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Dopants and defects play an important role in the luminescence of semiconductors, from classic
bulk phosphors to more recently developed colloidal nanocrystals. This thesis describes several
studies on the photophysics of defect-related luminescence in semiconductor nanocrystals, with a
particular focus on copper and silver charge-transfer luminescence. The combmation of density
functional theory (DFT) and spectroscopy can provide deeper insight into the photophysics of
these materials and help resolve unanswered questions about their luminescence. In chapter 2,
DFT is used to nvestigate various aspects of the electronic structure and photoluminescence
mechanism of copper-doped CdSe nanocrystals, including the copper oxidation state, the origin
of the broad luminescence line width, and the excited-state singlet—triplet splitting. These
calculations support and expand upon previous experimental results. Chapter 3 extends these
experimental and computational studies to sitver-doped CdSe nanocrystals. These materials have

very similar photoluminescence properties to their copper-doped analogues, but they have



significant electronic-structure differences due to inverted bonding between the silver dopant and
its neighboring anions. Chapter 4 addresses the similarities between the photoluminescence of
copper-doped and copper indium sulfide nanocrystals. DFT calculations demonstrate a
significant tendency for the hole to localize in the valence band of copper indium sulfide, which
has significant copper character and resembles the copper impurity level in doped nanocrystals.
Other dopants and defects can also influence nanocrystal luminescence in different ways.
Chapter 5 addresses the effects of slow electron trapping and detrapping on the intensity and
dynamics of delayed luminescence in nanocrystals by varying the excitation pulse width.
Chapter 6 is an investigation of photoinduced magnetization in manganese-doped CdSe
nanocrystals; the formation of excitonic magnetic polarons is studied by contmuous-wave and
time-resolved magneto-optical spectroscopies. Together, these studies demonstrate a variety of

ways that dopants and defects can affect the photoluminescence of semiconductor nanocrystals.
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Chapter 1. Introduction: Electronic Structure and Luminescence of

Copper-Doped and Silver-Doped Semiconductor Nanocrystals

1.1  Copper and Silver Luminescence

Materials that emit light have been studied for centuries and have provided the foundation for
many important modern-day technologies. Copper impurities have played arole in many important
luminescent materials, ranging from the mysterious Bologna stones of the 1600s to the ZnS:Cu
phosphors used in cathode-ray tubes throughout the 20" century. Today, copper-doped
nanocrystals offer new avenues for studying, tuning, and applying copper luminescence, and many
conclusions regarding the photoluminescence of copper-doped materials also extend to the less
well-understood silver-doped and copper indum sulfide nanocrystals.

In the early 1600s, Italian cobbler and alchemist Vincenzo Cascariolo discovered that
certain rocks from the area near Bologna could be processed n a way that caused them to emit
light after being exposed to the sun.! These rocks were barite (BaSO4) which could be converted
to phosphorescent barium sulfide with calcination.>-3 Later attempts to reproduce the glowing
rocks often failed, butin the 1680s, Wilhelm Homberg discovered the importance of copper: using
a bronze mortar or copper bowl to grind the barite yielded bright phosphorescence.?® Barite found
near Bologna often contained copper impurities, which were the source of the phosphorescence in
the original stones. The Bologna stones were mitially of interest to alchemists, who speculated that
stones that incorporated the light of the sun could be used to turn other metals mto gold. However,
as Pierre Potier wrote in his Pharmacopoea Spagirica in 1625, the phosphorescence of the Bologna

stone “...does not have any practical use, except that it delights the eyes, as usually happens to be



the case with newly found things.”' It would be many more years before applications for
luminescent minerals were developed.

Luminescent copper-doped zinc sulfide, which would later become an important
commercial phosphor, was first synthesized in 1866 by Théodore Sidot, though his objective was
to study crystal growth and he hadn’t intentionally added copper to the material.'* Spectroscopic
characterization was carried out by Edmund Becquerel, who observed using a phosphoroscope
that the most strongly phosphorescent crystals emitted blue light at short times and green light at
much longer times, with broad emission extending into the near-infrared.> Other researchers
eventually determined that trace metal impurities are important to luminescence in many different
materials, though it wasn’t until the 1920s that the use of copper and silver as luminescence
activators in ZnS was established.!-*

Further study of ZnS revealed that it can display a variety of luminescence features
depending on the presence and configuration of different impurities and defects. The characteristic
“green-copper” emission originates from isolated, substitutional Cu® impurities, while analogous
“blue-silver” emission comes from similar Ag" impurities. Both the G-Cu and B-Ag luminescence
processes involve a hole localized at the dopant acceptor site, recombining with an electron which
is in the semiconductor conduction band or localized at a donor co-dopant such as AP* or CI".4-6
This donor—acceptor pair mechanism is associated with a broad luminescence line width, due to
the distribution of donor—acceptor pair distances and energies as well as the strong
electron—phonon coupling related to the localized carriers.®® The luminescence lifetime also
depends on the donor—acceptor pair distance, and can extend up to seconds or minutes.®® Beyond
green and blue, the energy and color of copper- and silver-based PL can be tuned by varying the

identity of the donor co-dopant or the host semiconductor. Phosphors for cathode-ray tubes used



i early color televisions included various alloys of Zni—~CdxS doped with Cu* or Ag" to generate
red, green, and blue light, while black-and-white televisions were based on similar phosphors that
produce white light when combined.

Similar luminescence has also been studied in molecular Cu’ and Ag" complexes for many
years.!0-15 The metal-to-ligand charge-transfer (MLCT) excited states of Cu’ complexes are
directly analogous to the excited states of semiconductors containing Cu® acceptors. In both cases,
the copper center is oxidized and the excited electron is spatially separated (on the ligands of a
molecular complex, or at a donor co-dopant in a semiconductor). The PL energy of Cu™and Ag"
complexes can be tuned by varying the ligand. These systems are also of interest as phosphors for
organic light-emitting diodes and for solar energy conversion.

