusion doping causes a shift of the first
excitonic absorption feature to higher energy, whereas cation exchange with In®* shifts it
back to lower energy, like cation exchange with Cd**. Figure 4.1E shows corresponding
room-temperature MCD spectra of the same CdSe nanocrystals before and after diffusion
doping, and after subsequent cation exchange with In**. MCD at the CdSe absorption
edge inverts and intensifies during diffusion doping, whereas subsequent cation exchange
with In** diminishes its intensity and reverts it back to the undoped CdSe-like signal.
Figure 4.1F plots the variation of |g,,,| as a function of time during diffusion doping and
cation exchange. |g.,4| again increases with diffusion doping time, eventually
approaching a maximum, indicating Mn?* in-diffusion and composition equilioration,
whereas cation exchange with In®* causes a rapid drop of |g,4| to zero, indicating
expulsion of Mn?* from the nanocrystals by In*".

Figure 4.2 presents TEM images and corresponding size-distribution histograms of
the CdSe nanocrystals from Figure 4.1 during the diffusion-doping and cation-exchange
reactions. Figure 4.2A shows the undoped CdSe nanocrystals used for the diffusion-
doping and subsequent cation-exchange experiments with Cd*". These nanocrystals have

an average diameter of 4.5 + 0.2 nm (o = 4.4%). Figure 4.2B shows the same
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nanocrystals equilibrated after 20 hours of diffusion doping with Mn?* at 300 °C. During
diffusion doping, the average nanocrystal diameter increases to 5.2 + 0.4 nm (o= 7.7%)
due to formal addition of Mn?*-Se? units to the lattice. Figure 4.2C shows the same
nanocrystals after subsequent cation exchange with Cd** at 300 °C. The average diameter
of 5.3 = 0.3 nm (o = 5.6%) is essentially unchanged during cation exchange. Figure 4.2D
llustrates the CdSe nanocrystal diffusion-doping and cation-exchange reactions
schematically. Figure 4.2E shows the undoped CdSe nanocrystals used for the diffusion-
doping and subsequent cation-exchange experiments with In**. These nanocrystals have
an average diameter of 4.4 + 0.2 nm (o = 4.5%). Figure 4.2F shows the same nanocrystals
after 20 hours of diffusion doping with Mn?* at 300 °C. The average diameter increases to
51 + 0.5 nm (o = 9.8%). Figure 4.2G shows the same nanocrystals after subsequent
cation exchange with In®** at 300 °C. The average diameter of 5.2 + 0.4 nm (o = 7.7%)
remains essentially unchanged during cation exchange. In** is clearly detected in the EDX
spectrum of these nanocrystals measured after cation exchange with In®* (see Appendix

o).
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Figure 4.2. TEM images and size histograms (=100 nanocrystals each) for (A)
undoped CdSe nanocrystals (d = 4.5 + 0.2 nm), (B) diffusion-doped Cd,_Mn,Se
nanocrystals after 20 hours of diffusion doping at 300 °C (d = 5.2 + 0.4 nm), and
(C) the same nanocrystals after cation exchange with Cd** at 300 °C
(d =5.3 + 0.3 nm). (D) Schematic illustration of CdSe nanocrystal diffusion doping
by addition of Mn?* and Se* to form Cd,_ Mn,Se nanocrystals, followed by cation
exchange with either Cd** or In** to form CdSe or Cd,_In,Se nanocrystals,
respectively. TEM images and size histograms (=100 nanocrystals each) for (E)
undoped CdSe seed nanocrystals (@ = 4.4 + 0.2 nm), (F) diffusion-doped
Cd,_Mn,Se nanocrystals after 20 hours of diffusion doping at 300 °C
(d =5.1 + 0.5 nm), and (G) the same nanocrystals after cation exchange with In**
at 300 °C (d = 5.2 £ 0.4 nm). The scale bars represent 10 nm.
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Figure 4.3 shows the variation of |g,,,| (normalized to the equilibrated diffusion-
doped Cd,_ Mn,Se values) as a function of time during cation exchange with Cd** or In®*.
Mn* removal from the Cd, Mn,Se nanocrystal lattice during cation exchange with In®*
takes place in a few minutes at 300 °C, whereas it takes about 10 hours during cation
exchange with Cd** at the same experimental temperature. Therefore, at the same
temperature, cation exchange with In® is much faster than with Cd?*. Control experiments
performed with sodium oleate or with only oleic acid and ODE at the same temperature
result in no meaningful change in |g,,,| over several hours, indicating no loss of Mn?*.
These control experiments exclude self-purification or ligand concentration effects under
these conditions. Mn** removal from the Cd, ,Mn,Se nanocrystal lattice takes place only
via cation exchange with Cd** or In*. The dashed curves in Figure 4.3 show single-
exponential fits of the Cd®* and In®" cation-exchange data and are included as guides to

the eye (vide infra).
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Figure 4.3. Time evolution of |g,,,| during 300 °C cation exchange starting from
equilibrated, diffusion-doped Cd,_Mn,Se nanocrystals upon addition of In®* (green
squares, 1:1 added In®* to previously added Se* during the diffusion-doping step),
Cd?* (red circles, 1:1 added Cd?** to previously added Se* during the diffusion-
doping step). Data from control experiments using sodium oleate (blue downward
triangles, 1:1 added sodium oleate to previously added Se* during the diffusion-
doping step) and a mixture of OA and ODE (black upward triangles) are also
included. Both control experiments were performed with 0.2 g of OA and 2 g of
ODE. The dashed curves show single-exponential fits of the In** and Cd** data and
horizontal lines for the sodium oleate and OA and ODE data. All experiments shown
here were performed on equilibrated diffusion-doped Cd, Mn,Se nanocrystals

made by diffusion doping the same or similar undoped CdSe NCs at 300 °C for
20 hours with 0.5:1:1 Se*:Mn?*:CdSe mole ratios.
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Figure 4.4 presents data from variable-temperature cation-exchange
measurements for diffusion-doped Cd, Mn,Se nanocrystals using Cd** or In** as the
incoming cation, and plots the evolution of |g,,,| as a function of temperature. The
corresponding electronic absorption and MCD spectra are provided in Appendix C. For
both incoming cations, |g,.,| decreases roughly exponentially with time at all
temperatures, asymptotically approaching zero. Figure 4.4A shows that Mn?* removal from
the nanocrystals occurs on a time scale of several hours after the addition of Cd** across a
broad range of temperatures (220-315 °C), and that the reaction gets much slower at
lower temperatures. Even after one full day of Cd** cation exchange at 250 °C, |g,,,| has
decreased by only ~50%. By contrast, cation exchange with In* proceeds much faster
(Figure 4.4B). Mn?* displacement is complete essentially immediately upon addition of In**
at 300 °C, and is complete within a few minutes of In*" addition at 250 °C. Again, the
reaction becomes slower with decreasing reaction temperature, but at every temperature it
is still much faster than cation exchange with Cd** at the same temperature. Overall, under
otherwise identical conditions, cation exchange from equilibrated Cd,_ Mn,Se nanocrystals
is approximately two orders of magnitude faster with In** than with Cd**. The dashed

curves in Figure 4.4 show results from modeling, as described in the following section.
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Figure 4.4. Temperature dependence of the cation-exchange reaction kinetics for

the exchange of Mn?* in d = 5.2 nm Cd,_,Mn,Se nanocrystals by Cd** or In** ions.
The data plot the change in |g,, 4| vs time for parallel reactions run at different
temperatures. All measurements were performed starting with equilibrated,
diffusion-doped Cd,_Mn,Se nanocrystals (20 hours of diffusion doping at 300 °C
with 0.5:1:1 Se*:Mn**:CdSe). (A) Cation exchange with Cd**, where the ratio of
added Cd?* to Se* added during diffusion doping is 1:1. (B) Cation exchange with
In®*, where the ratio of added In*" to Se*” added during diffusion doping is 1:1. The
dashed curves show the results of data simulation using a Fick's-law model (see
section 4.4.2 for details), from which diffusivities and diffusion barriers are
quantified. Data for longer reaction times are included in Appendix C.
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4.4.2 Modeling Mn?* Diffusion Kinetics

Generally, ion diffusion through a crystal lattice involves interactions with point
defects such as interstitials or vacancies. For example, in bulk [I-VI and [llI-V
semiconductors, Mn?* diffusion is believed to primarily involve substitutional hopping
mediated by cation vacancies.®’ Whether the out-diffusion of Mn** ions from Cd,_ ,Mn,Se
nanocrystals is mediated by interstitials or vacancies is a priori unknown. By simulating the
experimental results, we aim to help identify the dominant mechanism. As will be shown,
we find that mobile complexes mediating Mn** out-diffusion possess a shorter mean free
path than the nanocrystal dimensions. Since interstitials are likely to have a larger mean
free path than our very small nanocrystal dimensions, as in other material systems,* this
conclusion suggests that Mn** out-diffusion is most likely mediated by cation vacancies.
We thus propose that the mechanism for Mn** out-diffusion in our Cd, ,Mn,Se
nanocrystals is analogous to the vacancy-mediated mechanism of Mn?* diffusion in related
bulk semiconductors.®’

In vacancy-mediated diffusion, Mn?* exchanges with vacancies at neighboring
lattice sites. The diffusion process can be expressed as:

MnZ + V=V + Mn? (4.1)

The effective diffusivity of Mn?* mediated by vacancies (D) is:

nXy"T &
D= = n 4.2)

126



2+, . . . ' . . .
Here, XC”” is the fractional concentration of cation vacancies adjacent to Mn?* ions, n is

the number of adjacent sites, | D represents the Mn**—~vacancy exchange rate, and a is

o)
the hopping distance. In principle, D could be a function of time and position within the
nanocrystal, which is difficult to characterize given the limited experimental data set.
Because the chemical potential does not change much in the solution during the cation-
exchange reactions reported here, we assume that the concentration of vacancies in these
nanocrystals is relatively constant throughout the experiment. Also, because of the small
dimensions of the nanocrystals, we assume uniform distributions of vacancies within the
nanocrystals. We thus simplify the model by assuming that a single average D is applicable
in any specific reaction performed under fixed conditions.

To describe the experimental ion-diffusion data quantitatively, we solve the Fick's-
law diffusion equation. In a spherical coordinate system, the diffusion equation has the

following form:

ou 10 Lo0u
— =D ——r"—,

Lt Pl O<r<R (4.3)
r=ar r

Here, the distribution function u describes the Mn?* ion distribution within the nanocrystal,
and D is the diffusion coefficient (diffusivity). We define the initial condition as:

(4.4)

where U, = 1.
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To solve Equation 4.3, two boundary conditions must be defined. At the geometric

origin of the nanocrystal (r = 0), we have:

au

e 0 (4.9)

r=0

A second boundary condition describing the nanocrystal/liquid interface (r = R) is also
needed. Initial calculations were performed under the assumption of a fixed boundary
condition. Specifically, we assume that Mn** solvation (i.e., displacement by solvated Cd?*
or In*) at the nanocrystal/liquid interface equilibrates rapidly relative to other processes
such that u at R is effectively constant for the duration of the experiment, /.e.:

uR,t)=u, (4.6)

In our calculations, we set usz = 0, meaning that Mn** ions are rapidly removed from the
nanocrystals once they reach this interface. This condition is consistent with our
experimental observations that MnSe shells cannot be grown on the CdSe nanocrystals
under these conditions, and that MnSe also cannot be independently nucleated under
these conditions.” Under these fixed boundary conditions, the analytical solution to

Equation 4.3 is then:

u(r,t)=

2RIU, —uR] E V™ o SNAD =%ﬂ 4.7)

n=1

We note that the MCD spectroscopic approach used to gather the data in
Figure 4.4 measures an effective Mn** content given by the overlap of the dopant profile
and the nanocrystal's exciton wavefunction. To relate the calculated diffusion results to

experiment, the exciton wavefunction amplitude was modeled using the particle-in-a-
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spherical-well solution detailed elsewhere,® and the values of |g,, 4| were then related to
the dopant distribution u(r) by projection of u(r) onto this wavefunction. The microscopic
details of this relationship are described elsewhere.

Using this approach, diffusion coefficients governing the cation-exchange kinetics
were evaluated for each experiment by fitting the experimental data shown in Figure 4.4.
The first 50" orders of Equation 4.7 were evaluated computationally. The comparison
between simulated and experimental results is included in Figure 4.4 for both Cd** and In**
cation exchange. The diffusion calculations reproduce experiment well at each
temperature, with the goodness of fit worsening only for the lowest temperatures where
the data themselves are least complete. These fits yield the diffusion coefficients

summarized in Table 4.1. Cation exchange with In** at 300 °C proceeded too rapidly to fit.

Table 1. Diffusion coefficients obtained from Fick's-law analysis of the data in
Figure 4.4 using Equation 4.7, corresponding to the dashed curves included in
Figure 4.4.

Mn2+ s Cd2+ Mn2+ s |n3+
Temperature (K) Diffusivity, D (nm?/s) Temperature (K) Diffusivity, D (nm?/s)

493 1.7 x 10°° 398 5.6 x107
523 4.6 x10° 423 6.9 x10°
530 9.4 x 10°° 448 3.5x10°
538 2.1 x10° 473 1.2x10™
553 29x10° 523 1.1x10°
573 4.2 x10™

588 9.0x 10°
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As expected from visual inspection of the data, the diffusivities increase with
increasing temperature, and are greater for cation exchange when using In®* than when
Cd?* is used. Figure 4.5 plots the logarithm of the fitted diffusivities vs inverse temperature.
Within experimental uncertainty, these plots are linear over the entire temperature range
examined here, indicating that the diffusivities show Arrhenius behavior throughout this
temperature range. The dashed lines in Figure 4.5 represent fits of the data to the
Arrhenius equation (Equation 4.8) and yield indistinguishable values of E, = 1.1 €V for both
Cd*"and In*. As a simple cross-check, we note that a similar diffusion barrier of ~1.1 eV is
also obtained when the data in Figure 4.4 are fit to phenomenological single-exponential
functions and the results analyzed using the Arrhenius equation (see below and
Appendix C). Despite their similar diffusion barriers, cation exchange with Cd* and In**
show very different limiting diffusivities of D, = 9.8 x 10* and 2.6 x 10" nm?/s for Cd** and
In®, respectively. A similar increase in D, for Mn?* diffusion is observed in Cd, ,Mn,Te thin
films upon co-doping with In**.*" Because D, = nsa® (where n, is the cation-hopping
attempt frequency and a is the hopping distance), the substantial increase in D, when
using In®** relative to Cd** reflects a significant increase in Mn** hopping attempts in the

former case.

D = Dyexp(~E,/kT) (4.8)
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Figure 4.5. Arrhenius plot of the temperature dependence of the diffusion
coefficients (D) measured for Mn** cation exchange by Cd?* (circles) and In®*
(squares) in d = 5.2 nm Cd,_ Mn,Se nanocrystals. The diffusion coefficients are
obtained by simulating the experimental data in Figure 4.4 using the Fick's-law
diffusion equation (Equation 4.7) with fixed boundary conditions. The simulated
curves are also depicted in Figure 4.4. Dashed lines show fits of the data to the
Arrhenius equation (Equation 4.8), which yield E, = 1.1 + 0.1 eV for both Cd** and
In®*. From the Arrhenius fits, limiting diffusivities of D, = 9.8 (+1.8) x 10* and
2.6 (£0.3) x 10" nm?/s are obtained for cation exchange with Cd* and In®,

respectively.
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For completeness, the possibility that the interface at r = R cannot equilibrate fast
enough to use a constant ug was also considered. In this case, we explicitly account for

the interface flux using Equation 4.9:

WDl e B -u A
o y equi

R,t)) 4.9)

Here, k represents the surface equilibration rate constant, and u,,(R,t) describes the
(quasilequiliorium Mn** mole fraction at the nanocrystal surface. The fixed boundary
condition reflects the limit of large k. If k is not sufficiently large, then surface Mn**
concentrations will not be equilibrated and the diffusion profile should differ from the fixed-
boundary-condition analytical solution. To verify that, we have shown the experimental and
simulated curves after accounting for the interface flux at the lowest temperatures used for
the Cd** and In** reactions (see Appendix C). Very similar results are obtained using this
more complete model. Although expected to be temperature dependent, effects of the
interface fluxes are not detectable at lower temperatures, indicating they do not become
rate limiting. This result is consistent with the finding that the diffusion coefficients
extracted from the fixed-boundary-condition solution follow Arrhenius behavior at all
temperatures. Overall, we conclude that surface equilibration is comparatively rapid (k is
large) at all experimental temperatures explored here, and hence that the fixed boundary
condition is a reasonable approximation for our present analysis.

Cation exchange via an interstitial mechanism was also considered. The interstitial
process can be described as a “kick-out” mechanism. In this mechanism, interstitial Cd**
(Cd) or In®** (In) replaces the substitutional Mn?* (Mn,) and generates interstitial Mn?* (Mn) as

follows:
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Cd, + Mn, = Cd, +Mn, (4.10)
In, + Mn, = In, +Mn, (4.171)

If the mean free path of interstitials is much smaller than the nanocrystal dimensions
(r = 2.6 nm), then we get an effective diffusivity that is indistinguishable from that of the
vacancy mechanism. If, however, the mean free path of interstitials is substantially larger
than the nanocrystal dimensions (e.g., the case of interstitial B in Si, where the mean free
path can exceed 10 nm*), then Mn** out-diffusion would yield uniformly distributed Mn?*
throughout the nanocrystal. This uniform Mn?* distribution would decay in time with a rate

determined by the exchange rates of the above reactions, which can be expressed as:

R =4xdD_ C_ C (4.12)

Cd/Mn Cd,~'Cd,~ Mn,

Ry = 4dD /n,C/n,CMns (4.13)
Here, d stands for effective capture distance. Using this model, we attempted to simulate
the experimental data, but the goodness of fit is significantly worse than that found for the
Fick’s-law model. Figure 4.6 compares the simulations using interstitial and Fick’s-law
models with the experimental data for Mn?* cation exchange by Cd** at 265 °C and by In**
at 175 °C (selected because they have similar absolute rates). When represented on a
semi-log plot, the interstitial mechanism with large mean free path yields a straight line in
this plot, whereas Equation 4.3 yields a curve. Compared to the data, the simulated data
based on interstitial diffusion drop too rapidly at short times and too slowly toward the end
of the reaction. The experimental data clearly deviate from linearity in a way that is

consistent with Fick's law. These simulations thus favor vacancy-mediated diffusion (or an

interstitial diffusion process with a short mean free path).
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Figure 4.6. Comparison between experimental and simulated cation-exchange
dynamics, plotted as log |g,,.4 Vs time. (A) Mn** cation exchange by Cd** at 265 °C
(experimental, red circles) and (B) Mn?** cation exchange by In** at 175 °C
(experimental, green squares). Simulated curves for vacancy-mediated diffusion
(dashed) and interstitial diffusion with a large mean free path (solid) are included.

The experimental data are from Figure 4.4.
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To highlight the difference between the vacancy-mediated and interstitial diffusion
mechanisms, Figure 4.7 compares the evolution of the Mn** spatial distribution within a
5.2 nm CdSe nanocrystal for the two cases described by Figure 4.6. In the vacancy-
mediated diffusion process, the Mn?* concentration rapidly drops to zero at the
nanocrystal/liquid interface because of rapid solvation, creating a Mn* concentration
gradient within the nanocrystal. In the interstitial diffusion process, the distribution of Mn**
is uniform throughout the nanocrystal and the Mn** concentration at all lattice sites decays
exponentially in time during the cation-exchange reaction. This difference in Mn** spatial
distribution causes discernible differences in |g,, 4| and gives rise to the different kinetic

profiles shown in Figure 4.6.
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Figure 4.7. Contours for Mn?* radial distribution evolution within d = 5.2 nm
Cd,_Mn,Se nanocrystals during cation exchange with Cd?* at 265 °C, calculated

based on (A) vacancy-mediated diffusion with D = 2.1 x 10®° nm?s and (B)
interstitial diffusion with a mean free path of the interstitials that is larger than the
nanocrystal dimension. The color bar indicates the cation-exchange reaction times

of the various contours.
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4.5 Discussion

The results and analysis presented here highlight the importance of the incoming
cations on the kinetics of cation-exchange reactions in nanocrystals. At any given
temperature, the Mn?* diffusivity is ~250 times greater when using In** as the displacing
cation compared to Cd?** (Table 4.1). For both Cd?* and In®**, the diffusion of Mn?* out of
our Cd,_Mn,Se nanocrystals during cation exchange is driven thermodynamically, as
summarized by the overall reactions of Equations 4.14 and 4.15. These reactions both
have equilibrium constants considerably greater than unity under our experimental
conditions, despite the large excess of solvated Mn?* in the reaction vessel, such that no
residual lattice Mn?* is detectable at equilibrium under these cation-exchange conditions. If
the nanocrystal stoichiometry is determined solely by charge neutrality, then y = (2/3)x in
Equation 4.15 because of the relative charges on In®* and Mn*. Unfortunately, the final
concentrations of In* in these nanocrystals could not be determined analytically by
ICP-AES with sufficient accuracy to draw a firm conclusion about stoichiometry from this
experiment, and charge compensation by excess anionic surface ligands cannot be ruled
out. Interestingly, however, we find that only ~0.7 equivalents of In®* (per lattice Mn?*) are
required to displace all Mn?* from the Cd,_,Mn,Se nanocrystals (see Appendix C), which is
significantly less than the ~1.0 equivalents of Cd* needed to achieve the same level of
Mn?* displacement.™ This result is consistent with a final In** stoichiometry of y =~ (2/3)x.

[Cd,_Mn,Selyc + xCd(oleate), s, — [CASe]y + xMn(oleate), 4.14)
[Cd,_Mn,Selyc + yIn(oleate)y,) — [Cd,_In,Selyc + xMn(oleate),, (4.15)
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The spontaneity of these two reactions can be qualitatively rationalized by
comparing the bond strengths of their reactants and products. The greater bond
enthalpies® of the reaction products relative to those of the reactants (Cd**-Se*
(~310 kJ/mol), In*-Se* (~247 kJ/mol), Mn?*-O e (~402 kd/mol) vs CA*-0,ue
(~142 kJ/mol), In* O e (~360 kJ/mol), Mn?*-Se* (~201 kJ/mol), gas phase, 298 K)
favors spontaneous displacement of lattice Mn** by both Cd* and In* under these
conditions. Other factors such as ligand concentration and the solvated ion concentrations
are undoubtedly also important in determining the actual equilibrium constants of these
reactions, but the critical role played by the incoming cations is confirmed by the control
experiments shown in Figure 4.3 using sodium oleate or oleic acid in ODE alone, without
addition of In* or Cd®**. The lack of any detectable Mn?* diffusion in these control
experiments demonstrates that neither Mn(oleate), formation nor the excess enthalpy of
mixing (which prompts "self-purification") is sufficient to drive Mn** from the Cd,_,Mn,Se
nanocrystals under our reaction conditions. The formation of new Cd**-Se* and In**-Se*
bonds is thus essential for spontaneous Mn** expulsion from these nanocrystals. This
result illustrates that the incoming and outgoing cation fluxes are coupled.

The strong temperature dependence of the cation-exchange kinetics for both In®*
and Cd?* reactions (Figures 4.4 and 4.5) reveals that the Mn?** diffusion is thermally
activated. Cation exchange with In®* is much faster than with Cd** at any given
temperature, but the data indicate the same diffusion barrier (1.1 eV) for both processes.
This value of Ej is similar to those observed in analogous diffusion processes in bulk II-VI

semiconductors (Table 4.2 and Appendix C).
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Table 4.2. Diffusion barriers (Ep) and limiting diffusivities (D,) from this work and
literature on related bulk II-VI semiconductors.

E, V) D, (nm?%s)

Mn?* diffusion in Cd®*:Cd,_Mn,Se (x ~0.15) nanocrystals? 1.1 9.8 x 10*
Mn?* diffusion in In*:Cd,_Mn,Se (x ~0.15) nanocrystals® 1.1 2.6 x 107
Mn** diffusion in CdTe/&-MnTe/CdTe thin films” 1.35 1.7 x 10°
Mn?* diffusion in In**-doped CdTe/6-MnTe/CdTe thin films"® 1.35 4.2 x10"

aThis work. “Ref. 31. °N,, ~1 x 10" cm™.

In bulk II-VI and I~V semiconductors, Mn?* diffusion is believed to primarily involve
substitutional hopping mediated by cation vacancies.®’ For example, cation-vacancy-
mediated diffusion of single Mn?* ions inside bulk wurtzite AIN single crystals was recently
observed directly using Z-contrast STEM imaging.® Similarly, copper vacancies have been
found to accelerate room-temperature cation exchange in Cu,_Se nanocrystals.*® The
simulations presented above suggest that a related vacancy-mediated diffusion
mechanism is likely also operative in our Cd, ,Mn,Se nanocrystals. This conclusion is
supported by the dramatic increase in D, for cation exchange by In® relative to Cd*".
When a cation of higher charge is introduced to replace Mn?* in these Cd, Mn,Se
nanocrystals, the requirement for charge neutrality can be satisfied by formation of

additional compensating cation vacancies, /.e., the chemical potentials of cation vacancies

2

. . . . . Mn=*
are lowered. From Equation 4.2, this change in vacancy concentration increases X, ,

which increases D. In bulk CdS and CdTe, for example, In® incorporates as Ing,, with

37-40 and

doubly ionized cation vacancies (V") as the likely charge compensating defects,
these vacancies are believed to accelerate In** diffusion.*'** Additionally, in the nanocrystal

experiments, the combination of weaker In*-Se* and stronger In**-0,... bonds
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compared to Cd*" should lower the effective cation activity of In*" in solution relative to
Cd?* in solution, thereby also contributing to a larger time-averaged cation vacancy
concentration. We note that the actual time-averaged vacancy concentration is unknown
and may be extremely small (e.g., << 1/nanocrystal) for both the Cd** and In*" cation-
exchange reaction conditions. Overall, we thus propose that Mn** cation exchange with
In®* in our Cd,_,Mn,Se nanocrystals is accelerated relative to the same reaction performed
with Cd** because In®* increases the time-averaged concentration of cation vacancies. In
this scenario, the experimental diffusion barriers reflect the combined activation energies of

cation vacancy creation and Mn?* exchange with vacant sites.

4.6 Conclusion

Mn®* ions are spontaneously displaced from Cd, Mn,Se nanocrystals via cation
exchange when the thermodynamically preferred cations Cd** or In®* are introduced to the
nanocrystal solutions at elevated temperature. Under otherwise identical conditions, cation
exchange is approximately two orders of magnitude faster when using In** compared to
Cd?, illustrating the critical importance of the incoming cations. Kinetics measurements at
various temperatures demonstrate that cation exchange is thermally activated for both
Cd?* and In** reactions, adhering to Arrhenius behavior over broad experimental
temperature ranges. Quantitative analysis within a Fick's-law diffusion model yields the
diffusion parameters E, and D,. Both cation-exchange reactions (Cd** and In**) are found

to be governed by the same diffusion barrier, E; = 1.1 eV. The large increase in D,
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(~250 times) when using In®* is attributed to higher cation vacancy concentration, due
either to lower effective cation activity in solution or to stabilization of charge-compensating
cation vacancies. The accelerated diffusion observed when using In** to displace Mn**
thus provides further evidence for cation vacancies as critical mechanistic features of these
nanocrystal cation-exchange reactions. Overall, these findings provide unique experimental
insights into cation diffusion within colloidal semiconductor nanocrystals, contributing to
our fundamental understanding of this rich area of nanoscience and improving our ability to

tailor the compositions of nanostructures for future advanced technological applications.

4.7 Appendix C

Additional EDX, electronic absorption, and MCD data; analysis of cation-exchange kinetics
data; stoichiometry data; comparison of model results with interface flux vs fixed boundary
condition; table of rate constants from analysis of cation-exchange kinetics; table of
diffusion barriers and limiting diffusivities from this work and literature; and table of cation
ionic radii.
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Chapter 5. Excitonic Zeeman Splittings in Colloidal
CdSe Quantum Dots Doped with Single Magnetic
Impurities™
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*Reproduced from Barrows, C. J.; Fainblat, R.; Gamelin, D. R. submitted.

5.1 Overview

Doping a semiconductor quantum dot with just a single impurity atom can completely
transform its physical properties. Here, we report and analyze the magnetic circular
dichroism (MCD) spectra of colloidal CdSe quantum dot samples containing on average
fewer than one Mn* per quantum dot. Even at this sub-single-dopant level, the low-
temperature low-field data are dominated by impurity-induced Zeeman splittings caused
by dopant—carrier sp—d exchange. Unlike in more heavily doped quantum dots, however,
the MCD intensity at the first CdSe exciton shows a field-induced sign flip as the field
strength is increased, reflecting competition between sp—d exchange effects and the
intrinsic Zeeman splittings of comparable magnitude. Most unusually, the competition
between these two effects leads to a large apparent shift in the first MCD peak maximum,
which we show is attributable to a difference in sign of the intrinsic excitonic g factor
between the first and second excitons. Finally, the sp—d and intrinsic contributions to the
excitonic Zeeman splittings each exhibit unique magnetic field and temperature
dependencies, allowing the MCD spectra of undoped, singly doped, and bi-doped
quantum dot sub-ensembles to be analyzed.
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5.2 Introduction

Incorporation of impurities allows the electrical properties of semiconductors to be
tuned, enabling the development of transistors, diodes, and other workhorses of solid-
state technology. In addition to electrical effects, impurities can also be used to modify the
optical and magnetic properties of semiconductors. Addition of paramagnetic transition
metal ions to bulk semiconductors yields so-called “diluted magnetic semiconductors”
(DMSs), which combine magnetic and semiconducting properties in a single material.” 2 In
DMSs, dopant-carrier sp—d magnetic exchange coupling gives rise to such characteristic

magneto-electric and magneto-optical effects as giant excitonic Zeeman splittings,® giant

5 7

Faraday rotation," electrical spin polarization,* ° and photo-induced magnetization,®
making these materials promising candidates for applications in spin-electronics and spin-
photonics.® ™

Mn**-doped CdSe has long served as a model system for investigation of DMSs at
the nanoscale.”” " Recent advances in nanocrystal diffusion doping have enabled the
preparation of high-quality colloidal Cd,_Mn,Se QDs with dopant concentrations tunable
from O to ~30%."*"° Due to their smaller volumes, such colloidal DMS QDs can show even
stronger sp—d exchange coupling than the corresponding bulk materials or epitaxial
quantum dots.’® ' Moreover, their magneto-optical properties can be engineered
synthetically by tuning nanocrystal sizes, shapes, compositions, and heterointerfaces to

control the spatial overlap between the dopants and the confined semiconductor charge

carriers. Such diffusion-doped Cd,_ Mn,Se QDs have already been used to demonstrate

146



1819 yalence-

exceedingly large excitonic Zeeman splittings (with g, values up to —1180),
band mixing effects,?® picosecond spin dynamics in robust excitonic magnetic polarons, '
and the impacts of Mn?* spin fluctuations.' ' Recently, we reported the observation of
giant zero-field excitonic exchange splittings in colloidal Cd,_Mn,Se QDs containing single
Mn% dopants.?? Due to the small volumes of these QDs, the largest sp-d exchange
splittings were almost two orders of magnitude greater than those reported for epitaxial
DMS QDs.**?® This observation motivates additional spectroscopic characterization of
colloidal Cd,_Mn,Se QDs in this low-doping regime.