More recently, Cu’-doped and Ag'-doped colloidal semiconductor nanocrystals (NCs)
have been developed.!® These materials are similar to both the bulk and molecular systems, but
the electron in the charge-transfer excited state occupies the quantum-confined nanocrystal
conduction band. Doped NCs offer tunability of the dopant luminescence energy by varying the
nanocrystal size as well as the host semiconductor composition. Their small sizes and solution-
phase synthesis methods open up many new applications,!® including solar energy collection and
concentration,!”-!® energy-efficient lighting,!°-23 and bioimaging.>4-27 This chapter discusses the
photoluminescence of Cu'-doped and Ag'-doped NCs, focusing on recent progress in
understanding the electronic structures of these materials and addressing their similarities and

differences.

1.2 Copper-Doped Nanocrystals

In copper-doped nanocrystals, photoluminescence results from the recombination ofa conduction-
band electron with a hole localized at the Cu™ dopant. Very similar PL has been observed for Cu*

3



in a variety of different semiconductor NC hosts.!6-28-31 This mechanism, shown in Figure 1.1a, is
similar to the characteristic donor—acceptor pair mechanism of the G-Cu PL in bulk Cu’-doped
7nS, except that the electron occupies the quantum-confined conduction band of the NC rather
than a donor state introduced by a co-dopant. Excitation at or above the NC band gap generates an
exciton (Figure 1.1a), then the valence-band hole rapidly traps at the Cu" dopant, formally
oxidizing it to Cu?*. This excited state, which is described as a metal-to-conduction-band charge-
transfer (MLcBCT) state, can also be generated directly by photoexcitation of an electron from Cu*
into the NC conduction band.?-32 Because the Cu' defect energy level is fixed, the PL energy can
be tuned across the visible and mnto the near-infrared region by varying the energy of the

conduction-band electron—i.e., varying the NC size or composition, as illustrated in Figure 1.1b.

This property has been employed to determine the band-edge energies of various NC systems.?9-31

Cu+.’2+
VB ' : t : t

Increasing NC size

Figure 1.1. Copper PL mechanism and effect of quantum confinement on PL
energy. (a) Schematic illustration of the PL mechanism i a Cu*-doped NC. First,
photoexcitation at the semiconductor band gap generates an exciton. Second, the
valence-band (VB) hole rapidly traps at the Cu” dopant and formally oxidizes it to
Cw?*. Third, the conduction-band (CB) electron radiatively recombines with the
copper-bound hole and a photon is emitted. (b) Illustration of how the copper PL
energy depends on the NC size. The conduction-band and valence-band energies
change with quantum confinement, while the copper acceptor level is fixed. The
energy of the first excitonic transition (absorbance) depends on both the



conduction-band and valence-band energies, and the energy of the copper-related
transition (PL) depends on the conduction-band energy only.

Figure 1.2 shows the absorption and PL spectra of undoped CdSe and Cu*-doped CdSe
nanocrystals. Excitonic luminescence in the undoped CdSe NCsis relatively narrow, with a small
effective Stokes shift (difference between the first excitonic absorption peak energy and the PL
peak energy); it also has a PL lifetime on the order of nanoseconds to tens of nanoseconds. In
contrast, luminescence from the MLcBCT excited state in Cu™-doped NCs is much broader, with a

large effective Stokes shift and a longer (~100s of ns to us) PL lifetime.
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Figure 1.2. Comparison of undoped and Cu*-doped CdSe NCs. Absorption and
PL spectra of undoped (top) and Cu*-doped CdSe NCs. While the absorption
spectra (blue solid lines) are similar, the PL spectra (red dashed lines) are very
different in energy and band shape.

Because of their tunable PL energies and the large effective Stokes shifts, Cu*-doped NCs
are attractive for many applications as phosphors, as discussed above.'® Many recent synthetic
advances have improved the performance of Cu'-doped NCs for different applications as well as
expanding the scope of fuindamental photophysical studies. These advances include co-doping Cu®
with other dopants,?3-3% incorporating Cu’ into core/shell NCs and into nanomaterials with different
morphologies,!8-3940 controlling and varying the concentration of Cu' dopants over a broader

range,3%*1-43 and more.



1.3  Silver-Doped Nanocrystals

Recently, several reports have noted strong similarities in the PL properties of Cu*-doped and Ag"-
doped NCs. In bulk, the G-Cu and B-Ag luminescence occur via analogous donor—acceptor pair
mechanisms, though the Ag™ PL is consistently higher in energy than the Cu® PL.%-%44 Like their
Cu-doped counterparts, Ag'-doped NCs display broad PL with a large Stokes shift, long lifetime
(100s of ns to us), and energy that can be tuned by varying the NCsize or host lattice.37-#3-3! Figure
1.3 shows the absorption and PL spectra of Ag™-doped and Cu"™-doped CdSe NCs. Both materials
have similar absorption spectra and broad PL spectra with a large effective Stokes shift. In doped
NCs with the same size and host semiconductor composition, the Ag® PL is higher in energy than
the Cu" PL, consistent with the trend observed in bulk materials, where Cu® creates a deeper

acceptor state than Ag".37:47-30
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Figure 1.3. Comparison of Cu":CdSe and Ag*:CdSe NCs. Absorption and PL
spectra of Ag*-doped (top) and Cu’-doped CdSe NCs. Both samples have similar
absorption spectra (solid lines) similar and broad PL (dashed lines) which is much
lower in energy than the excitonic absorption peak. The PL of the Ag":CdSe NCs
is higher in energy than the PL of the Cu™:CdSe NCs. Differences in the width of
the absorption and PL are likely related to sample mhomogeneity. This figure is
adapted from ref. 50 (Chapter 3).

Some studies of Ag'-doped NCs demonstrate signatures of electronic doping with little to

no dopant-related photoluminescence.*6-32-3% In bulk materials, interstitial Ag® is a donor which



yields electronic doping while substitutional Ag" produces the characteristic B-Ag PL.%>3-37 The
same distinction seems likely to apply to Ag™-doped NCs, supported by extended x-ray absorption
fine-structure (EXAFS) studies indicating the presence of interstitial Ag* in NCs displaying little
to no Ag" PL*? and by density functional theory (DFT) calculations showing that substitutional
Ag" mtroduces mid-gap acceptor states while interstitial Ag" is a shallower donor in both bulk
materials and NCs.>? Here, we focus on luminescent Ag*-doped NCs with substitutional Ag*
dopants. These materials are less well-studied than their Cu*-doped counterparts, but recent
synthetic progress has enabled more in-depth study of their luminescence.