Here, we report MCD studies of ensembles of colloidal Cd,_ ,Mn,Se QDs possessing
on average fewer than one Mn?* dopant per QD. Low-temperature MCD spectra of these
ensembles show a very unusual magnetic-field dependence, including a sign inversion of
the first exciton at moderate magnetic fields but no sign inversion of the second exciton.
The MCD intensities at the first excitonic transition are shown to reflect the competition
between comparable but opposing intrinsic and sp—d exchange contributions to the
excitonic Zeeman splitting, whereas the intrinsic and sp—-d exchange contributions add
constructively at the second exciton. Analysis of the experimental data yields the MCD
spectra of QD sub-ensembles containing exactly one and two Mn?* dopants per QD. Even
at just one Mn?* per QD, sp—d exchange dominates over the intrinsic Zeeman splittings,

but their comparable magnitudes yield anomalous spectral field dependencies, highlighting

the unique magneto-optical properties of QDs in this low-doping limit.
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5.3 Results and Analysis

Mn*-doped CdSe QDs were prepared by the diffusion-doping method detailed

previously'® '

(see Section 5.5.1). Figure 5.1A shows a representative transmission
electron microscopy (TEM) image of pseudo-spherical Cd,_ MnSe QDs with diameter
d =51 + 0.3 nm. From inductively coupled plasma atomic emission spectroscopy
(ICP-AES), x = 0.00053 + 0.00005, corresponding to an average of 0.70 + 0.07 Mn?*
dopants per nanocrystal. Using these values and a Poisson distribution function (modified
to take into account the QD Gaussian size distribution according to the methods
described in the Appendix of reference 27) yields the expected dopant distribution shown
in red circles in Figure 5.1B, in which ~51% of the QDs are undoped, ~34% have exactly 1
Mn#/QD, and only ~12% have 2 Mn?*/QD. Independently, the effective doping level was
also determined by MCD spectroscopy (vide infra) and the corresponding distribution
(which also takes into account the QD Gaussian size distribution) is shown in blue bars in
Figure 5.1B. Here, the average Mn?** concentration is 0.40 + 0.02/QD (x = 0.00030 +
0.00002), which corresponds to ~68% of the QDs being undoped, ~26% having exactly 1
Mn?*/QD, and ~5% having exactly 2 Mn?/QD. The average doping concentrations
determined by the two different methods (ICP-AES and MCD) agree reasonably well and
their difference may reflect a small deviation from strictly statistical Mn?* doping in this
sample. Still, these data suggest an isotropic distribution of dopants consistent with

previous studies of similar diffusion-doped QDs.'® # ?® For the remainder of our analyses

we will use the effective doping level determined by MCD spectroscopy, because this
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corresponds to the magneto-optically active Mn?* concentration, but the same conclusions
are reached when using the analytical value.

Figure 5.1C shows a room-temperature EPR spectrum of these QDs. Six hyperfine
lines of approximately equal intensity are observed, with a splitting of
|Al = 62.1 x 10 cm™, consistent with substitutional Mn** in CdSe.?® The narrow feature
width and absence of broad underlying intensity are both consistent with negligible

Mn*~Mn?* dipolar coupling, as anticipated at this low doping concentration.
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Figure 5.1. (A) TEM image and corresponding size histogram of d = 5.1 + 0.3 nm
(0=5.9%) Cd,_Mn,Se QDs. (B) Poisson distribution of dopants taking into account
the QD Gaussian size distribution, determined from analysis of the size histogram in
panel A and calculated from the average Mn?* concentration determined by
ICP-AES (red circles; n,,, = 0.70 Mn**/QD) or MCD (blue bars; n,,, = 0.40 Mn?*/QD).
(C) Room-temperature EPR spectrum of these QDs, showing well-resolved Mn?*
hyperfine structure (JA] = 62.1 x 10 cm™) consistent with the very low Mn?*

concentration.
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Figure 5.2A shows the 1.7 K zero-field electronic absorption spectrum of the QDs
from Figure 5.1, and Figure 5.2B plots 1.7 K variable-field MCD spectra collected from O to
6 T for the same sample. At low magnetic fields, the low-energy leading-edge intensity of
the MCD spectrum grows increasingly positive with increasing magnetic field, indicating a
negative Zeeman splitting consistent with Mn**-doped CdSe.'* '® * This intensity reaches
a maximum at ~1.5 T and then decreases and changes sign at higher fields, indicating a
positive Zeeman splitting above ~4 T. At the maximum magnetic field (6 T), the MCD
spectrum of this sample more closely resembles that of undoped CdSe QDs®' than of any

Cd,_Mn,Se QDs reported previously (see Appendix D).
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Figure 5.2. (A) 1.7 K electronic absorption spectrum (purple line) and multi-peak
Gaussian fit (dashed lines) of d = 5.1 nm Cd, gg5;MNg 000s5€ QDS, showing the first
two allowed excitonic transitions (filled curves). (B) Corresponding variable-field
(0-6 T; blue to red lines) MCD data for the same QDs at 1.7 K. The arrow indicates
the direction of increasing magnetic field. The vertical dashed lines indicate the
average energies of the first two excitonic transitions. (C) Field-dependent Zeeman
splitting energies of the first exciton, determined from analysis of these variable-
temperature, variable-field MCD spectra. (Spectra collected at temperatures above
1.7 K are included in Appendix D.) The intrinsic component (which is temperature-
independent) is plotted as a gray dashed line. (D) Temperature dependence of the
first excitonic Zeeman splitting from 1 T (upward triangles) to 6 T (circles). The gray
dashed lines represent a global fit to the data as described in the text, and
correspond to xg; = 0.00030 (0.40 Mn?*/QD).
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Excitonic Zeeman splittings (AE,) of the 1S,,1S, exciton were calculated from the
absorption and MCD data of Figure 5.2A-B using Equation 5.1," ' where AA’
corresponds to the maximum amplitude of the lowest-energy leading-edge MCD feature
and A, and o are the height and Gaussian width of the absorption peak, respectively,
determined by multi-peak Gaussian fitting using fixed heights and widths across the
magnetic field range, according to the rigid-shift approximation.' * Figure 5.2C plots AE,
as a function of magnetic field and temperature, showing the inversion of AA’/A, with
magnetic field seen in the raw 1.7 K spectra of Figure 5.2B. Similar results are obtained
from the 5.2 K data, but the sign inversion occurs at a smaller field. At 10 K and above,
AE, is positive at every magnetic field. Absorption and MCD spectra collected at

temperatures above 1.7 K are included in Appendix D.

AE, = Y28 o A (5.1)
2 " A

0

To extract an effective Mn** concentration, these Zeeman splitting data were
replotted vs temperature (Figure 5.2D) and analyzed. Following the approach of
reference 33, the data in Figure 5.2D were fit to Equation 5.2, where xg is the effective
Mn?* concentration, Ny(a — B) describes the bulk sp—d exchange (1.5 eV),** and (S,) is the
spin expectation value of Mn?*, which follows Brillouin behavior for a spin-only S = -5/2
ground state (Equation 5.3; gy, = 2.0042 and T = experimental temperature). Equation 5.2
describes AE; as the sum of intrinsic (AE,,) and sp—d exchange (AE,, ) terms, where AE,,
is temperature-independent and scales linearly with field, g,, is the intrinsic excitonic g

value, ug is the Bohr magneton, and B is the magnetic field. The dashed lines in
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Figure 5.2D show a global best fit to these data, yielding xz; = 0.00030 + 0.00002, which

corresponds to 0.40 Mn**/QD and the doping statistics plotted in Figure 5.1B.

AEZeeman = glnTuBB *+ Xex NO(OL - B)<8Z> (523)
= AEln'[ + AEsp—d (52b)

B B

S, - 28+1coth(282+1 - Sl —%coth(—gg;“;
B B (53)

All MCD spectra of other Cd,_ MnSe QDs reported previously have been
overwhelmingly dominated by the sp—d exchange terms. In contrast, the MCD spectra in
Figure 5.2B show clear evidence of both intrinsic and sp—d exchange contributions
simultaneously. Whereas AE,, ; becomes field-independent when all of the Mn?* spins
have been aligned by the magnetic field (S,) = -5/2), AE,,, continues to increase linearly
with B (Equation 5.2a). In this regime, e.g., above ~2.5 T at 1.7 K in Figure 5.2C, the
intrinsic Zeeman contribution to the MCD spectra of Figure 5.2B can be isolated according
to Equation 5.4, where (AA/A,)s is the MCD spectrum at magnetic field B.

(AA/AO)In'm = (AA/Ao)e - (AA/AO)B (5-4)

Scaling (AA/Aq).; to experimental magnetic fields from O to 6 T yields the spectra
shown in Figure 5.3A. Analysis of these spectra gives g,, = +1.3, which agrees well with
literature values for CdSe QDs of this size.®' Subtraction of these spectra from the data in
Figure 5.2B yields intensities attributable solely to sp—d exchange (Figure 5.3B). As
expected, the low-energy leading edge of these spectra has the opposite sign compared

to the intrinsic spectra, and its amplitude follows the S = —5/2 Birillouin curve.
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Figure 5.3. (A) Intrinsic component of the variable-field MCD spectra from
Figure 5.2B, deconvolved according to Equation 5.4. (B) sp—-d exchange
component of the MCD spectra from Figure 5.2B, deconvolved by subtracting the
spectra of Figure 5.3A from the spectra of Figure 5.2B. Arrows indicate the
direction of increasing magnetic field (0-6 T). Insets: Field dependence of the
intrinsic (top) and sp—d exchange (bottom) contributions to the first exciton’s
Zeeman splitting. The sp—d exchange term was fit to an S = -5/2 Brillouin curve
(gray line).
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The MCD data in Figure 5.3 allow reconstruction of MCD spectra of QD ensembles
doped with specific integer numbers of Mn?* ions (rather than with a Poisson distribution of
dopants) using Equation 5.5, where n indicates the integer number of dopants per QD.
Equation 5.5 assumes that the sp-d exchange term (AA(B)/Ay)s-« Scales linearly with n,
which has previously been demonstrated for such QDs™ in the limit of low x, where
Mn*-Mn?* interactions are negligible. The resulting reconstructed spectra are shown in
Figure 5.4A-B. At 2 Mn?/QD (Figure 5.4A), the MCD spectra resemble the “typical” data
reported for other Cd,_ MnSe QDs, where sp—d exchange dominates and AA/A, is
positive at the leading edge of the first exciton.' ® At 1 Mn?*/QD (Figure 5.4B), the MCD
spectra also display a positive leading edge at all experimental fields, but AA’/A, clearly
turns over at ~2 T, and the peak maximum appears to blue-shift by ~40 meV over the full
field range. Figure 5.4C plots AE, of the 1S,,1S, exciton, extracted from each of the
reconstructed spectra in Figure 5.4A-B, as well as AE, from Figure 5.3A. At all
experimental fields, AE, < O for the QDs with quantized dopants and AE, > O for undoped

QDs.
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Figure 5.4. Variable-field MCD spectra measured at 1.7 K, deconvolved from the
data in Figure 5.2B according to Equation 5.5 for Cd,_ Mn,Se QDs containing
exactly 2 (A) or exactly 1 (B) Mn?* per QD. The arrows indicate the direction of
increasing magnetic field from 0-6 T. (C) Corresponding Zeeman splittings of the
1S,,1S, transition in each of these data sets, and also for undoped CdSe QDs from
Figure 5.3A.
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It is remarkable that the sp—d exchange dominates over the intrinsic excitonic
Zeeman splitting after adding only 1 Mn?** in a d = 5.1 nm CdSe QD. This result is
particularly significant because the data here reflect the full distribution of radial Mn?*
positions within the ensemble of QDs, meaning the sp—d exchange strength is sufficiently
large for just 1 Mn?* to cause a giant magneto-optical response even when that Mn** is
located at the average cation radius instead of near the QD center. Although an MCD sign
inversion was previously observed for CdSe clusters doped with 1 Mn?* per cluster,® % the
effective dopant concentration in these QDs is approximately two orders of magnitude
smaller than in those clusters. In self-assembled (epitaxially grown) Cd,_ Mn,Se QDs,
inversion of the excitonic Zeeman splitting has been predicted for effective dopant
concentrations above x =~ 0.001, but only tested for samples that contained nominal
dopant concentrations above 1%.%” These results are most reminiscent of the non-
monotonic field dependence observed in magneto-reflectivity measurements of Cd,_
Mn,Te quantum wells with extremely small values of x.** We note that the data for 1
Mn?*/QD suggest that the average QD's first-exciton exchange splitting is 0.64 meV even
at zero applied magnetic field. Interestingly, this value is smaller than the exciton linewidths
observed in the single-particle photoluminescence spectra attributed to undoped NCs
within similar Cd,_,Mn,Se QD ensembles (~6 meV at 5 K).* These results thus confirm the
hypothesis presented in reference 22 that single-QDs showing much larger zero-field
excitonic sp—d exchange splittings (approaching ~|80] meV) must have their Mn?* ions
significantly closer to their centers than the average cation position, where dopant-exciton

spatial overlap (and hence also the sp—-d exchange coupling strength) is maximized. We
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estimate that the sp—-d exchange energy is ~50 times greater for a Mn?* at the exact center
of ad = 5.1 nm CdSe QD than for a Mn** at the average distance from the QD center,'®
consistent with this conclusion.

Finally, we analyze the anomalous spectral evolution with magnetic field shown in
Figures 5.2B and 5.4B. This behavior appears to be unique to the case of <1 Mn*/QD
(avg.), where AE,, and AE,, , are most comparable in magnitude. Analysis shows that this
unusual behavior derives from a change in the relative signs of AE,, and AE,, , between the
first (15,,1S,) and second (2S,,1S,) excitonic transitions. Figure 5.5A-B summarizes the
contrast between the first and second excitons of the full ensemble (0.4 Mn?*/QD) by
plotting the field-dependence of AE,; and AE,, , for each transition. The sums of these
individual contributions yield the black dashed lines, which overlay with the total Zeeman
splittings calculated from the raw spectra of Figure 5.2B (black circles and triangles).
Figure 5.5C-E re-plots the 2, 4, and 6 T MCD spectra of Figure 5.2B, respectively, along
with the Gaussian fit results for the first two excitonic transitions. At low fields, AE, is
dominated by AE,, , which is negative for both the 155,15, and 2S;,1S, transitions,
resulting in MCD spectra like those of Figure 5.5C. As the field increases, AE,, , saturates
and AE,, begins to rival it in magnitude. AE,, is positive for the 1S,,1S, exciton, causing it
to oppose and diminish this exciton's MCD intensity, but AE,, is negative for the 2S,,1S,
exciton,?® causing the MCD intensity of this exciton to continue growing with increasing
field. Near 4 T, the magnitudes of AE,, and AE., , for the 15;,1S, exciton are nearly

identical, leading to complete cancellation of this exciton's MCD intensity. The

experimental MCD spectrum at 4 T (Figure 5.5D) therefore shows only higher-energy
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transitions, beginning with the 2S,,1S, exciton. At higher fields (Figure 5.5E), AE, is
dominated by AE,,. This contrast between opposing vs additive combinations of intrinsic
and sp—d contributions is only observed in this extremely low doping limit, and explains the
anomalous MCD spectral characteristics and intensity inversion in the MCD spectra of

Figure 5.2B.
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Figure 5.5. (A-B) Total Zeeman splittings (black) of the 1S,,1S, (A; circles) and
2S,,1S, (B; triangles) excitonic transitions as determined from analysis of the
magnetic field dependent MCD spectra of Cdg ge9,MNy 000sS€ QDs at 1.7 K, divided
into their intrinsic (red) and sp—d exchange (blue) components. Closed symbols
correspond to the three sets of MCD spectra plotted in panels C-E. (C-E) MCD
spectra (black) at 1.7 Kand 2 T (C), 4 T (D), and 6 T (E), along with their
respective contributions from the 1S,,,1S, (purple) and 2S,,,1S, (green) transitions.
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5.4 Conclusion

In summary, MCD spectra of colloidal CdSe QDs doped with trace Mn?* reflect the
rich relationship between intrinsic and sp—d exchange contributions to the excitonic
Zeeman splittings of these materials. Opposing and additive contributions of these terms
to AE, in the 1S,,1S, and 2S,,1S, transitions, respectively, generate abnormal
bandshapes and an intensity turnover in the variable-field MCD spectra of these QDs.
Spectral deconvolution allows reconstruction of the MCD spectra for QD ensembles
possessing exactly 1 and 2 Mn*/QD, which are both still dominated by sp—d exchange
even when the average dopant is not located in the QD center. These data reveal unique
spectroscopic properties in ensembles of colloidal QDs containing exactly one Mn?* per
QD, despite radial doping distributions, and they highlight the ability of even single dopants

to transform the physical properties of quantum-confined semiconductor nanostructures.
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5.5 Experimental Methods

5.5.1 Synthesis

Cd,_Mn,Se nanocrystals were prepared by diffusion doping in the Se*-limited regime
according to the methods described in references 13 and 14. After doping, the QDs were
cooled to room temperature and washed by repeated suspensions in toluene and

flocculation with ethanol.