The similarities in PL for Cu™- and Ag*-doped NCs suggest a similar mechanism, just as
in the analogous bulk materials. A free-to-bound PL mechanism for Agh:CdS/ZnS NCs, involving
a delocalized electron and dopant-bound hole, was proposed in ref 45 based on the size
dependence of the excitonic and dopant-related PL as well as the similarities in PL between NCs
with and without AP* shallow donor co-dopants. The size dependence of the binding energy for
the dopant-related excited state also suggests that Ag® introduces acceptor states.*® However, the
nature of the acceptor state differs significantly between Cu” and Ag'. In the mechanism described
above for Cu-doped NCs, hole trapping at Cu” is described as oxidizing the dopant to Cu?*. In
contrast, oxidation of Ag" to Ag?>" is highly unfavorable. Ionization of Ag" occurs ~1.2 eV higher
in energy than ionization of Cu',’® yet the Ag" PL is consistently only ~0.3 eV higher in energy
than the Cu” PL. An excited state of Ag*-doped NCs involving Ag>" is expected to be unstable, or
to be >1 eV higher in energy than the corresponding Cu’ excited state, yet experimental
observations suggest that the Ag" excited state is similar to that of Cu®.

Electronic-structure calculations resolve this discrepancy and highlight the similarities and

differences between the PL mechanisms of Cu™ and Ag'-doped NCs. Both dopants introduce



localized mid-gap molecular orbitals (MOs) above the semiconductor valence-band edge, where
the hole is trapped in the excited state. These mid-gap MOs are antibonding orbitals formed from
the interaction between the metal d and anion p orbitals; the corresponding bonding orbitals are
located deep inside the valence band. However, differences in the relative energies of the metal d
orbitals and adjacent anion p orbitals result in different atomic-orbital contributions to these
MOs.>% In Cu™:CdSe NCs, the Cu(3d) orbitals are higher in energy than the Se(4p) orbitals, so the
antibonding mid-gap MOs have primarily Cu(3d) character and the excited-state hole occupies the
Cu(3d) orbitals. In contrast, Ag":CdSe NCsdisplay inverted bonding: the Ag(4d) orbitals are lower
in energy than the Se(4p) orbitals, so the antibonding mid-gap MOs have dommant Se(4p)
character and the excited-state hole primarily occupies the 4p orbitals of the anions bonded to the
Ag" dopant. The similar overall localization of the dopant-related mid-gap MOs in Cu'- and Ag'-
doped semiconductors gives similar spectroscopic properties, but the relative amount of hole
density on the metal and ligand in the excited state is reversed.’® The similarities and differences
in the electronic structures of Cu™:CdSe and Ag":CdSe NCs are discussed further in Chapter 3 (ref.
50).

In luminescent molecular complexes containing Cu* or Ag®, the energy of the Ag" and Cu*
PL follows the same trend as in NCs: for the same ligands, the Ag* PL is higher in energy than the
Cu' PL.3%-%! The calculated electronic structures also display differences in bonding: the highest
occupied molecular orbital (HOMO) is Cu(3d)-based for Cu" complexes but primarily ligand-
based for Ag" complexes. As aresult, the excited states of Cu" complexes are described as metal-
to-ligand charge-transfer (MLCT) states while those of Ag" complexes are better described as

ligand-centered charge transfer (LLCT) states.!3-39-64



1.4  Photophysics of Cu"™-Doped and Ag*-Doped Nanocrystals

While the mechanism and basic features of PL in Cu™-doped NCs are well-established, several
recent studies have explored the photophysics of these materials in greater depth, providing new
insights into their electronic structure and PL mechanism. Many of the same findings apply to Ag*-
doped NCs as well. The following sections summarize recent progress in understanding various

aspects of the electronic structure and photophysical properties of these materials.

1.4.1 Dopant oxidation state and charge-transfer transitions

Ground-state and excited-state optical absorption, PL, magnetic circular dichroism (MCD), and x-
ray spectroscopies show that the PL mechanism in copper-doped NCs involves the oxidation of
copper from Cu” in the ground state to Cu?* in the luminescent excited state. While Ag® is not
formally oxidized to Ag>" in the excited state, the presence of the dopant-related mid-gap acceptor
state results in analogous spectroscopic features for sitver-doped NCs. Several recent reports have
identified and characterized the electronic transitions associated with ground-state and excited-
state charge-transfer processes in these materials.
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Figure 1.4. Electronic excitations in Cut+-doped and Cu2+-doped NCs. (a)
Available excitations in a Cu*-doped NC (in which copper has a 3d'? electron
configuration). Besides the excitation of the host NC, electrons can be excited from
the Cu™ 3d orbitals to the conduction band (MLcBCT transitions, the inverse of the




Cu'-related PL in Figure 1.1a). (b) Available excitations in a Cu?**-doped NC (in
which copper has a 3d° electron configuration). In addition to excitation of the host
NC, electrons can be excited from the valence band to the unoccupied 3d orbital of
the Cu?* dopant (LveMCT transitions) or from its occupied 3d orbitals to the
unoccupied 3d orbital (d—d transitions).

Doping NCs with Cu’, which has a 3d!° electron configuration, introduces charge-trans fer
transitions involving the promotion of an electron from the Cu(3d) orbitals to the conduction band
(MLcBCT absorption, shown in Figure 1.4a). This transition is the inverse of the Cu™-based PL
shown i Figure 1.1a. The onset of the MLcCT absorption band occurs just below the energy of
the first excitonic transition. This absorption feature has been predicted by DFT and observed
experimentally as a “foot” in the absorption spectrum of Cu™-doped NCs, just below the excitonic
peak.28-32.43.65 The same feature appears in the photoluminescence excitation spectrum when
monitoring the Cu’ PL intensity.>> The magnitude of the sub-bandgap absorption foot increases
with increasing Cu’ concentration, and its extinction coeflicient is similar to values predicted by
DFT for the same transition in Cu™:CdSe NCs and to estimated values for the same transition in
bulk Cu*,AP*:ZnS.3:28:32,43.65 In transient absorption spectra of Cu*:CdSe NCs, a bleach is observed
at the same energy as the absorption foot and assigned to the same MLcBCT transition.*”

Like Cu’, Ag" can introduce new sub-bandgap absorption corresponding to the inverse of
the PL transition. In the inverted bonding scheme discussed above, this feature represents
promotion of an electron to the conduction band from primarily the anion p orbitals around the
dopant, rather than a formal MLcsCT transition from the dopant d orbitals. Because it is higher in
energy than the corresponding Cu* transition and thus closer to the excitonic absorption onset,
identification of this Ag*-related absorption feature is more difficult. It has been predicted by DFT
and observed in experimental absorption, photoluminescence excitation, and transient

transmission spectra.’?->!In the transient transmission measurement, excitation at the sub-bandgap
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Ag'-related feature results in a bleach of the excitonic absorption, confirming that this transition
involves the promotion of electrons to the NC conduction band.>!

Some reports claim that copper exists in the Cu>" oxidation state in the ground state of
copper-doped NCs.00-98 A key signature of Cu?*, which has a 3d° electron configuration, would be
optical absorption from its d—d transitions (Figure 1.4b). This absorption and its corresponding
luminescence have been observed at ~1 eV i bulk copper-doped semiconductors, in which
photoexcitation can generate very long-lived Cu?*.8:9%-71 The 3d? electron configuration also allows
charge-transfer transitions from the valence band to Cu?*, as shown in Figure 1.4b. This ligand-to-
valence-band charge-transfer (LvBMCT) band occurs at energies < 1 eV i buk copper-doped
ZnS .89 Time-dependent density finctional theory (TD-DFT) calculations also predict broad, low-
energy absorption in Cu®>’-doped CdSe NCs.®> However, neither the d—d transitions nor the
LvsMCT transitions have been observed experimentally by absorption or MCD in copper-doped
NCs, indicating that copper exists in the +1 oxidation state in the ground state of these materials. 2%

In the excited state, on the other hand, Cu® traps a valence-band hole and is formally
oxidized to Cu?". Excitation at or above the semiconductor band gap yields excitonic PL before
this hole trapping occurs, which has been observed in Cu*-doped NCs on very short timescales
(<25 ps).40-72 In transient transmission measurements on Ag:CdSe NCs, excitation at the band
edge gave a 1.4 ps rise time of the bleach for the Ag" absorption feature (analogous to the Cu®
MLcBCT absorption foot), corresponding to trapping of the valence-band hole at the dopant
acceptor state.’! Transient absorption dynamics of Ag":CdS NCs similarly show a component
assigned to fast (~ps) energy transfer to the dopant state.*®

On longer timescales, transient absorption spectra of Cu™:CdSe/CdS NCs show a ground-

state bleach as well as a broad, sub-bandgap photoinduced absorption feature attributed to
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LveMCT transitions involving Cu?*, suggesting the presence of Cu?' in the excited state but not
the ground state of these NCs. The per-hole extinction coefficient of this sub-bandgap
photoinduced absorption feature between 700 and 850 nm is ~2000 M 'em™!, similar to the value
predicted by TD-DFT for the LvsMCT transitions in Cu?":CdSe NCs.40-65 The recovery of the
ground-state bleach, the decay of the photoinduced absorption, and the decay of the Cu™ PL all
follow the same dynamics, confirming that they originate from the same excited state.*? The
ground-state bleach is due to the presence of the conduction-band electron, the photonduced
absorption results from the presence of the Cu’-bound hole (ie., Cu?*"), and the PL originates from
the recombination of these two carriers. Similar sub-bandgap absorption associated with Cu?" has
previously been observed in the photoinduced absorption spectrum of bulk Cu*, AP*:ZnS, where
both the LvsMCT and d—d transitions are resolved.® Broad, sub-bandgap photoinduced absorption
features are also seen in the transient absorption spectra of Ag™:CdS NCs,*® where they likely
originate from the analogous ligand-centered transitions related to the Ag" acceptor state.

These optical results relating to the dopant oxidation state are supported by ground- and
excited-state x-ray absorption spectroscopy studies. In Cu™:CdS and Cu":CdSe NCs, Cu K-edge
and L-edge x-ray absorption near-edge structure (XANES) spectra confirm that copper is in the
+1 oxidation state in the ground state.3%-41.73-7% Changes in the Cu K-edge XANES spectra for
photoexcited Cu™:CdS NCs, including a blueshift of the absorption edge and the appearance of a
new pre-edge feature associated with vacant Cu(3d) orbitals, are consistent with oxidation of Cu*

to Cu?' in the excited state.”?
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1.4.2 Magnetic exchange in the excited state
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Figure 1.5. Singlet—triplet splitting in Cu*-doped NCs. (a) Energies and
occupancies of the relevant orbitals in the ground-state, singlet excited-state, and
triplet excited-state configurations of a Cu-doped NC. The conduction-band edge,
valence-band edge, and one of the Cu(3d)-based mid-gap orbitals are shown (the
other four Cu(3d)-based orbitals are all doubly occupied in all configurations). (b)
Energies of'the singlet and triplet excited states in zero applied magnetic field (left)
and with an applied magnetic field. This figure is adapted from ref. 28.