5.5.2 Physical Characterization

Atomic concentrations were determined by analysis of dried nanocrystals digested in
ultrapure nitric acid (EMD Chemicals) using inductively coupled plasma atomic emission
spectrometry  (ICP-AES; Perkin-Elmer). Room-temperature electron paramagnetic
resonance (EPR) experiments were performed on colloidal toluene suspensions of
nanocrystals using an X-band Bruker EMX spectrometer. Low-temperature absorption and
magnetic circular dichroism (MCD) spectra were collected on nanocrystal films prepared
by depositing a toluene suspension of nanocrystals between quartz disks. The films were
placed in a superconducting magneto-optical cryostat (Cryo-Industries SMC-1659 OVT)
oriented in the Faraday configuration. At helium temperature, the sample was screened for
depolarization by matching the CD spectra of a chiral molecule placed before and after the
sample. Depolarization of the thin film was <5 %. Electronic absorption and MCD spectra
were collected simultaneously using an Aviv 40DS spectropolarimeter. The differential
absorption collected in the MCD experiment is reported as AA = A, — Az, where A, and Ag
refer to the absorption of left and right circularly polarized photons in the sign convention

of Piepho and Schatz.'® * From these data, values of AE,...., and gg,. can be obtained.'®

13,18
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5.6 Appendix D

Additional absorption and MCD spectra, Zeeman-splitting analysis, and a table of g values.
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Chapter 6. Absorption and Magnetic Circular
Dichroism Analyses of Giant Zeeman Splittings in
Diffusion-Doped Colloidal Cd,_,Mn,Se Quantum
Dots*
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*Reproduced with permission from Barrows, C. J.; Vlaskin, V. A.; Gamelin, D. R. J.
Phys. Chem. Lett. 2015, 6, 3076-3081. Copyright 2015 American Chemical Society.

6.1 Overview

Impurity ions can transform the electronic, magnetic, or optical properties of colloidal
quantum dots. Magnetic impurities introduce strong dopant-carrier exchange coupling
that generates giant Zeeman splittings (AE,) of excitonic excited states. To date, AE, in
colloidal doped quantum dots has primarily been quantified by analysis of magnetic
circular dichroism (MCD) intensities and absorption line widths (o). Here, we report AE,
values detected directly by absorption spectroscopy for the first time in such materials,
using colloidal Cd,_ Mn,Se quantum dots prepared by diffusion doping. A convenient
method for decomposing MCD and absorption data into circularly polarized absorption
spectra is presented. These data confirm the widely applied MCD analysis in the low-field,
high-temperature regime, but also reveal a breakdown at low temperatures and high fields
when AE,/o approaches unity, a situation not previously encountered in doped quantum
dots. This breakdown is apparent for the first time here because of the extraordinarily large
AE; and small o achieved by nanocrystal diffusion doping.
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6.2 Introduction

Future spintronics and spin-photonics technologies will require new capabilities for
manipulating spins in semiconductor nanostructures. One promising approach involves
embedding magnetic impurity ions within such nanostructures. Magnetic exchange
interactions between these localized magnetic impurities and delocalized semiconductor
charge carriers give rise to the so-called "giant" Zeeman splittings of the semiconductor
band structure.® Such splittings in turn impart extraordinary magnetic, magneto-optical,
and magneto-electronic properties to this class of materials, including "giant" Faraday
rotation effects,*® carrier-controlled magnetism,”® carrier or exciton spin polarization,'®'
single- or few-impurity exchange-split excitons,’®™ and spontaneous photoinduced
magnetization at zero applied field (excitonic magnetic polarons).?®#

Over the past decade, tremendous progress has been made in the synthesis, physical
characterization, and theoretical understanding of colloidal magnetically doped
semiconductor nanocrystals.®* A workhorse of this field has been colloidal Cd, Mn,Se
guantum dots (QDs),”® which have displayed a rich variety of photophysical,
photomagnetic, and magneto-optical properties not previously observed in colloidal

quantum dots,'® % 2629

many arising from the giant Zeeman splittings induced by strong
sp—d exchange interactions in these nanomaterials.

Giant Zeeman splittings in colloidal quantum dots can be quantified optically.
Application of an external magnetic field splits excitonic states by the Zeeman energy, AE,,

as described by Equation 6.1. Intrinsic contributions to AE, are small and represented by

the first term of Equation 6.1, where g, is the intrinsic excitonic g value, L is the Bohr
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magneton, and B is the applied magnetic field. At 6 T, this term amounts to roughly
+0.4 meV in Cd,_Mn,Se QDs. Addition of a magnetic dopant such as Mn** activates
dopant-carrier s—d and p—-d exchange interactions with strengths parametrized by N,a
(+0.23 eV) and N, B (-1.27 eV), respectively.’ These interactions invert (in the case of Mn?*)
and enhance the excitonic Zeeman splittings. AE, increases with effective dopant
concentration (xg), exciton-dopant overlap (g), and the spin-expectation value of the
dopant ((S;)) at the experimental temperature and magnetic field, as described by the

Brillouin function for magnetic ions with spin-only ground states (such as Mn?).

AE; = giullsB + Xer (S2)No(a — B) (6.12)

= 9 dsB (Curie limit) (6.1b)

Recently, we introduced a new diffusion-based synthesis that allows very high Mn?*
concentrations (exceeding x ~0.20) to be incorporated into high-quality preformed CdSe
nanocrystals.?® Extremely large excitonic Zeeman splittings (up to ~—100 meV) and gg,.
values (up to ~-900 at 1.8 K) were reported.”® Here, we report that nanocrystals
synthesized by this methodology now allow direct observation of their giant excitonic
Zeeman splittings by absorption spectroscopy, a first for colloidal QDs. This new capability
permits a quantitative assessment of the MCD analysis commonly applied to interpret such
Zeeman splittings in these and other colloidal doped QDs. We demonstrate that the model
applied for analysis using MCD spectroscopy breaks down when AE, is comparable to the
excitonic absorption line widths, o, as occurs in these unique nanocrystals, and we

provide an analytical expression that allows correction of the MCD results in this regime.
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This breakdown regime has not been accessed previously because of the broader
excitonic absorption features and smaller excitonic Zeeman splittings typical of previous
samples. Its observation here highlights the extraordinary magneto-optical properties of

diffusion-doped Cd,_Mn,Se QDs.

6.3 Results and Analysis

Figure 6.1 plots the magnetic-field-dependent electronic absorption (6.1A) and MCD
(6.1B) spectra of diffusion-doped d ~3.9 nm Cd, ¢,Mn, ,sS€/ZnS core/shell QDs measured
at 3Kupto 6 T. At O T, the first excitonic transition occurs at 2.23 eV with o = 70 meV,
determined by simultaneous Gaussian fitting of the absorption and MCD spectra (see
Appendix E). As the magnetic field is applied, the first absorption band broadens, with a
tail appearing on the red side of the spectrum. MCD spectra recorded simultaneously
show an intense derivative-shaped feature centered at the first excitonic maximum, its
intensity saturating with magnetic field as expected from Equation 6.1 for an S = 5/2
dopant. Strong magnetic circularly polarized luminescence (MCPL) is also observed, which
reflects excitonic spin polarization in these Cd,_ Mn,Se QDs, as reported previously for
colloidal Cd, ,Mn,Se QDs prepared by cluster thermolysis.”® These data are reported

separately.®
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Figure 6.1. (A) Electronic absorption and (B) MCD spectra of diffusion-doped
d ~3.9 nm Cd, 4,Mn, 0sSe/ZnS QDs measured at 3 K for magnetic fields between O
(black) and 6 T (purple). Arrow indicates the direction of increasing magnetic field.
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From the simultaneous measurement of absorption and MCD spectra, it is possible to
reconstruct the absorption spectra associated with left- and right- circularly polarized light.
Here, circularly polarized absorbance values (A, and Ag) are obtained from the total
absorbance (A;or) and MCD (AA), collected simultaneously at each energy, according to
Equations 6.2 and 6.3. Derivation of these equations is provided in section 6.5.2. Figure
6.2A plots A, and Ag spectra obtained from Equations 6.2 and 6.3 and the data collected
at 3 K, 0-6 T. Each spectrum resembles the absorption spectrum measured at zero field,
but the first excitonic feature shifts to lower energy for A, and to higher energy for Az with
increasing B. Similarly, Figure 6.2B plots the temperature dependence of the 6 T circularly
polarized absorption spectra, measured from 3 to 40 K, and shows an increasing splitting
as the temperature is lowered. From these spectra, the Zeeman splitting of the first exciton
can be quantified directly as the energy difference between A, and Az peak maxima (at
energies E, and Eg), as described by Equation 6.4. The Zeeman splittings of higher-energy
transitions are not clear from the polarized absorption spectra but have been quantified
elsewhere in related diffusion-doped Cd,_,Mn,Se QDs by analysis of MCD intensities.®’ The
second excitonic absorption band overlaps with the first in Ag, leading to slightly greater
absorbance at the peak maximum relative to the more energetically isolated first exciton of

the A, spectrum.

AL = ATOT + AA/2 (6.2)
AR = ATOT - AA/2 (6.3)
AEz(AbS) = EL - ER (6.4)
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Figure 6.2. (A) Magnetic-field dependence of 3 K circularly polarized absorption
spectra of diffusion-doped d ~3.9 nm Cd,,Mn, xSe/ZnS QDs, showing Ag (red)
and A, (blue) for magnetic fields between O and 6 T. (B) Temperature-dependence
of circularly polarized absorption spectra of the same QDs measured at 6 T and
temperatures from 3 to 40 K. The dashed lines in (A) and (B) represent the energy
of the first excitonic absorption maximum at O T and 3 K. For clarity, spectra at
higher fields and lower temperatures are offset vertically.
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Figure 6.3A plots the magnetic-field dependence of the first excitonic transition
energies at temperatures from 3 to 40 K, determined by simultaneous Gaussian fitting of
absorption and MCD intensities. These data are plotted as shifts relative to the zero-field
energy (2.23 eV at 3 K). The effects of overlapping absorption features on the high-energy
side were minimized by weighting the A, spectra more heavily during fitting and by
assuming symmetric Zeeman splittings of the first exciton about its zero-field energy.
Representative fits are shown in Appendix E. Figure 6.3B plots the Zeeman splittings
determined from the data of Figure 6.3A. The excitonic Zeeman splittings increase
dramatically below 40 K, as expected for a Curie paramagnet. At 6 T, AE,(Abs) = -18 meV
at 40 K, but increases to —71 meV at 3 K, where magnetic saturation occurs. Comparable
Zeeman splittings (-80 meV) are also estimated directly from the A, and A apparent peak
maxima, with no fitting. The saturation magnetization shown in Figure 6.3B is described
well by the S = 5/2 Brillouin function using gy, = 2.004, as anticipated from Equation 6.1.
From Equation 6.1, the saturation value of AE,(Abs) = —71 meV implies a product of
X9 ~0.02, which may arise from a combination of antiferromagnetic Mn?*~Mn** dimer
interactions and a small Mn** gradient within the QDs. Bulk magnetization measurements
show xg ~0.55x at x = 0.06, for example.* In the low-field (linear) limit, the 3 K Zeeman

splitting corresponds to an excitonic g value of gg,, ~—850 (Equation 6.1).
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Figure 6.3. (A) Field- and temperature-dependent energetic shifts of the first
excitonic transitions in diffusion-doped d ~3.9 nm Cd, ¢,Mn,0sS€/ZnS QDs for Ag
(red) and A, (blue) magnetoabsorption from 0 to 6 T and 3 to 40 K, plotted relative
to the zero-field transition. The difference between the two energies is the Zeeman
splitting, AE,(Abs). (B) The data from panel (A), replotted as AE, = AE,(Abs). The
Brillouin function using S = 5/2 and g,,, = 2.004 is superimposed (black line).
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The data presented above provide the first direct measurement of giant excitonic
Zeeman splittings by absorption spectroscopy in any colloidal doped nanocrystals.
Previously, this critical phenomenon has primarily been quantified®® 2 2% 2336 py analysis of
MCD spectra within a model that assumes the rigid-shift approximation.®” MCD
spectroscopy is extremely powerful, because it allows detection and quantitative analysis
of AE, despite the large inhomogeneous line widths of colloidal doped QDs reported to
date. In one case, AE, was measured by photoluminescence, from magnetic polaron
energies.” To illustrate the MCD model, Figure 6.4A shows the effect of the magnetic field
on the first bright exciton (M, = £1) of CdSe and Cd,_Mn,Se QDs. At B = 0, the bright
exciton is doubly degenerate, but this degeneracy is broken at B > 0. Probing this excited
state with circularly polarized light yields two transitions at B > 0, one for A, and the other
for Az, according to the selection rule of AM, = +1 for absorption of circularly polarized
light. Figure 6.4B shows a model Gaussian absorption band (A) split into its A, and Ag
components by the magnetic field. Under the rigid-shift approximation, these bands
maintain their zero-field band shape even as their energies diverge. The Gaussian's full
width at 1/e of the maximum absorbance, A, is defined as 2o. Figure 6.4B illustrates the
derivative-shaped A-term MCD spectrum that results from splitting A, and Ag by AE,. This
MCD intensity is plotted as AA/A,, where AA is defined as A, — Ag according to the sign
convention of Piepho and Schatz.*” AA’ (-AA’) represents the MCD intensity at an energy
of o/sqrt(2) from the zero-field absorption maximum, and coincides with the maximum
(minimum) MCD intensity in Figure 6.4B. Using this model, AE, can be estimated from

analysis of the MCD band shape according to Equation 6.5. Because it is a difference
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technique, MCD is extremely sensitive, and even small Zeeman splittings that are difficult
to resolve directly by absorption spectroscopy can be detected and analyzed by this
approach. The saturation Zeeman splitting calculated from the 3 K, 6 T MCD spectrum of

Figure 6.1 using Equation 6.5 is AE,(MCD) = -62 meV.

@] A4’
2 7

0

AE,(MCD) = - (6.5
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Figure 6.4. (A) Excitonic Zeeman splittings in undoped and Mn?*-doped CdSe
QDs, as probed by absorption and MCD spectroscopies. Application of an external
magnetic field (B) splits the first bright excitonic state by the Zeeman energy, AE,.
The sp—d exchange inverts and enhances this splitting, yielding a "giant" excitonic
Zeeman splitting. Left- and right- circularly polarized light are described by o and
o', respectively. (B) lllustration of the excitonic Zeeman splitting as probed by
absorption (top) and MCD (bottom) experiments. The key parameters used for
quantitative spectral analysis are illustrated.
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Figure 6.5A plots 3 K excitonic Zeeman splittings calculated by analysis of the
magnetoabsorption and MCD spectra presented above, as a function of magnetic field up
to 6 T. In the low-field limit, both experiments reveal a similar linear dependence of AE, on
B. Although AE,(MCD) and AE,(Abs) both saturate at high fields, their magnitudes diverge
above ~1.5 T and differ by as much as 13%. In some measurements, this discrepancy
reaches as large as 47% (see below). Obviously, there is a breakdown in the analysis. The
origin of this discrepancy is traced to the fundamental assumption of the MCD analysis
that the Zeeman splitting is small compared to the spectral line width, i.e., |AE,| << o. For
the spectra in Figure 6.1, o= 70 meV, but from Figure 6.3, AE,(Abs) = -71 meV at 3 K. In
this case, the assumptions underpinning the validity of Equation 6.5 do not hold.

Figure 6.5B illustrates the effect of increasing the ratio |AE,|/o on AE,(MCD). The data
points in Figure 6.5B plot experimental values of AE,(MCD)/AE, versus |AE,|/o for a series
of diffusion-doped Cd,,MnSe QDs with three different diameters and Mn?*
concentrations, measured at temperatures between 1.8 and 40 K and B = 0-6 T, taking
AE, = AE,(Abs). AE,(MCD)/AE, = 1 until |AE,|/o reaches ~0.5, beyond which it decreases.
The smallest measured value in our samples was AE,(MCD)/AE, = 0.53, which occurred

for |AE,|/o=1.62.
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Figure 6.5. (A) Magnetic-field dependence of AE, for diffusion-doped d ~3.9 nm
CdjeaMn, ,c5€/ZnS QDs as determined by analysis of absorption (closed circles)
and MCD (open circles) spectra measured at 3 K from O to 6 T. The solid black
curve is the Brillouin fit to the experimental data shown in Figure 6.3B. (B)
Experimental (symbols) and predicted (black line, from Equation 6.6) dependence of
AE,(MCD)/AE, on the ratio |AE,|/o. Equation 6.5 underestimates AE,(MCD) when
|AE,|/o approaches unity. The experimental data were collected from three samples
of diffusion-doped Cd,_ Mn,Se QDs with the following conditions: (~v) d ~3.9 nm,
x = 0.06 (not including ZnS shell), 3-40 K, 0-6 T; (vi-vii) d ~4.5 nm, x = 0.13,
1.8-40 K, 0-6T; (X)) d ~7.9nm, x =0.18, 2.1 K, 4 T.