Although Cu' has a 3d!electron configuration and is diamagnetic, magnetic exchange interactions
are evident in the luminescent excited state. In a Cu*-related excited state, the spins of the electron
and the unpaired 3d electron of Cu?' can align in a singlet (antiferromagnetic) or triplet
(ferromagnetic) configuration, as shown in Figure 1.5a. The triplet state is lower in energy (Figure
1.5b), and changing the temperature shifts the thermal equilbrium between the singlet and triplet
states, altering their relative populations. Recombination from the triplet state is formally spin-
forbidden, so it has a much longer PL lifetime than the singlet state. With decreasing temperature,
the observed lifetime lengthens dramatically, reflecting the increased amount of the excited-state

population i the triplet state. Analysis of the temperature-dependent lifetimes can provide the
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values of the singlet and triplet decay rate constants as well as the magnitude of the singlet—trip let
splitting energy, AEsr. Temperature-dependent PL dynamics associated with this singlet—triplet
splitting have been observed and analyzed in bulk Cu'-doped semiconductors,’>-7® molecular
complexes, ! 1131580 and most recently in both Cu*-doped and Ag"-doped NCs.?8-30

In an individual NC, the singlet—triplet splitting energy varies based on the overlap between
the electron and hole wavefunctions. For a hole localized ata Cu® dopant closer to the NC center,
where the wavefunction density ofthe delocalized electron is maximized, the exchange mteraction
will be stronger and the singlet—triplet splitting will be larger than for a hole ata Cu* near the NC
surface. Fitting the temperature dependence of the PL lifetime to a model accounting for the
distribution of Cu” dopant sites allows an estimation of the average singlet—triplet splitting energy
for the ensemble, which is ~1 meV in Cu*:CdSe NCs (d = 3.2 nm).?® A similar value was found
for Agh:CdSe NCs.’* Density functional theory calculations on smaller NCs yield a similar
dependence of AEsr on the dopant site, and give average values that, after scalng by NC volume,
are very similar to experimental results for both Cu*-doped and Ag'-doped CdSe NCs.30:65

Magneto-optical techniques can also be used to probe the triplet excited state. The triplet
state emits circularly polarized light in a magnetic field, while the singlet state does not. Figure
1.5b illustrates that in an applied magnetic field, the triplet state splits into its three sublevels (ms
= +1, 0, —1). The polarization of the emitted light, measured by magnetic circularly polarized
luminescence (MCPL), reflects the difference i population between the +1 and —1 sublevels of
the triplet state. Because all of the circular polarization of the emission comes from the triplet state,
the MCPL polarization ratio also reflects the population of the triplet state relative to the singlet
state, and displays the same temperature dependence as the PL lifetime in both Cu*-doped and

Ag'-doped NCs.28°% In bulk semiconductors, optically detected magnetic resonance (ODMR) has
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been applied extensively to investigate the splitting of the triplet state in a magnetic field, finding
a zero-field splitting between the components of the triplet and a resulting low-field level
crossing.”%-78 The field dependence of the MCPL polarization ratio in Cu® and Ag*-doped NCs also
displays a low-field saturation feature associated with this field-dependent splitting of the triplet
energy level, while the excitonic MCPL signal varies linearly in this region.?8->0-31

In contrast with the PL lifetimes and MCPL, which provide evidence of magnetic exchange
mteractions i the excited states of these NCs, magnetic circular dichroism probes magnetization
of the ground state. MCD studies of Cu™:CdSe and Cu":InP NCs found no evidence of either sub-
bandgap transitions associated with paramagnetic Cu’" or magnetic exchange coupling between
the exciton and Cu?*,?8 consistent with the optical and XANES results discussed above. However,
other reports appear to show temperature- and field-dependent MCD consistent with an exchange -
coupled exciton. The magnitude of the MCD signal is strongly enhanced under additional
photoexcitation, interpreted as the generation of some metastable excited Cu?* interacting with the
exciton.®” Similar results were also recently reported for silver-doped NCs.3! In these cases,
photoexcitation appears to generate some long-lived, magnetically active excited state, possibly

mvolving deep trapping of charge carriers, and activate magnetic exchange in these materials.

1.43 Electron—phonon coupling and the PL linewidth

The full-width at halfmaximum (fivhm) of the Cu" or Ag" PL in NCsis typically ~200-400 meV,
much broader than the typical line width of excitonic PL (~50 meV).!® For Cu'-doped NCs,
inhomogeneous broadening has often been cited to explain this broad line width. Since the Cu™ PL
energy depends on the NC size, a distribution of NC sizes will lead to a distribution of PL energies
in an ensemble measurement. Besides the NC size, Cu* PL may also be subject to inhomogeneous

broadening from differences in the local environment around the Cu', such as the position of the
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Cu" relative to the NC surface (or to the interface in core—shell structures) or its proximity to other
defects. However, fluorescence line narrowing measurements and single-particle PL spectra have
demonstrated that removing inhomogenecous broadening does not narrow the PL line width in Cu™-

doped NCs, and the Cu* emission is intrinsically broad.33-6682
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Figure 1.6. Origin of the broad PL line width and large Stokes shift in Cu*-
doped NOCs. (a) Single-configurational-coordinate diagram showing the
relationship between excited-state nuclear distortion and PL line width. The dashed
line indicates the peak of the absorption energy for this transition, and the solid
lmes represent the different vibronic transitions contributing to the PL. (b)
Simulated vibronic progression for the SCC diagram i (a). (c) Bond-length
changes around the Cu" dopant in the excited state of a Cu™:CdSe NC, calculated
by DFT.% Unlike the simplified case shown in (a-b), the excited-state distortion
here includes contributions from multiple nuclear coordinates. A full simulated PL
spectrum with vibronic progressions along these multiple coordmnates is shown in
ref. 65 (Chapter 2).

This broad line width originates from strong electron—phonon coupling in the luminescent
charge-transfer excited state, as illustrated schematically in Figure 1.6, which has been invoked
for both Cu’- and Ag"™-doped NCs.334>65821n the case of Cu', hole localization at the dopant
oxidizes it to Cu?". This oxidation is associated with a totally symmetric contraction and a

symmetry-breaking Jahn—Teller distortion (since Cu?* has a 3d° electron configuration). The
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excited state is stabilized by alarge nuclear reorganization energy, resulting in alarge Stokes shift.
The emission mvolves vibronic progressions along multiple distortion coordinates, which combine
to produce the broad PL line width. In Ag*-doped NCs, the dopant itself is not oxidized, but similar
distortions are predicted based on the strong localization of the hole and the orbital degeneracy of
the excited state.*3->°

In doped NCs, the excited-state distortion has been predicted by DFT (Figure 1.6c);
simulated vibronic progressions based on the calculated geometric distortion along totally
symmetric and Jahn—Teller coordinates result in a broad PL line width.®> Excited-state EXAFS
spectra, accompanied by DFT calculations, also indicate an overall shortening of Cu—S bonds in
the excited state of Cu:CdS NCs.”3 These experimental results are complicated by heterogeneity
of the local environment around Cu’, including differences in geometric distortions for core and
surface Cu’, but the overall effect is consistent with a large excited-state nuclear distortion upon
oxidation.”> The narrowing of the single-particle PL spectrum at low temperatures also supports
the attribution of the broad line width to vibronic effects.?3

The broad linewidth of G-Cu and B-Ag luminescence in bulk semiconductors comes from
strong electron—phonon coupling, combined with the distribution of donor—acceptor pair distances
and energies. For each discrete donor—acceptor pair distance, the zero-phonon line is the orign of
a vibronically broadened spectrum; the broad emission band thus consists of contributions from
many donor—acceptor pairs coupled with varying numbers of vibrational quanta of different
phonon modes.” Vibronic progressions have been observed directly in the dopant-related PL of
materials including Cu™:GaP7%-7678 and Ag*:ZnSe.33-8% The broad PL line widths of the charge-
transfer luminescence in Cu'- and Ag*- based molecular systems are also attributed to similar large

reorganization energies, often associated with a flattening distortion of the molecule. In these
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systems, the nuclear reorganization can be significantly suppressed by using bulkier ligands, by
crystallization of the molecule in a rigid matrix, or by lowering the temperature, leading to
narrower line widths.33-8¢ Excited-state distortions have also been observed in molecular systems
by optical and x-ray spectroscopies and predicted by DFT.87-°0 Overall, these results for both NCs
and other systems demonstrate that the line widths of Cu” and Ag*-based charge-transfer PL are

mtrinsically broad due to strong electron-phonon coupling.

1.4.4 Carrier trapping and nonradiative decay pathways

Charge-carrier trapping in Cu™-doped NCs has been investigated by several different methods. In
undoped NCs after photoexcitation, both the hole and electron can potentially trap at surface
defects or other defect sites. In Cu*-doped systems, the hole can localize at Cu®, which can be
described as an engineered hole trap that competes with other traps in the NC. Additionally, the
long-lived excited state of Cu*-doped NCs can enable more in-depth study of electron trapping.
Blinking, or fluorescence intermittency, has been studied in Cu™:CdSe and undoped CdSe
NCs to separately probe electron and hole trapping.8? The two types of NCs displayed statistically
different distributions of “on” times, indicating that they have different mechanisms of turning off
or entering the dark state via carrier trapping. The “on” times were shorter in Cu™:CdSe NCs than
in undoped CdSe NCs, showing that the relevant trapping is more efficient in Cu™:CdSe NCs.
Defect-related hole trapping should be less efficient when Cu® dopants are present, because Cu*
competes with these traps for the valence-band hole after photoexcitation. Electron trapping,
however, is more efficient in Cu"-doped NCs than in undoped NCs, because the long-lived Cu*
excited state provides the conduction-band electron with more time to become trapped. The shorter
“on” times observed for Cu":CdSe NCs indicate that blinking in both types of NCs is due to

electron trapping. This result is also consistent with the finding that both sets of NCs displayed
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statistically indistinguishable distributions of “off” times, which means they have the same
mechanism of exiting the dark state (turning on, or detrapping the electron).®?

Electron trapping and detrapping processes also lead to delayed luminescence, in which
emission is observed at very long timescales due to charge carriers that become trapped, eventually
detrap, and then participate in luminescence. This phenomenon has been observed in both doped
and undoped NCs, but the long PL lifetime of Cu™-doped NCs provides more time for electron
trapping to compete with recombination, which can enable easier observation and more in-depth
study of the characteristics of delayed luminescence.?2-°! For similar reasons, PL of Cu":CdSe NCs
is more sensitive than PL of undoped CdSe NCs to quenching by trion Auger processes when an
extra conduction-band electron is present, because the slow radiative recombination in the Cu'-
doped NCs cannot compete as effectively with the faster nonradiative Auger process.*? The trion
Auger decay involving a hole trapped at Cu® and two conduction-band electrons is an example of
a trap-assisted Auger process.

Treatment with electron- or hole-accepting molecules or ligands can also provide insight
into carrier trapping in the excited state of Cu*-doped NCs. For example, photodoping of NCs
mvolves photoexcitation followed by rapid transfer of the valence-band hole to a molecular hole
quencher.*® This process is slower and less efficient in Cu*:CdSe than in undoped CdSe, because
the Cu' dopants and the added hole quencher compete to trap the valence-band hole.*° Various
other studies have also explored the effect of different ligands and other electron- and hole-
accepting molecules on the PL quantum yield (QY) and PL and transient absorption dynamics of
Cu'-doped NCs.2%:68.7292-93 Qurface chemistry of these NCsis complex, and different ligands have
contrasting effects on copper and excitonic PL intensities and dynamics in various NC systems.

Interpretation of these results can also be complicated by the fact that some common ligands, such
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as phosphines and amines, have been shown to physically remove Cu™ from the lattice of Cu™:CdSe

NCs.32

1.5 CulnS; and Related Nanocrystals

Recently, comparisons have also been drawn between Cu'-doped and CulnS; NCs.!6-2831 Bulk
chalcopyrite CulnS2 and related materials, including CulnSe2 and AgInS:, are structurally similar
to their zinc-blende II—VI analogues. The chalcopyrite crystal structure resembles the zinc-blende
structure, but with two different types of cations. The I-III-VI> semiconductors, however, have
much narrower band gaps than their II-VI analogues due to the strong antibonding interaction
between the d orbitals of the M™ cations and the p orbitals of the anions. This “p—d repulsion”
pushes the valence band up in energy and also results in significant metal d orbital character at the
upper edge of the valence band.’*°% Consequently, the electronic structure of the valence band in
CulnS> resembles the mid-gap dopant levels in a Cu™-doped II-VI semiconductor more than the

valence band of a II-VI semiconductor.