181



The trend expected from Equation 6.5 is given by Equation 6.6, which is derived from
Equation 6.5 and the definitions in Figure 6.4B (see Appendix E). Here, n = AE,/o.
AE,(MCD)/AE, from Equation 6.6 is plotted versus |AE,|/o in Figure 6.5B for comparison
with the experimental data. As expected, when |AE,| << o, Equation 6.5 yields an accurate
value of AE, from the MCD spectrum. When |AE,| approaches or surpasses o, however,
Equation 6.5 starts to underestimate the true value of AE; significantly. Importantly, all data
points for all samples fall along the same predicted curve, providing experimental
confirmation of the breakdown of Equation 6.5 in the analysis of diffusion-doped
Cd, Mn,Se QD MCD spectra. The excellent agreement between the simulated and
experimental curves in Figure 6.5B confirms that the discrepancy between AE,(MCD) and
AE,(Abs) in Figure 6.5A arises from a breakdown of Equation 6.5 because |AE,|/o grows
too large in these diffusion-doped Cd,_ Mn,Se QDs. This breakdown highlights the
exceptionally large AE, and the high sample quality (narrow absorption bands) that can be
achieved by nanocrystal diffusion doping.?® Finally, the observation that the data from
multiple samples all fall upon the same simulated curve in Figure 6.5B indicates that this is
a universal curve, and hence Equation 6.6 can be used to correct AE,(MCD) to recover an
accurate AE,. This observation may be useful for future analyses of giant excitonic Zeeman

splittings by MCD spectroscopy.
AE,(MCD) _ W—
AE
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n
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6.4 Conclusion

In summary, extraordinarily large excitonic Zeeman splittings have been measured in
colloidal diffusion-doped Cd;_ Mn,Se quantum dots. These Zeeman splittings are large
enough, and the spectral line widths narrow enough, to be detected directly by absorption
spectroscopy for the first time in this class of materials. The direct observation of excitonic
Zeeman splittings by absorption spectroscopy allows experimental testing and ultimately
confirmation of the commonly applied MCD analysis for quantifying excitonic Zeeman
splittings in magnetically doped colloidal quantum dots. At the same time, this analysis
reveals experimentally accessible circumstances under which the analysis fails to yield the
correct AE, because the assumption of |AE,| << o is not valid. In this regime of large
|AE,|/o, direct measurement of the Zeeman splitting energy by absorption spectroscopy
with resolved circular polarizations provides a more reliable measure of AE,, but AE,(MCD)
values can also be corrected using Equation 6.6. Overall, these findings highlight the
exceptional magneto-optical properties of colloidal diffusion-doped Cd,_ Mn,Se quantum
dots, and advance our understanding of their physical properties as well as of the

methodologies employed for their analysis.
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6.5 Experimental Methods

6.5.1 Synthesis

Colloidal wurtzite Cd,_Mn,Se quantum dots were prepared by nanocrystal diffusion
doping using an adaptation of our previously published methods.? Briefly, in a typical
synthesis, CdSe nanocrystals (~0.13 mmol in terms of CdSe units) were dried and added
to 0.004-0.020 g (0.05-0.25 mmol) of selenium powder, 1 mL of 1-octadecene (ODE),
and 1 mL of tributylphosphine (TBP) in a septum-capped 5 mL round-bottom flask in a
nitrogen-atmosphere glovebox. Separately, 12 g of ODE, 0.5 g of oleic acid (OA), and
1.0 g of hexadecylamine (HDA) were added to a 100 mL three-neck round-bottom flask.
Following heating of the latter solution for 60 minutes at 100 °C under vacuum, 0.03 g
(0.10 mmol) of Mn(OAc),*4H,O was added against a nitrogen overpressure. The flask was
then placed under vacuum to remove acetic acid and water and then heated under
nitrogen to 300 °C, at which point the CdSe/selenide solution was injected rapidly. This
reaction mixture was held at 300 °C for 12-24 hours. As the solution was cooled to room
temperature, 3 mL of toluene was added at ~110 °C. The nanocrystals were then
precipitated from solution by addition of ethanol and washed by repeated suspensions in
toluene and flocculation with ethanol. For select samples, a thin (<1 monolayer) ZnS shell
was grown according to literature procedures.®® Shell growth did not alter the absorption
spectra significantly. Relative atomic concentrations were obtained by analysis of dried
nanocrystals digested in ultrapure nitric acid (EMD Chemicals) using inductively coupled

plasma atomic emission spectrometry (ICP-AES; Perkin-Elmer).
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6.5.2 Physical Measurements and Analysis

Nanocrystal sizes were determined from an empirical sizing curve® based on the
energies of the first excitonic absorption maxima at room temperature and corrected for
Mn?* incorporation based on ICP-AES analysis, according to the linear dependence of E,
on x." ?° Low-temperature absorption and MCD spectra were collected on nanocrystal
films prepared by depositing dilute toluene suspensions between quartz disks. These
samples were placed in a superconducting magneto-optical cryostat (Cryo-Industries
SMC-1659 OVT) oriented in the Faraday configuration. At helium temperatures, each
sample was screened for depolarization by matching the CD spectra of a chiral molecule
placed before and after the sample. In all cases, depolarization was <5%. Electronic
absorption and MCD spectra were collected simultaneously using an Aviv 40DS
spectropolarimeter. The total absorbance, Ay, is defined as in Equation 6.7. The
differential absorption of the MCD experiment is defined as in Equation 6.8, where A, and
Agr refer to the absorption of left- and right- circularly polarized photons in the sign
convention of Piepho and Schatz.*”

Aror = AL+ AR)/2 ©6.7)
M =A -Aq (6.8)
From these data, spectra for A and Ay are obtained as follows. Solving Equation 6.7 for A,

and Ay yields Equations 6.9 and 6.10, respectively:

AL = 2Ac0r — Ag (6.9)

Ap=2A0r —AL (6.10)

Substituting A;or from Equation 6.7 into Equations 6.9 and 6.10 yields 6.11 and 6.12,
respectively:

A=At + A+ A2 —Ag=Aor + AL —AR/2 6.11)

Ap=Argr + AL+ A2 - AL = Aor — AL —AR/2 6.12)

Substituting AA from Equation 6.8 into Equations 6.11 and 6.12 yields Equations 6.2 and

6.3, respectively.
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6.6 Appendix E

Additional absorption, MCD, and X-ray diffraction data, Gaussian fitting results, and
derivation of Equation 6.6.
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Chapter 7. Electrical Detection of Quantum Dot
Hot Electrons Generated via a Mn?*-Enhanced
Auger Process™
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*Reproduced with permission from Barrows, C. J.; Rinehart, J. D.; Nagaoka, H.;
deQuilettes, D. W.; Salvador, M.; Chen, J. I. L.; Ginger, D. S.; Gamelin, D. R. J. Phys.
Chem. Lett. 2017, 8, 126-130. Copyright 2017 American Chemical Society.

7.1 Overview

An all-solid-state  quantum-dot-based photon-to-current conversion device is
demonstrated that selectively detects the generation of hot electrons. Photoexcitation of
Mn?*-doped CdS quantum dots embedded in the device is followed by efficient
picosecond energy transfer to Mn?* with a long-lived (millisecond) excited-state lifetime.
Electrons injected into the QDs under applied bias then capture this energy via Auger de-
excitation, generating hot electrons that possess sufficient energy to escape over a ZnS
blocking layer, thereby producing current. This electrically detected hot-electron
generation is correlated with a quench in the steady-state Mn** luminescence and the
introduction of a new nonradiative excited-state decay process, consistent with electron-
dopant Auger cross-relaxation. The device’s efficiency at detecting hot-electron generation
provides a model platform for the study of hot-electron ionization relevant to the
development of novel photodetectors and alternative energy-conversion devices.
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/.2 Introduction

Devices that convert light into current have broad applications from sensors to solar
energy conversion, and can also serve as powerful tools for investigating fundamental
material properties. Semiconductor devices harnessing nonthermalized “hot” charge
carriers are presently targeted because they could eventually enable solar efficiencies
exceeding the Shockley-Queisser limit."* Here, we explore a fundamentally new photon-
to-current conversion device based on hot electrons. Photoexcitation of Mn?*-doped CdS
quantum dots (QDs) deposits energy in long-lived Mn?* d-d excited states. Electrons
injected into the QD layer harvest this energy via highly efficient electron-Mn** Auger cross-
relaxation.* The resulting hot electrons possess sufficient energy to escape over a ZnS
blocking layer, producing current. Photocurrents with Mn?*-doped QDs are over an order
of magnitude greater than in undoped-QD control devices and show clear rectification.
These devices offer a unique electrical probe of QD Auger and hot-electron processes.

Auger processes are deleterious in many contexts, for example causing QD

darkening,®® LED efficiency droop,” and multiexciton recombination.’ ™

Using
spectroelectrochemistry, we recently demonstrated efficient photoluminescence (PL)
guenching by conduction-band electrons in Mn?*-doped CdS QDs via an unusual
electron-Mn?* Auger cross-relaxation process.” Here, we seek to harness this efficient
Auger process to generate hot electrons within a solid-state device. Hot-carrier extraction
from semiconductors is challenging, mainly due to rapid thermalization via coupling to

lattice vibrations or other charge carriers.” '*'* Carrier cooling within semiconductors

typically occurs in femtoseconds’ ' but may be slowed to picoseconds in QDs.* '® Recent
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studies have shown that it is possible to use hot electrons generated in QDs for
photocatalysis'” and to detect transient QD hot-electron surface trapping' and hot carrier
transfer® ¥ spectroscopically. Auger ionization of QDs is also well-known.?> ?' In metals,
extraction of hot electrons generated by plasmonic excitation has been demonstrated,*
and various plasmonic hot-electron devices have been described.?** During the course of
this investigation, hot-electron detection was reported from similar Mn**-doped CdS/ZnS
core/shell QDs deposited on transparent conducting electrodes and placed in a

|27

photoelectrochemical cell.”” Harvesting hot carriers generated by photoexcited QDs in

solid-state devices remains largely unexplored.

/.3 Results and Analysis

Figure 7.1A summarizes the electron-Mn?* Auger process investigated here: QD
photoexcitation creates an exciton that rapidly (ps) localizes at a Mn**,?® generating a long-
lived (~ms) Mn?* *“T, d-d excited state. This excited state can decay radiatively (Figure
7.1A, bottom left),* but in the presence of an excess conduction-band electron can also
decay via an electron-Mn?* Auger-type cross-relaxation® to yield a hot electron and the
ground-state Mn?* (Figure 7.1A, bottom right). Although this Auger process is intrinsically
fast (ps), it is manifested experimentally as a new ms Mn?* PL nonradiative decay
component because of slow electron diffusion through the QD solid.” Electrons are able to
sample a large volume of the Mn?**-doped CdS QD film on the time scale of the Mn** PL,

making electron-Mn?* Auger cross-relaxation extremely efficient.* In

spectroelectrochemical measurements, Mn?* cw PL quenching and accelerated PL decay
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times could be predicted from QD electron occupancies,* making these experimental
observables useful independent indicators for electron-Mn?** Auger cross-relaxation.

Figure 7.1B shows a representative cross-sectional SEM image of a prototype
device constructed for the purpose of extracting hot electrons. The device has four layers,
shown from left-to-right: () an aluminum contact, () an ~175 nm layer of
1,7-heptanediamine cross-linked Cd,_Mn,S QDs, (i) an ~50 nm ZnS electron-blocking
layer grown by thermal evaporation, and (jv) an indium tin oxide (ITO) contact. Figure 7.1C
illustrates the relevant electronic-structure characteristics of this device. In the absence of
photons, the device behaves as a capacitor: under a positive (forward) bias, electrons are
injected from Al into the QDs but cannot proceed because of the ZnS blocking layer,
which introduces an ~1 eV conduction-band offset. Absorption of a photon by the
Cd,_MnS QD layer forms the Mn** *T, excited state within picoseconds, poising the
system for the Auger process of Figure 7.1A. We hypothesize that under bias, the resulting
hot electrons may escape over the ZnS electron-blocking layer to be collected at the [TO

contact.
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Figure 7.1. (A) Energy pathways in photoexcited Mn**-doped CdS QDs.
Photoexcitation creates an exciton within the CdS QD that rapidly localizes at a
Mn?* ion (ps, dashed red ling) to generate the Mn?* T, excited state. In the absence
of a charge carrier, this *T, excited state decays back to the Mn?* °A, ground state
(~ms). In the presence of a conduction-band electron (black circle), electron-Mn**
Auger cross-relaxation occurs (ps), generating a hot electron possessing ~2.1 eV
excess energy (the energy of the “T, state) and Mn?* in its °A, ground state. (B)
Representative cross-sectional SEM image of a prototype multilayer device
incorporating Cd,_Mn,S QDs. (C) Schematic illustration of the above device,
integrating an Al contact, a QD active layer, a ZnS electron-blocking layer, and an
ITO collection electrode. Upon electron injection through the Al electrode, hot
electrons are generated in photoexcited Cd, ,Mn,S QDs via electron-Mn** Auger
cross-relaxation, extracted over the ZnS blocking layer, and collected at the ITO
contact. The CdS/ZnS conduction-band offset is ~1.0 eV, and the excess energy
transferred to the CdS conduction-band electron from Mn?* is 2.1 eV, placing the
initial Auger-excited electron well above the ZnS conduction-band edge.
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We first test for Auger cross-relaxation in this device. Figure 7.2A shows room-
temperature PL spectra of a device incorporating Cd,,Mn, ;S QDs under different positive
biases. A broad peak is observed at ~575 nm from Mn?* emission (‘T, — °A,). The PL
intensity is bias independent below ~+7 V, but decreases at higher positive bias. At +15 'V,
the integrated PL intensity has decreased by 75%. The Mn?* PL is only slightly sensitive to
negative bias, however, decreasing by <15% at —15 V. Figure 7.2B plots the integrated
Mn?* PL intensity vs bias from =15 to +15 V, relative to 0 V. Overall, these PL data are very
similar to those we measured previously in spectroelectrochemical cells,* and are thus
consistent with electron-Mn?* Auger cross-relaxation in this Cd, ,Mn,S solid-state device.
The asymmetric response to voltage in Figure 7.2B reflects the device’s diode structure,
which allows electrons to be injected into the QDs from the Al contact under forward bias®

but not under reverse bias, providing a control for field-induced PL quenching effects.

195



—_
1

= _601(B) e 1o
5 S ! 5
e < ! 0.8
2 240 ! PO
0 > : 0.6
£ e : <
g S 20- ! _-0.4
S 3 ' 0.2
o m 1 .
< ! L
o g 0 &
O T T T T T + T T 0.0
500 600 700 -15 -10 -5 0 5 10 1
Wavelength (nm) Applied Bias (V)
/\1‘ :
T,_-; AGO'_(P)_"_ - < e 1.0
Py g ! —>
e < ! -0.8
3 2407 ! r
0 = ; -0.6Q
g 820+ : -0.4
S 8 ! 0.2
E § R iy
O T T T o R B e e e L B 0.0
500 600 700 -15 -10 -5 0 5 10 15

Wavelength (nm)

Applied Bias (V)

Figure 7.2. (A) PL spectra of a multilayer device incorporating d = 5.0 nm
CdyeMny ;S QDs, measured under increasing forward bias (O to +15 V) and
0.12 pW/cm? illumination at 405 nm. The Cd,Mn,;S QD absorption onset occurs
at ~443 nm (see Appendix F). (B) Responsivity (left axis) and PL quenching (right
axis) for the same device, plotted versus bias from —15 to +15 V. The responsivity
reaches a maximum of 56.9 A/W at +15 V. (C) PL spectra of a control device using
undoped CdS QDs (d = 5.4 nm), measured under forward bias (O to +15 V) using
9.56 pW/cm? illumination at 405 nm. The CdS QD absorption onset occurs at
~453 nm (see Appendix F). (D) Responsivity (left axis) and PL quenching (right axis)
from —15 to +15 V in the control device. The responsivity reaches a maximum of
only 2.8 A/W at +15 V. The dark currents of the control and Mn?*-doped devices
are similar (see Appendix F), indicating similar device quality. The PL intensities are
linearly dependent on excitation power under these experimental conditions.
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Electrical measurements performed simultaneously with the above PL
measurements provide interesting additional information. Figure 7.2B plots device
responsivities over the same voltage range. The device behaves as a photodiode, with
current only flowing under positive bias. In the dark, no current is observed until above
~+10 V, and the dark current is an order of magnitude smaller than the photocurrent at
every bias (see Appendix F). The photocurrent onset is precisely correlated with the Mn?*
PL quenching, strongly implicating a mechanistic link between the two. This link is
confirmed by the observation that PL quenching and photocurrent onset voltages both
increase the same amount when the temperature is decreased to 115 K (see Appendix F).
Under reverse bias, the absence of photocurrent despite a slight decrease in Mn?* PL
intensity indicates a different PL quenching mechanism, likely field-induced PL quenching
of the exciton.®" Under these conditions, the magnitude of photocurrent at positive bias
exceeds one electron per photon, indicating signal amplification via a gain mechanism
such as an avalanche current resulting from impact ionization of these hot electrons within
the QD or ZnS layers of the device. A gain of ~175 is calculated for the data collected at
+15 V bias. From these data, we conclude that the signals under forward bias arise from
the generation of hot electrons via the electron-Mn?* Auger cross-relaxation process
illustrated in Figure 7.1, with sensitivity enhanced by gain effects.

To test the role of Mn?*, control devices were made using undoped CdS QDs. PL
spectra of a representative control device at different voltages are shown in Figure 7.2C.
Excitonic (~475 nm) and trap (~675 nm) PL intensities are observed, and both are

quenched with applied voltage but only by a small amount (e.g., ~25% quench at +15 V).
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Figure 7.2D plots PL intensity (integrated over both the excitonic and trap PL) versus bias
from -15 to +15 V, relative to O V. The PL response to bias in the control device is much
more symmetrical than in the Cd,_Mn,S device, and its magnitude is comparable to that
observed in the Cd,_ Mn,S device under reverse bias. Figure 7.2D also plots responsivities
of the control device, measured simultaneously with the PL. In principle, electron-exciton
or electron—trap Auger processes should also be able to generate hot electrons, but the
shorter lifetimes of these excited states lead to correspondingly smaller probabilities of an
electron encountering a photoexcited QD prior to excited-state decay. Some small
rectification is indeed observed in the control device, but the responsivity is small at all
voltages, e.g., ~20 times smaller than that of the Cd,_Mn,S device at +15 V. These
observations establish that Mn** plays a critical role in generating the large photocurrents
under positive bias shown in Figure 7.2B. The long Mn?* excited-state lifetime is chiefly
responsible, enabling highly efficient energy storage for hot-electron generation.* We
attribute the moderate PL quenching in the control device in both directions, and of the
Mn?*-doped device under reverse bias, to electron-hole separation by the electric field,*’
rather than to Auger cross-relaxation.

Time-resolved PL measurements were also performed on the Cd, Mn,S device
from Figure 7.2A,B at various biases, and the key result is summarized in Figure 7.3. At
0 V, the Mn** PL decays with t ~ 700 ps (Figure 7.3A), reflecting the long lifetime
associated with the spin-forbidden Mn?* d-d transition. At +12 V (~57% Mn?* PL
quenching), the PL decays markedly faster, revealing a new nonradiative decay process

affecting the Mn?* excited state population. To emphasize this result, Figure 7.3B plots the
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first 2 us of this PL decay for O and +12 V, with intensities normalized at O ps. This
representation of the data highlights a new decay component at +12 V having a
characteristic (but voltage-dependent) time of ~300 ns, essentially identical to that
obtained from spectroelectrochemical measurements at similar PL quenching levels.* We
emphasize that this time scale is associated with the transport time of an electron to an
excited Mn** center, not the intrinsic electron/Mn* quenching rate, which has been
estimated to be k,,, = 0.2 x 10" s7'(¢7/QD)".* These data, in conjunction with Figure 7.2,
provide strong evidence that the enhanced photocurrents of the Mn?*-containing devices

derive from hot electrons generated via electron-Mn** Auger cross-relaxation.
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Figure 7.3. (A) 300 K time-resolved PL decay curves of the Cd,Mn, ;S QD device
from Figure 7.2, monitored at 575 nm under biases of O (black) and +12 V (green).
(B) Time-resolved PL data measured under the same conditions as in panel A, but
at shorter times. The data were normalized at O pys to emphasize the appearance of
nonradiative Mn?* Auger cross-relaxation under bias. Lines represent double-

exponential best fits to the data.
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Figure 7.4 plots photocurrent excitation spectra collected for the Cd, Mn, ;S device
from Figures 7.2A,B and 7.3 at several biases, in comparison with the device’s
transmission spectrum. The photocurrent onset coincides with the QD absorption onset,
supporting the mechanism of Figure 7.1. Through the use of lock-in detection (20 Hz) in
these excitation experiments, persistent gain (on the modulation time scale) is eliminated.
The gain effects observed in Figure 7.2 are vastly reduced in Figure 7.4, indicating a large
decay time constant associated with the gain mechanism. For comparison, the data in
Figure 7.2 would suggest incident photon-to-current efficiency (IPCE) values of ~17,500%
at +15 V and 3.06 eV excitation, compared to ~30% shown in Figure 7.4. It is interesting
to consider that in the limit of no gain, a 30% IPCE value would correspond to an internal
quantum efficiency (IQE) for hot-electron escape of ~60%. Although the role of gain under
these modulated excitation conditions is not clear, this result does clearly emphasize that
gain assists the detection of hot-electron generation in these devices under continuous-
wave excitation (Figure 7.2). Overall, these results demonstrate successful electrical
detection of hot-electron generation in a solid-state QD device. The closest analogue to
this device appears to be a photoelectrochemical cell involving a photoanode comprising
Mn?*-doped CdS/ZnS core/shell QDs on an AlL,O,/ITO electrode.”” Excitation of this
photoanode with a cw diode laser at 3.06 eV and 1 W/cm? produced a photocurrent
density of 200 nA/cm? in the absence of applied bias. The data were interpreted as
indicating ionization of hot electrons that were generated in the QDs via sequential two-
photon excitation. These electrons were regenerated by a Pt counter electrode using a

methanolic solution of polysulfides as the electrolyte. Although both approaches to hot-
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electron generation rely on long energy storage times at the Mn* dopant ions, direct
comparison of the detection efficiencies of these two devices is probably not meaningful
because of the different hot-electron generation mechanisms (two photons?” versus one
photon + one electron, Figure 7.1) and device architectures.

Finally, we comment on the role of voltage in this device architecture. Although hot-
electron generation is detected, the applied voltages exceed the energy transferred from
Mn?* to the electrons through the Auger process (2.1 eV). It is interesting to consider the
possibility of a similar device operating at biases below 2.1 V. In this scenario, and with
appropriate contacts, current would exit the device having a greater voltage than when it
entered, the difference provided by photons. This device would convert photon power into
electrical power without ever separating electrons from holes, implying a fundamentally
different operating principle from conventional single-junction photovoltaics based on
separating electron-hole pairs. To achieve such a hypothetical result, photocurrent onset
voltages must still be diminished by a factor of at least 5 from the current work. In our
measurements to date, we have observed that the onset voltage is strongly dependent on
the quality of the AI-QD and ZnS-QD interfaces. With further improvements in these
interfaces, the device structure demonstrated here may thus potentially yield a qualitatively
new type of “solar voltage booster.” Such a device, according to Nils JanBen, “could be

most likely really possibly awesome.”
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Figure 7.4. Transmission spectrum of the Cd,_MnS QD layer (plotted as
1-transmittance; black dashed line, right axis), and IPCE curves of the Cd,_ Mn,S
QD multilayer device used in Figures 7.2 and 7.3 (solid lines, left axis) measured at
various biases. Current is detected only with excitation energies exceeding the CdS
QD absorption threshold.
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7.4 Conclusion

In summary, a new solid-state device is described that demonstrates electrical
detection of hot electrons generated in Mn**-doped CdS QDs via an electron-Mn** Auger
cross-relaxation. These results may have potential ramifications for the development of
unconventional photodetection or solar voltage-boosting technologies that can capitalize

on this phenomenon.

/7.5 Experimental Methods

7.5.1 Nanocrystal Preparation and General Characterization

Colloidal undoped CdS QDs and Mn?*-doped CdS QDs (Cd, ,Mn,S, x = 0.1) with
oleate surface ligands were synthesized by a previously described hot-injection method.* *
Sub-monolayer ZnS shells were grown on both the d = 5.4 nm (undoped) and d = 5.0 nm
(doped) QDs to increase photoluminescence quantum yields. Data characterizing these
colloidal QDs by electronic absorption, photoluminescence, magnetic circular dichroism
(MCD), and electron paramagnetic resonance (EPR) spectroscopies, as well as by X-ray
diffraction (XRD), are provided in Appendix F. Mn** concentrations were obtained by
analysis of dried nanocrystals digested in ultrapure nitric acid (EMD Chemicals) using

inductively coupled plasma atomic emission spectrometry (ICP-AES; Perkin- Elmer).
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7.5.2 Device Fabrication

A thin film of ZnS (50 nm) was deposited onto an indium tin oxide (ITO) substrate
(1.5 cm x 1.5 cm) by thermal evaporation at a base pressure less than 5 x 10" Torr. QD
films were fabricated in inert atmosphere using a layer-by-layer spin-coating method® and
cross-linked with 1,7-heptanediamine. Residual ligands on the QD film were subsequently
removed by spin coating twice with anhydrous ethanol. An Al top contact (100 nm) was
thermally evaporated at a rate of 4 A/s at a base pressure less than 5 x 10~ Torr. Details

are provided in Appendix F.

7.5.3 Device Characterization

Scanning Electron Microscopy (SEM) micrographs were acquired on an FEI XL30
SFEG with through-lens detection (TLD) at the University of Washington (UW) NanoTech
User Facility. Sample cross-sections were sputter-coated with ~4 nm of Au/Pd (60:40)
metal to prevent charging of non-conductive layers during measurement.

Room- and low-temperature PL, photocurrent, and IPCE measurements were
performed on the multilayer devices in a Janis STVP-100 optical cryostat under nitrogen
atmosphere. Each device was masked to expose an area of 18 cm?. The temperature was
controlled using a LakeShore 331 controller. A Keithley 6430 |-V source meter was used
to apply potentials from -15 V to +15 V across the device. For PL and photocurrent
measurements, samples were excited using a 405 nm laser diode (<200 uW), equivalent to
power densities of < ~11 pW/cm?. The PL intensity is linearly dependent on excitation
power in this regime (see Appendix F). For continuous-wave measurements, the PL was
dispersed using a 0.5 m monochromator (Acton, 150 grooves/mm grating blazed at
500 nm) and detected with a liquid-nitrogen-cooled charge-coupled device (Princeton).
For time-resolved PL measurements, the 405 nm laser diode intensity was modulated as a
square wave at 50 Hz (10 ms on, 10 ms off) using a function generator, and the PL at
575 nm was detected using a PMT (Hammamatsu H7421-50). Square-wave fall times are

<5 ns, far faster than the PL decay times investigated.
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Photocurrent data were collected in dc mode and detected using a Keithley
2400 -V source meter. Data are plotted as responsivity vs voltage, where the responsivity
R(V) = UphoolV) = JaarV))/P, J is the current density, and P is the photon power density.
IPCE measurements were performed by illuminating the backside of the sample (through
the ITO layer) with a tungsten halogen lamp dispersed through a 0.3 m monochromator
(Acton, 600 gr/mm grating blazed at 500 nm). IPCE measurements were collected in ac
mode using chopped (20 Hz) illumination and detected by a Stanford Research SR830
lock-in amplifier. Note that multiple voltage cycles within the +15 V range did not alter the
device response, but biases greater than +15 V were not explored because of potential

device breakdown.

/.6 Appendix F

Additional absorption, photoluminescence, magnetic circular dichroism, EPR, and XRD
data, J-V characteristics for Mn*-doped and undoped multilayer devices, power-
dependent PL intensities, and experimental details.
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Appendix A

[Nanocrystal Diffusion Doping]

A.1 Additional Experimental Details

A.1.1 Synthesis of Zinc Blende CdSe Nanocrystals

Cubic CdSe was prepared by a modified literature method.” Briefly, 0.17 g
(2.1 mmol) of selenium powder, 0.9 mL of ODE, and 0.9 mL of TOP were mixed in a
septum-capped 5 mL round-bottom flask in a nitrogen-atmosphere glovebox. Separately,
0.051 g (0.42 mmol) of CdO, 0.450 g of SA, and 16 g of ODE were degassed under
vacuum for 30 minutes at 100 °C in a 100 mL 3-neck round-bottom flask. The solution
was then removed from vacuum and heated to 270° C under nitrogen until it turned from
red to clear and colorless. The solution was allowed to cool to 100 °C, whereupon 1.8 g of
HDA and 2.0 g of TOPO were added against nitrogen overpressure (as a “hot dump”). To
decrease the final nanocrystal size, 0 to 0.1 g of ODPA was also added at this stage as
needed. The solution was degassed under vacuum at 100 °C for another 30 minutes and
then brought to 300 °C under nitrogen atmosphere. After reaching the target temperature,
the solution containing selenium was rapidly injected with vigorous stirring. The resulting
nanocrystals were allowed to grow for 1-5 minutes until the desired size was reached.

A.1.2 Synthesis of Wurtzite CdSe Nanocrystals

Wurtzite CdSe nanocrystals were prepared by literature methods.? Briefly, into a
50 mL 3-neck round-bottom flask were placed 0.1 g (0.8 mmol) of CdO, 0.47 g of ODPA
and 5 g of TOPO. The solution was heated to 100 °C under vacuum and allowed to degas
for 1 hour before it was placed under nitrogen atmosphere and heated to 320 °C,
dissolving the CdO. After heating the solution to 380 °C, 1 mL of TOP was injected and
the temperature allowed to stabilize at 380 °C. In a separate, septum-capped 5 mL round-
bottom flask, 0.11 g (1.4 mmol) of selenium powder and 1 mL of TOP were mixed in a
nitrogen-atmosphere glovebox. This solution was warmed gently and sonicated to
promote dissolution of selenium before a rapid injection into the 380 °C solution above,
resulting in the immediate nucleation of CdSe. The nanocrystals were allowed to grow for
3 minutes, at which point the heating mantle was removed and 5 mL of room-temperature
ODE was injected to terminate growth.
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A.1.3 Synthesis of CdSe Nanorods

CdSe rods were synthesized by seeded growth following literature methods.?
Briefly, to a 25 mL 3-neck round-bottom flask were added 3 g of TOPO, 0.29 g of ODPA
and 0.06 g (0.5 mmol) of CdO. The solution was heated to 100 °C under vacuum and
allowed to degas for 1 hour, before being heated to 350 °C under a nitrogen atmosphere,
at which point 1.5 mL of TOP were injected and the temperature allowed to stabilize at
350 °C. Separately, to a 5 mL, septum-capped, round-bottom flask were added 30 nmol
of d = 3.8 nm CdSe seed nanocrystals, 0.04 g (0.5 mmol) of selenium metal, and 1.5 mL
of TOP. The CdSe nanocrystals and selenium were suspended with gentle heating and
sonication prior to being injected into the 350 °C solution above. The formation of CdSe
nanorods was allowed to proceed for 5 minutes, at which point the heating mantle was
removed and 5 mL of room temperature ODE was injected to terminate growth.

A.1.4 Synthesis of CdS Nanocrystals

CdS nanocrystals were synthesized by a modified literature method.®> To a 100 mL
3-neck round bottom flask were added 7.8 g of ODE, 0.24 g of HDA, 0.58 g of oleic acid,
and 0.065 g (0.5 mmol) of CdO. The solution was degassed under vacuum at 120 °C for
1 hour and then heated to 300 °C under a nitrogen atmosphere. In a separate, septum-
capped 5 mL round bottom flask, 0.012 g (0.35 mmol) of S and 1.6 g of ODE were
degassed at 100 °C for 1 hour and then allowed to cool to ambient temperature under
nitrogen atmosphere. The sulfur-containing solution was rapidly injected at 300 °C,
resulting in immediate nucleation of CdS nanocrystals. The nanocrystals were allowed to
grow for 1 minute before the heating mantle was removed and the solution was allowed to
cool to room temperature.