Absorbance
1d

3.0 25 20 1.5
Energy (eV)

Figure 1.7. Absorption and PL of CulnS; NCs. Absorption (solid line) and PL
(dashed lne) spectra of CulnS> NCs. The absorption is broad with no clear
excitonic feature, while the PL is broad with a large effective Stokes shift, similar
to the PL of the Cu":CdSe NCs shown in Figure 1.2 and Figure 1.3. This figure is
adapted from ref. 28.
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Luminescence mn bulk CulnS: includes contributions from free and bound excitons, free-
to-bound transitions, and donor—acceptor pairs, with relative intensities depending on the material
stoichiometry, crystal quality, and excitation conditions.?>-%°-192 In CulnS» nanocrystals, on the
other hand, the only PL feature observed is broad, as shown in Figure 1.7, with a large effective
Stokes shift and long lifetime. Its energy is tunable by varying the NC size and stoichiometry, but
it does not resemble excitonic PL in bulk CulnS: or in II-VI nanocrystals.!6-103-107 This PL is often
assigned to a donor—acceptor pair or free-to-bound mechanism mvolving one or both carriers
localized at defect sites. Several different defects have been implicated, based on the energies of
the defect donor and acceptor levels in bulk CulnS: and on the dependence of the PL energy and
QY on the NC composition, !04.108-110

Based on the spectroscopic and electronic-structure similarities between CulnS: and Cu'-
doped NCs, some proposals have suggested a common PL mechanism for these classes of
materials, involving hole localization at copper.!-28-8L111-112Tn addition to the broad PL linewidth,
large Stokes shift, and long lifetime, both CulnS: and Cu'-doped NCs also have similar
temperature-dependent lifetimes (characteristic of a singlet—triplet splitting in the excited state)
and temperature- and field-dependent MCPL.?® In particular, exciton self-trapping has been
proposed as a PL mechanism for CulnS2 NCs.?® This phenomenon, which has been observed and
studied in other materials including AgCl and 2D lead—halide perovskites, occurs when strong
electron—phonon coupling stabilizes a localized state relative to a delocalized one. Carrier
localization causes a nuclear distortion, which supports further localization, which induces
additional distortion, and so on.'!3-118This feedback loop and the creation of “excited-state defects”
can occur without the presence of ground-state lattice defects, which distinguishes this proposal

from other proposed PL mechanisms for CulnS2 NCs. Just as in Cu™-doped NCs, PL results from
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recombination of a delocalized conduction-band electron with a hole localized at a lattice Cu®. In
this scenario, CulnS2 NCs can be thought of as heavily Cu*-doped NCs.

Comparisons between Cu'-doped and CulnS2 NCs are strengthened by the observation of
similar photophysical properties in NCs with intermediate compositions: alloyed Cu—In—Zn—S
NCsalso display similar PL over a broad range of stoichiometries.!'%-128 Density functional theory
calculations on a series of NCsranging from ZnS doped with a single Cu* to stoichiometric, defect-
free CulnS2 show that each NC’s HOMO, which is relevant to the wavefunction of an excited -
state hole, consists mostly of Cu(3d) atomic orbitals and is localized around 1-3 Cu®. Further
investigation of ZnS NCs doped with clusters of Cu* shows that the HOMOs of these NCs are
rarely delocalized over all of the adjacent Cu™ dopants. Weak electronic coupling between Cu*
results in a strong tendency of the HOMO to localize for many different numbers and
configurations of adjacent Cu’. The site of localization depends on the symmetry and connectivity
of the Cu' ions as well as on the local electrostatics. These results, which are presented in detail in
Chapter 4 (ref. 129), support the proposal of a hole localized at a lattice Cu™, rather than at a defect
site, in the luminescent excited state of CulnS2 NCs; they also reinforce the description of CulnS:
NCs as resembling heavily Cu’-doped NCs. In general, exploring the relationships among the
electronic structures of Cu’-doped NCsin the dilute limit, heavily Cu*-doped or alloyed NCs, and
stoichiometric CulnS2 NCs can lead to a deeper understanding of the PL in all of these

materials.16-28.129

1.6 Summary

While bulk Cu™-doped and Ag™-doped semiconductors have a rich history as phosphors, the
nanocrystalline forms of these materials offer access to new photophysical studies, tunable
properties, and novel applications. Both Cu™-doped and Ag*-doped NCs have been synthesized
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and studied, and they display similar PL properties with key electronic-structure differences. Time-
resolved photoluminescence and transient absorption measurements have established the ground-
state dopant oxidation state and the nature of the charge-transfer excited state. Combined with
time-resolved photoluminescence, magnetic circularly polarized luminescence and magnetic
circular dichroism have been used to study the interactions between unpaired spins in the excited
states of these materials. Single-particle PL and computational studies have shown that the broad
PL line width is explained by strong electron—phonon coupling. The long excited-state lifetime
and the behavior of these dopants as hole traps have been exploited to study different aspects of
carrier trapping in NCs. Beyond doped NCs, many of the photophysical insights developed for
these materials may also apply to CulnS> and related I-1II-VI> NCs. Overall, the study of copper-

and silver-based luminescence is a field with a bright past, present, and future.

Several chapters of this thesis address different aspects of Cu’- and Ag'-related luminescence in
greater depth. Chapter 2 (ref. 65) is a computational nvestigation of Cu":CdSe NCs, addressing
the copper oxidation state, excited-state distortion and PL line width, and singlet—triplet splitting.
Chapter 3 (ref 50) is a combined experimental and theoretical study of Cu™:CdSe and Ag":CdSe
NCs with discussion of normal vs. mverted bonding. Chapter 4 (ref. 129) compares the electronic

structures of NCs ranging from Cu™-doped ZnS to CulnSa.
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Chapter 2. Computational Studies of the Electronic Structures of
Copper-Doped CdSe Nanocrystals: Oxidation States, Jahn—Teller
Distortions, Vibronic Bandshapes, and Singlet—Triplet Splittings

Reproduced with permission from Nelson, H. D.; Li, X.; Gamelin, D. R. J. Phys. Chem. C 2016,
120, 5714-5723. Copyright 2016 American Chemical Society.