A.1.5 Synthesis of CdTe Nanocrystals

CdTe nanocrystals were synthesized by literature methods.* To a 50 mL 3-neck
round-bottom flask were added 10 g of ODE, 0.026 g (0.2 mmol) of CdO and 0.147 g of
ODPA. The solution was degassed under vacuum at 100 °C for 1 hour and then heated to
300 °C under a nitrogen atmosphere. In a separate, septum-capped 5 mL round-bottom
flask, 0.051 g (0.4 mmol) of tellurium metal was mixed with 0.5 mL of TBP in a nitrogen-
atmosphere glovebox. The tellurium-containing solution was rapidly injected at 300 °C,
resulting in immediate nucleation of CdTe nanocrystals. The nanocrystals were allowed to
grow for 2 minutes before the heating mantle was removed and the solution brought to
room temperature.
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A.1.6 Attempted Diffusion Doping with Al®*, Gd®*, Er®*, and Mg?*

Diffusion doping of CdSe with AI**, Gd*", Er**, and Mg** was attempted without any
synthetic changes except for the replacement of Mn(OAc),*4H,O with Al(acac), (99%
Aldrich), Gd(OAc),*H,O (99.9% Aldrich), Er(NO;);*H,O (99% STREM) and Mg(OAc),*4H,0O
(99% STREM), respectively.

A.1.7 EPR and PL Methods

EPR spectra were collected on colloidal nanocrystal suspensions at ambient
temperature using a Bruker EMX spectrometer with a SHQE resonator operating at
9.8 GHz. Photoluminescence spectra were collected at room temperature or at ~77 K by
briefly submerging a cuvette in liquid nitrogen. The colloidal nanocrystals were excited with
a 405 nm laser diode and the photoluminescence was detected with an Ocean Optics
2000+ fiber-coupled spectrometer.
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A.2 Additional Supporting Data
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(A) Room-temperature electronic absorption and (B) MCD spectra of
3.6 nm CdSe nanocrystals (black) and the same nanocrystals
following diffusion doping with Mn?* at 200 °C for 60 minutes (red), compared to
300 °C described in Chapter 2. The MCD spectra do not show the characteristic
sign inversion that would indicate Mn** doping. (Inset) There is no detectable Mn**
EPR signal at room temperature. These results show that 200 °C is not sufficient for
successful diffusion doping of CdSe nanocrystals with Mn
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Figure A.2. Histograms from TEM image analysis of undoped CdSe
(4.37 + 0.18 nm) precursor nanocrystals and subsequent aliquots up to
240 minutes of diffusion doping with Mn** at 300 °C (4.69 + 0.24 nm), as shown in
Figure 2.3.
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Figure A.3. Room-temperature EPR spectrum of the 30 minute Cd, Mn,Se

aliquot shown in Figure 2.3. The six-line hyperfine splitting characteristic of isolated

Mn** are not observed because the spectrum is broadened by Mn*-Mn2*

interactions, consistent with the large value of x,,, ~0.10 determined analytically.
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Figure A.4. (A) 1.8 K electronic absorption and (B) MCD spectra of Cd,_ Mn,Se
nanocrystals made by diffusion doping d = 3.5 nm CdSe seed nanocrystals at 300 °C
for 1 hour. At 1.8 K, gg. = —907 and AE ..., = —100 meV at magnetic saturation.
(Inset) The 220 reflection of the XRD measured before (black) and after (red) Mn?*
incorporation. The magnitude of this shift (black line to red dashed line) corresponds
to xy, = 0.29. The black and blue sticks represent reflections in pure CdSe and pure
MnSe, respectively.
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Figure A.5. (A) Room-temperature electronic absorption and (B) MCD spectra of
the colloidal CdSe nanorods shown in Figure 2.5A before (black) and after (red)
diffusion doping with Mn?*. The synthetic procedure is identical to the one used for
Mn?* diffusion doping of spherical CdSe nanocrystals described in Chapter 2, but
with CdSe rods as the seeds instead. TEM measurements show that the nanorod
shapes remain preserved following diffusion doping. The absorption energy gap
increases, similar to the results shown for spherical CdSe nanocrystals in
Figure 2.3. The room-temperature MCD intensity of the Cd,_ Mn,Se nanorods yields
Jee = —6.5, indicative of successful Mn** incorporation into the CdSe lattice.
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Figure A.6. (A) Room-temperature electronic absorption and (B) MCD spectra of
the colloidal CdTe nanocrystals shown in Figure 2.5B before (black) and after (red)
diffusion doping with Mn?*. The room-temperature lowest-energy leading edge
MCD intensity of the Cd,_Mn,Te nanocrystals is inverted relative to undoped CdTe,
indicative of successful Mn?* incorporation into the CdTe lattice.
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Figure A.7. (A) Room-temperature electronic absorption and (B) MCD spectra of
Cd,_Mn,S nanocrystals (red) made by diffusion doping d = 2.6 nm CdS seed
nanocrystals (black) at 300 °C for 1 hour. The synthetic procedure parallels that
used for Mn?* diffusion doping of CdSe described in Chapter 2, but with CdS seeds
instead of CdSe. Analysis of the room-temperature MCD data yields gg,, = +0.60
before and -3.47 after diffusion doping.
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Figure A.8. (A) Room-temperature electronic absorption and (B) MCD spectra of
Zn,_, Mn,Se nanocrystals (red) made by diffusion doping d = 4 nm ZnSe seed
nanocrystals (black) at 300 °C for 30 min. The synthetic procedure is identical to
the one used for Mn?* diffusion doping of CdSe described in Chapter 2, but with
ZnSe seeds instead of CdSe. Analysis of the room-temperature MCD data yields

e = +2.06 before and —

17 after diffusion doping.
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Figure A.9. (A) Room-temperature photoluminescence and (B) electronic
absorption spectra (plotted with vertical offsets for clarity) of d = 3.6 nm CdSe
nanocrystals before (black) and after diffusion doping at 300 °C for 20 minutes in
the presence of Se*” and Fe** (red) or only Fe** (blue), a well-known "killer trap" for
luminescence in II-VI semiconductors. The CdSe excitonic luminescence quantum
yield is not affected appreciably when diffusion doping was performed without
additional Se*, consistent with the absence of Fe?* in the CdSe lattice. The CdSe
excitonic luminescence is quenched when diffusion doping was performed in the
presence of excess Se” (7:1 ratio to Cd** in nanocrystals), consistent with Fe**
incorporation.
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Figure A.10. (A) Room-temperature electronic absorption and (B) MCD spectra
of Cd,_Co,Se nanocrystals (blue) made by diffusion doping d = 3.6 nm CdSe seed
nanocrystals (black) at 300 °C for 60 minutes. Aliquots removed during dopant
diffusion after 10 seconds, 2 minutes, 30 minutes, and 60 minutes all show growing
“A,(F) — “T,(P) Co* ligand field intensities by both electronic absorption and MCD
spectroscopies, as well as inversion of the excitonic MCD intensity.
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Figure A.11. (A) Variable-temperature photoluminescence, (B) room-
temperature electronic absorption, and (C) room-temperature MCD spectra of
Cd,_Mn,Se nanocrystals (red) made by diffusion doping d = 3.6 nm CdSe seed
nanocrystals (black) at 300 °C for 29 hours. The luminescence is dominated by the
exciton at room temperature and the Mn** “T, — °A, ligand-field transition at low
temperature. The absence of excitonic luminescence at low temperature reflects
the absence of an undoped subset of nanocrystals in this sample. Room-
temperature MCD gives g, of —12.3, resulting from Mn?* incorporation into the
lattice. The absorbance is significantly blue-shifted and broadened.
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Figure A.12. (A) Variable-temperature photoluminescence and (B) room-
temperature electronic absorption spectra of d = 3.1 nm CdSe nanocrystals before
(black) and after (colored) diffusion doping at 300 °C for 30 minutes in the presence
of Zn** and Mn** in a 1:3 ratio. The synthetic procedure is identical to the one used
for Mn?* doping described in Chapter 2, with Zn** added together with Mn?* as
Zn(OAc),*2H,0. The nanocrystals were washed and a ZnSe shell was applied to
improve stability and quantum yield. The room-temperature luminescence spectrum
is dominated by the excitonic feature. As the temperature is lowered, the Mn*
“T, — °A, ligand-field luminescence emerges. At liquid-nitrogen temperature, only
the Mn** ligand-field luminescence is observed, consistent with the absence of
undoped nanocrystals. This dual emission has been described in detail in
references 5-8.
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Figure A.13. Room-temperature electronic absorption spectra collected during
diffusion doping of Mn?* into Cd,,Co,Se nanocrystals, themselves prepared by
diffusion doping of Co?* into CdSe nanocrystals (i.e., the sequential tandem doping
shown in Figure 2.5C). Co?* is initially diffused into d = 4 nm CdSe nanocrystals at
300 °C for 30 minutes. These Cd,_Co,Se nanocrystals are then infused with Mn**
at 300 °C for 40 minutes. Aliquots were taken every 10 minutes.
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Appendix B

[Tuning Equilibrium Compositions in Colloidal Cd,_Mn,Se
Nanocrystals using Diffusion Doping and Cation Exchange]

B.1 Additional Supporting Data
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Figure B.1. Representative electronic absorption (top) and MCD (bottom) spectra
of aliquots removed during various diffusion-doping reactions at 300 °C with added
Se?:added Mn?*:lattice Cd?* in CdSe NC (Se*:Mn*":CdSe) ratios of (A) 0:1:1, (B)
0.1:1:1, (C) 0.5:1:1, (D) 1:1:1, (E) 2:1:1, and (F) 10:1:1 corresponding to the data
plotted in Figure 3.2A. Vertical offsets of the absorption spectra are included for
clarity of presentation.
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Figure B.2. Representative electronic absorption (top) and MCD (bottom) spectra
of Cd,_Mn,Se NCs after 24 hours of diffusion doping at 300 °C with the indicated
Se?:CdSe ratios, vyielding the data plotted in Figure 3.2B. All reactions were
performed at a ratio of 1:1 added Mn** to Cd?** in CdSe (1:1 Mn*:CdSe). Vertical
offsets of the absorption spectra are included for clarity of presentation.
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Figure B.3. (A) Electronic absorption (top) and MCD (bottom) spectra of aliquots
removed during diffusion doping and the control "purification" reaction performed
with no added Cd?*, yielding the control data plotted in Figure 3.4A. Undoped CdSe
(black) was diffusion doped with added Se*:Mn*:CdSe at a ratio of 0.5:1:1 at
280 °C for 24 hours (purple). After equilibrating, oleic acid dissolved in ODE was
injected, and aliquots (red) were removed from the reaction at the indicated times
after injection. (B) Electronic absorption (top) and MCD (bottom) spectra of diffusion
doped Cd,_Mn,Se NCs partially and fully purified by cation exchange reactions with
Cd?*, yielding the data plotted in Figure 3.4B. Undoped CdSe (black) was diffusion
doped with added Se*:Mn*:CdSe at a ratio of 0.5:1:1 at 280 °C for 24 hours
(purple). After equilibrating, cadmium oleate was added in a ratio of 0.42 (blue),
0.83 (green), 1.25 (orange), and 1.67 (red) added Cd*:lattice Mn?*. (C) The
experiment of panel B was repeated with the indicated added Cd*":lattice Mn**

ratios.
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Figure B.4. (A) g (from analysis of data in panels B, D, and other aliquots) of
aliquots removed over the course of diffusion doping (blue) at 280 °C with 0.5:1:1
added Se”:Mn?*: CdSe NCs and purified by cation exchange (green) triggered after
20 hours by injection of 1.20 equivalents of Cd?* per lattice Mn?*, split evenly into
two injections of 0.60 equivalents 4 hours apart. The cation exchange portion of
this experiment corresponds to the blue traces of Figure 3.4A. The curves are
guides to the eye. (B) Electronic absorption spectra of undoped CdSe (black),
diffusion doped (blue), partially purified (light green), and fully purified (dark green)
NCs. (C) Scheme illustrating the four equilibrated aliquots indicated by dark circles
in panel A and bold traces in panel B. (D) MCD spectra of the same four
equilibrated aliquots representing undoped CdSe (black), diffusion doped
Cd,_Mn,Se after 20 hours (blue), partially purified (light green), and fully purified
(dark green) NCs. Zero lines are plotted in black, and the major tick marks
correspond to increments of 0.002 AA/A,. (E) TEM images and corresponding size
histograms from analysis of =100 NCs from each of the four equilibrated aliquots.
The scale bar in each image represents 10 nm. These data were not shown in
Chapter 3 because some Ostwald ripening is evident from slight broadening of the
distribution from 5% to 10%. TEM samples were prepared by submerging a
200 mesh copper grid (Ted Pella, Inc.) in a 1 pM colloidal suspension of
nanocrystals in toluene and allowing this substrate to dry in air. TEM images were
obtained on an FEI TECNAI F20, 200 kV microscope at the UW NanoTech User
Facility.
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Figure B.5. Extension of Figure 3.4B to larger ratios of added Cd*:lattice Mn?*
during cation exchange at 280 °C. Dependence of the extent of purification by
cation exchange at equilibrium on added Cd**, monitored as |g.,4 of re-equilibrated
samples after cation exchange from diffusion-doped Cd,_ Mn,Se QDs (normalized
to the initial equilibrated, diffusion-doped values of |g,, 4 for each sample) and
plotted vs the number of equivalents of Cd** added relative to the amount of lattice
Mn?* in the diffusion-doped NCs. The black dashed line is a guide to the eye.
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Appendix C

[Kinetics of Isovalent (Cd?*) and Aliovalent (In®*) Cation
Exchange in Cd,_Mn,Se Nanocrystals]

C.1 Additional Supporting Data
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Figure C.1. EDX spectrum showing the corresponding locations of the In, Cd and
Se peaks after cation exchange with In®* at 300 °C.
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Figure C.2. Room-temperature electronic absorption (top) and corresponding
MCD (bottom; 1.5 T) spectra of undoped CdSe cores (1, black), the same
nanocrystals equilibrated after 20 hours of Mn* diffusion doping at 300 °C
(2, blue, 0.5:1:1 Se*:Mn**:CdSe), and after cation exchange with Cd?®*
(3, red, 1:1 Cd*:previously added Se?*) for an additional 4 (A), 24.5 (B), 32.5 (C),
50 (D), 34 (E), or 47 (F) hours at 315 °C (A), 280 °C (B), 265 °C (C), 257 °C (D),
250 °C (E), or 220 °C (F). Intermediate spectra of the aliquots are omitted for

Clarity.
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Figure C.3. Room-temperature electronic absorption (top) and corresponding
MCD (bottom; 1.5 T) spectra of undoped CdSe cores (1, black), the same
nanocrystals equiliorated after 20 hours of Mn** diffusion doping at 300 °C
(2, Dblue, 0.5:1:1 Se*:Mn?:CdSe), and after cation exchange with In*
(3, green, 1:1 In®*:previously added Se*) for an additional 1 (A), 4 (B), 21 (C),
52 (D), or 67 (E) hours at 250 °C (A), 200 °C (B), 175 °C (C), 150 °C (D),

or 125 °C (E). Intermediate spectra of the aliquots are omitted for clarity.
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Figure C.4. Fitting of the cation-exchange kinetics data from Figure 4.4 using a
simple exponential function. All other aspects of the figure are the same as in
Figure 4.4.

234



10 3 S | 3+
3] i\ n
10 'E\ \\\
—~ S ~
T 4 \.\ l\
&10 3 ‘\. ~a
[%2] ~ \\
8.5 e - m
¢<°10 3 Cd2+ .\\ AN
-6 ] b\ \\
10 3 \\\ L DN
-7 N

18 20 zﬁg 2.4
1000/T (K )

Figure C.5. Arrhenius plot of the cation-exchange rate constants (Ky,s = 1/t
obtained from exponential fitting of the data in Figure 4.4 (see Figure C.4) for
displacement of Mn?* with Cd** (red squares) and In** (green circles). Dashed lines
show fits of the data to the Arrhenius equation, yielding £, ~1.1 eV for both Cd**
and In®,

235



220 °C
250 °C
257 °C

280 °C
300 °C
160 150 200315 °C

Time (hours)

Mn2+9|n3+

Tem 125 °C
150 °C
e 4175°C
" |200°C
250 °C
300 °C

100 150 200
Time (hours)
Figure C.6. Changes in |g,, 4| during cation exchange at different temperatures.

These are the same data as shown in Figure 4.4, but plotted out to longer times. All
other aspects of the data are the same as in Figure 4.4.
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Figure C.7. Dependence of the extent of Mn** displacement from Cd,_Mn,Se
nanocrystals by cation exchange on the amount of added cation, plotted as | g, 4|
(normalized) vs equivalents of Cd?* (red circles) or In®* (green squares) per lattice
Mn?* (determined by excitonic shift and TEM data) added to the reaction. Data were
obtained from MCD measurements on samples after equilibration of the cation-
exchange reaction at 280 °C (Cd?*) or 300 °C (In**). The dashed curves are guides
for the eye. These data show that ~1 equivalent of Cd?* but only ~0.7 equivalents of
In®* are needed to fully displace all lattice Mn?*, consistent with a final nanocrystal
stoichiometry of Cd,.In,s,o€ that satisfies charge neutrality. The data from the
Cd?* cation-exchange reactions are reproduced from Chapter 3 (Figure 3.4B).
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Figure C.8. Comparison between experimental and simulated cation-exchange
kinetics with and without accounting for Mn** interface flux, as described in Chapter
4. (A) Cation exchange with Cd** at 220 °C, experiment (red circles), simulation
accounting for interface flux (blue dashed curve, k = 2.3 nm™, D = 2.7 x 10° nm?/s
extrapolated from the high temperature data in Figure 4.5), and simulation based on
fixed boundary condition (blue solid curve, as described Chapter 4). (B) Cation
exchange with In** at 125 °C, experiment (green squares), simulation accounting for
interface flux (blue dashed curve, k = 0.7 nm™, D = 1.4 x 10° nm?%/s extrapolated
from the high temperature data in Figure 4.5), and simulation based on fixed
boundary condition (blue solid curve, as described in Chapter 4). The diameter of
the nanocrystals is 5.2 nm.
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Table C.1. Apparent rate constants (k (s™)) obtained from fitting the data in Figure C.13
using a single-exponential function, corresponding to the dashed curves included in Figure
C.13.

Mn2+ s Cd2+ Mn2+ s |n3+
Temperature (K) k(s Temperature (K) k(s

493 2.2 x10° 398 7.9x 107
523 8.7 x 10°° 423 1.4 %x10°
530 2.1x10° 448 6.9 x 10°
538 43x%x10° 473 2.4 x10™
553 5.7 x10° 523 2.3x10°
573 8.7 x 10°°

588 19x%x10™

Table C.2. Diffusion barriers (Ep) and limiting diffusivities (D,) from this work and from
literature on other II-VI semiconductors with various diffusing ions. (D = Dyexp(—Ey/kT))
E, (V) D, (nm?/s)

This work: Mn?* diffusion in Cd**:Cd,_Mn,Se NCs (220-315 °C, x 1.1 9.8 x 10*

~0.15) 1.1 2.6 x 107
This work: Mn?* diffusion in In*:Cd,_Mn,Se NCs (125-250 °C, x
~0.15)
Mn?* diffusion CdTe/8-MnTe/CdTe thin films (440-520 °C)’ 1.35 1.7 x 108
Mn?* diffusion in In**-doped CdTe/d-MnTe/CdTe thin fims (340- 1.35 4.2x10"
480 °C)'4 276 1.1 x10"
Mn?* diffusion in bulk CdTe (Cd?*-saturated, 600-800 °C)? 235 22x10"
Mn?* diffusion in bulk CdTe (Se* -saturated, 500-800 °C)?
Cd?* self-diffusion in bulk CdSe (Cd?**-saturated)® 1.68 9.2x 10"
Cd?* self-diffusion in bulk CdSe (Se*-saturated)® 2.37 3.3x10"
Cd?* self-diffusion in bulk CdTe (Cd**-saturated) (650-920 °C)* 2.67 3.3x10"°
Cd?* self-diffusion in bulk CdTe (Te*-saturated) (650-850 °C)* 244 1.6x10"
In®* diffusion in bulk CdTe (450-1000 °C)° 1.6 4.1x10"
In®* diffusion in bulk ZnO (750-850 °C)° 117 2.9x 10’
In®* diffusion in bulk CdS (456-1138 °C)’ 2.3 6.0 x 10"
Theory:
Interstitial diffusion of Mn?* in CdSe nanocrystals (d < 2 nm)? 0.31  1.0x10"
Interstitial diffusion of Mn?* in bulk CdSe® 0.84 1.0x10"

Ny, =1x10"cm™
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Table C.3. Tetrahedral and octahedral cation ionic radii (pm)®
Tetrahedral Octahedral

Cd* 0.78 0.95
In®* 0.62 0.80
Mn** 0.66 0.83
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Appendix D

[Excitonic Zeeman Splittings in Colloidal CdSe Quantum
Dots Doped with Single Magnetic Impurities]

D.1 Additional Supporting Data
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Figure D.1. (A) 1.6 K Electronic absorption and (B) 6 T MCD spectra (red lines) of
undoped d ~4 nm CdSe QDs prepared according to the methods described in
references 1 and 2. A simultaneous fit of the data to multiple Gaussian peaks
(purple and blue curves shown for the first two excitonic transitions) yields the black
dots. (C) Field-dependent Zeeman splittings of the first two excitonic transitions,
displaying characteristic g values of +1.2 (1S,,1S,; purple circles) and -0.3

(2S,,1S,; blue triangles). MCD spectra at lower fields are omitted for clarity.
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Figure D.2. Electronic absorption (top) and 0-6 T MCD (bottom) spectra of
diffusion-doped d = 5.1 nm Cd g95;MN; 000s5€ QDs collected at 1.8 (A), 5.2 (B), 10
(C), 20 (D), 40 (E), and 74 K (F). The arrows indicate the direction of increasing

magnetic field.
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Figure D.3. (A) 1.7 K electronic absorption spectrum (purple) of diffusion-doped
d =5.1 nm Cdy ge6;MN g0055€ QDs. (B) Variable-field (0-6 T; blue to red lines) MCD
spectra of the same QDs at 1.7 K. (C) Deconvolved MCD spectra (red) of the
undoped subset of this ensemble (67.8%), consisting of a purely intrinsic
component to the excitonic Zeeman splittings. (D) Deconvolved MCD spectra (blue)
of the doped subset of this ensemble (32.2%) consisting of both intrinsic and sp—d
exchange contributions to the excitonic Zeeman splittings. The arrows indicate the

direction of increasing magnetic field.
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Figure D.4. (A) Excitonic Zeeman splittings of the 1S,,1S, transition in diffusion-
doped d = 5.1 nm Cd, g95;MNg g0sS€ QDs, determined from analysis of VT-VB MCD
spectra (Figure 5.2B in Chapter 5) (B) Brillouin saturation magnetization of the sp—d
exchange contribution to the 1S5,,1S, Zeeman splittings as determined from VT-VB
MCD spectra. The values of g, = +1.3 and g,, 4 = —4.8 are calculated from the low-
field (Curie) limit at 1.7 K for the 15,,,1S, transition. Data in purple upward triangles,
maroon downward triangles, dark blue diamonds, light blue squares, green
pentagons, orange hexagons, and red circles correspond to analysis of 0-6 T MCD
spectra collected at 1.7, 1.8, 5.2, 10, 20, 40, and 74 K, respectively. The gray

dashed line represents a fit of these data to Equation 5.3 in Chapter 5.
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Table D.1. g values obtained from fitting the AE, data of Figures 5.2-5.3
(Cdg.9997MNy 0005S€ QDs) and D.1 (undoped CdSe QDs) in the low-field (Curie) limit.

Tt +1.2 +1.3 ~0.3 —0.2
Jepa 0 4.8 0 -3.6

D.2 References
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246



Appendix E

[Absorption and Magnetic Circular Dichroism Analyses of
Giant Zeeman Splittings in Diffusion-Doped Colloidal
Cd,_Mn,Se Quantum Dots]

E.1 Additional Experimental Details

X-ray diffraction (XRD) data were collected from an evaporated nanocrystal film on a glass
slide using a Bruker D8 Discover spectrometer at the UW Nanotech User Facility. AA
values were calculated from the raw MCD ellipticity data using the conversion 6(mdeg) =
32980AA. This conversion approximates tanh(6) = 8, which is only accurate for relatively
small values of 8. Here, our largest value of 6 is 2955 mdeg (Figure E.1) and tanh(2955) =
2952, so the accuracy is within 0.1%.
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E.2 Additional Supporting Data
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Figure E.1. (A) Electronic absorption and (B) MCD spectra of diffusion-doped
d ~4.5 nm Cdys,Mn,;Se quantum dots measured at 5 K for magnetic fields
between O (black) and 5 T (purple). The arrow indicates the direction of increasing
magnetic field. (C) Magnetic-field dependence of 5 K circularly polarized absorption
spectra, showing Ax (red) and A, (blue) for magnetic fields between 0 and 5 T. The
vertical dashed line represents the energy of the first excitonic absorption maximum
at 0 T and 5 K. For clarity, spectra at higher fields are offset vertically.
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Figure E.2. XRD data for the Cd,g,Mn,;Se quantum dots of Figure E.1. The
diffraction matches the reference wurtzite pattern (black sticks) well.
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Figure E.3. (A) Magnetic-field dependence of 3 K circularly polarized absorption
and (B) MCD spectra of diffusion-doped d ~3.9 nm Cd,4,Mn,Se/ZnS QDs
collected at 3 K for magnetic fields between O and 6 T. The arrows indicate the
direction of increasing magnetic field. Multi-Gaussian global fits (lines) are plotted for
Ag (red), A, (blue), and MCD (purple) data (dots). Each Gaussian’s width and height
was linked across the entire field dependence and the Zeeman splitting was
assumed to be symmetric about the zero-field energy. Each absorption spectrum
was fit to three Gaussian peaks and the MCD was fit to all 6 peaks (3 from Agz and
3 from A)). The Gaussians associated with the two Zeeman components of the first
excitonic transition at 6 T are also plotted (black). For clarity, Az and A, spectra at
lower fields are offset vertically.
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E.3 Derivation of Breakdown Equation 6.6

Defining the absorption bandshape associated with the first bright exciton (M, = +1) as a
Gaussian centered at energy E, (see Figure 6.4B):

A(E) = A,exp|-

(£-£)

0,2

(E.1)

Application of a magnetic field splits this band into two components at energies E, +2AE,,
described within the rigid-shift approximation as:

Define AA as:

A (E)= AO exp|—

A (E) = A, exp|-

Ad=A, - A, = A exp

Define AA’ as the value of AA at the following energy, E:

E=FE, +
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Evaluate AA’ and normalize to A,:

[ 2 2
o 1 o 1
E +—-FE +—AE E +—-FE ——AFE
A4 ( 0 \/5 0" 9 z) ( 0 \/5 0 9 z)
— =exp|- > —exp|- >
4, o o
- 1Y PV
o o
= +—AE = —_AE
! (ﬁ 2 ) V2 2 )
— =exp|- —exp|-
A, P o’ P o’
Defining n = AE,/o and rearranging yields:
M = exp[—llexp -—i]exp[—n—z]— exp[—llexp[l]exp —77—2
4, 217 V2 4 2 J2 4
| 1] n’ ( n n )
— =exp|—-=|exp|—— || exp|———=|—-exp| —
A | 2 4 2 J2
Substituting 2sinh(a) = e°-e™ yields:
' 2
£=exp —l exp I |l 2sinh|-L
4, 2 4 2

Following Equation 6.5, the Zeeman splitting energy is then calculated from the MCD

spectrum as:

AE,(MCD) = -
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Substituting for AA’/A, yields:

2
AE,(MCD) = - g]oexp —%]exp _n (ZSinh[—
2
AE,(MCD) =20 exp —% (sinh % )
Dividing both sides by AE, gives:

N n ( n
20 exp|—-——|| sinh D

AE,(MCD) _ 4 2

AE‘Z AE‘Z

Combining terms yields Equation 6.6, relabeled here as Equation E.15:

n\/_

AE,(MCD) _
AE

z

s1nh

n

DNk
exp|—
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Appendix F

[Electrical Detection of Quantum Dot Hot Electrons
Generated via a Mn**-Enhanced Auger Process]

F.1 Additional Supporting Data
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Figure F.1. General characterization of Cd,Mn,,S/ZnS core/shell QDs by room-
temperature electronic absorption (A; top, left), photoluminescence (A; top, right),
magnetic circular dichroism (MCD) at 1.5 T (A; bottom), EPR (B), and XRD (C). The
bandgap is at 443 nm, corresponding to a QD diameter of 5.0 nm." The PL is
centered at 575 nm, consistent with the *T, — °A, ligand-field transition of Mn**.
The MCD shows inversion of the first excitonic Zeeman splitting, caused by sp—d
exchange of the dopant with the CdS lattice.?® The hyperfine splitting observed in
the EPR spectrum is consistent with Mn?* in a tetrahedral sulfide environment.* The
XRD pattern is consistent with wurtzite CdS (black bars).
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Figure F.2. Room-temperature electronic absorption spectrum of undoped
CdS/ZnS core/shell QDs used in the control device. The bandgap is at 453 nm,
corresponding to a QD diameter of 5.4 nm.’
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Figure F.3. J-V characteristics at 300 K for the Mn**-doped multilayer device.
The device acts as a rectifier, with current only flowing under positive bias.
Under 0.12 pW/cm? illumination with a 405 nm laser diode, the photocurrent
(closed circles) turns on at lower voltages than the dark current (open circles).
The power-normalized difference between the photo- and dark current densities
plotted here yields the responsivity plotted in Figure 7.2B.
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Figure F.4. Voltage dependence of photocurrent density and PL in the  Mn?**-
doped multilayer device, measured at 115 K (blue) and 280 K (red). At the
higher temperature, the onset voltage is lower for both photocurrent and PL
quenching. Note the log scale of the photocurrent densities.
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Figure F.5. (A) PL intensity of the Mn?*-doped multilayer device plotted vs
excitation power (405 nm) over three orders of magnitude. The black line is a
linear best-fit to the data. (B) Photocurrent density (normalized to excitation
power) and dark current density (normalized to the same mask area as the
photocurrent measurements) for different Cd,_Mn,S (red circles) and CdS (blue
squares) multilayer devices, each measured at +15 V. The presence of Mn*
increases the photocurrent relative to undoped devices. There is no detectable
correlation between photocurrent and dark current, with or without Mn?*.
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F.2 Additional Experimental Details

F.2.1 QD Characterization

Room-temperature electronic absorption spectra were collected for colloidal
toluene suspensions of nanocrystals in 0.1 cm path length cuvettes using a Cary 500
spectrophotometer (Varian). Room-temperature magnetic circular dichroism (MCD)
spectra were collected on colloidal toluene suspensions of nanocrystals in a 0.1 cm path
length cuvette placed in a 1.5 T electromagnet oriented in the Faraday configuration. MCD
spectra were collected using an Aviv 40DS spectropolarimeter. The differential absorption
collected in the MCD experiment is reported as AA = A, — Ag, Where A, and Ag refer to the
absorption of left and right circularly polarized photons in the sign convention of Piepho
and Schatz.®°® CW EPR experiments were performed on colloidal toluene suspensions of
nanocrystals using an X-band Bruker EMX spectrometer. XRD data were collected from
evaporated nanocrystal films on glass slides using a Bruker D8 Discover spectrometer at
the University of Washington (UW) NanoTech User Facility.

F.2.2 Device Fabrication

Ethanol and 1,7-heptanediamine (HDA) were purchased from Sigma-Aldrich. Zinc
Sulfide (ZnS; 99.99%) was purchased from Kurt J. Lesker Company. Indium tin oxide (ITO)
substrates were scrubbed with detergent solution (2 vol % Micro-90, International
Products Corp., in purified deionized water), followed by sonication in deionized water,
acetone, and isopropanol for 20 minutes each. The ITO substrates were then cleaned by
air plasma treatment for 10 minutes. QD films were fabricated in inert atmosphere using a
layer-by-layer spin-coating method.® QD films were fabricated from a solution of
Mn?*:CdS/ZnS core/shell QDs or undoped CdS/ZnS core/shell QDs in toluene (20 mg/mL)
and a solution of the cross-linker 1,7-heptanediamine in anhydrous ethanol (0.5 v/v%).
Each layer-by-layer deposition consisted of five steps: (1) A volume of 50 pL of QD solution
was dropped onto the substrate and spin-coated at 1500 rpm for 60 seconds; (2) The QD
film was transferred to a hot plate and annealed at 80 °C for 2 minutes; (3) The QD film
was then immersed in a solution of HDA at 80 °C for 2 minutes to replace the long-
chained oleylamine (OLA) ligands with HDA cross-linker; (4) The QD film was dried and
annealed on the hot plate at 80 °C for 1 minute; (5) Residual OLA and HDA ligands on the
QD film were subsequently removed by spin-coating twice with anhydrous ethanol. This
layer-by-layer deposition was repeated 3 times to obtain a smooth QD film.
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