2.1  Overview.

The electronic structures of copper-doped CdSe nanocrystals (NCs) are investigated using time-
dependent density functional theory. Comparison of the electronic structures of Cu'- and Cu?*-
doped NCs indicates that only the Cu* ground state is consistent with the experimental absorption
and photoluminescence (PL) spectra of copper-doped NCs, Cu**-doped NCs being characterized
by low-energy charge-transfer and d—d excited states that quench visible PL. In the luminescent
metal-to-conduction-band charge-transfer (MLcCT) excited state of the Cu™-doped CdSe NCs,
the photogenerated hole is calculated to be localized at the copper dopant. Strong electron-phonon
coupling in this MLcCT excited state causes substantial geometric distortion along totally
symmetric and Jahn—Teller nuclear coordmnates, with a correspondingly large excited-state nuclear
reorganization energy. This excited-state nuclear reorganization causes the broad PL bandshape
and large PL Stokes shift observed experimentally. Singlet and triplet MLcCT excited-state

configurations are also examined computationally. The sign and strength of the computed
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magnetic exchange coupling between the conduction-band electron's spin and the copper-localized
spin are both consistent with experimental results. These calculations yield fundamental insights
mto the electronic structures and photophysical properties of copper-doped semiconductor NCs
relevant to their potential application as spectral conversion phosphors in lighting and solar

technologies.

2.2  Introduction

The photoluminescence (PL) of colloidal II-VI and III-V semiconductor nanocrystals (NCs)
changes dramatically when copper is mtroduced mto the NC lattice. Instead of exhibiting the
narrow near-bandgap luminescence with small Stokes shifts characteristic of exciton
recombination in these direct-gap semiconductors, copper-doped semiconductor NCs display'-1?
broad mid-gap luminescence with large Stokes shifts, reminiscent of the “green” copper emission
of the classic Cu",AP*-co-doped ZnS phosphors long employed in display technologies.!! In these
bulk phosphors, this luminescence is attributed to donor—acceptor pair (DAP) recombination:!!-12
Photo- or electro-excitation ionizes Cu' to form a metastable charge-separated state involving a
hole deeply bound to the copper (Cu?*-like acceptor) and an electron weakly bound to an AP*
(donor). Radiative donor-acceptor pair recombination reforms the Cu’,AP*-co-doped ZnS ground
state. In copper-doped NCs, large Stokes shifts minimize reabsorption of the NC emission, and
when combined with the large absorption cross sections and spectral tunability provided by the
host semiconductors, they make copper-doped NCs attractive phosphors for spectral conversion
in light-emitting devices'*-'4 and luminescent solar concentrators. !’

Despite major advances by numerous laboratories over the past two decades, especially in
the synthesis of copper-doped NCs, several aspects of the electronic structures of these materials
remain poorly understood. At the most rudimentary level, the formal oxidation state of the copper
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impurities remains a point of considerable dispute, with some data seemingly suggesting that
copper incorporates as paramagnetic Cu?*(3d°)”-16-17 and others suggesting that it incorporates as
the closed-shell Cu'(3d'?) impurity.!%-18-20 Correct identification of the ground-state electronic
configuration of the active copper impurity has obvious implications for arriving at a correct
mterpretation of the PL and related physical properties of copper-doped NCs. Multiple
mterpretations have also been proposed to explain the broad PL bandshapes in copper-doped NCs.
Spatially resolved PL?!-22 and fluorescence line-narrowing?? experiments indicate that this large
bandshape does not result from the NC size distribution; other broadening effects such as
distributions of local structures around the copper ions?? or distributions of DAP distances?! have
been hypothesized. The large bandshape has also been suggested to arise primarily from strong
vibronic coupling in what is formally a metal-to-conduction-band charge-transfer (MLcBCT)
excited state of Cu’-doped NCs.!%22 Despite these contrasting interpretations, the experimental
spectroscopic properties of different copper-doped II-VI and III-V semiconductor NCs are
remarkably similar to one another, from similar PL bandshapes down to similar spin splittings of
their luminescent excited states,!® suggesting that the fundamental electronic structures of these
materials are all the same. Theoretical mnvestigation into the electronic structures of copper-doped
semiconductor NCs may shed light on some of the unresolved issues, clarifying the origins and
properties of the luminescence in this important class of nanophosphors.

Here, we report the results of density functional theory (DFT) calculations aimed at
describing the electronic structures of copper-doped NCs pertinent to therr uminescence.
Although previous DFT calculations on bulk Cu"ZnSe have indicated the presence of Cu-related
states in the band gap,!®?* the properties of the luminescent excited state and the electronic

structures of discrete, quantum-confined copper-doped NCs have not been explored
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computationally. Using CdSe as our model system, we have examined copper-doped NCs of two
different sizes. To address the experimental uncertainty in copper oxidation state, we have
performed parallel calculations with copper in both its Cu™ and Cu?" oxidation states, and have
used time-dependent DFT (TD-DFT) to compute electronic absorption spectra for both Cu™:CdSe
and Cu>":CdSe NCs. We find major differences between the mid-gap distributions of electronic
excited states in Cu":CdSe and Cu>":CdSe NCs that should make these two oxidation states readily
distinguishable spectroscopically. Specifically, the calculations indicate that Cu?*-doped NCs
should display a broad distribution of mid-gap valence-band-to-copper charge-transfer (LvsMCT)
and ligand-field (d—d) excitations that extend from the CdSe absorption edge throughout the
visible, all the way mto the near-infrared. Rapid mternal conversion within this manifold is
therefore expected to preclude visible PL from Cu?*-doped NCs. Instead, the calculations provide
strong support for assignment of the experimental PL and sub-bandgap absorption to an MLcCT
excited state of Cu™-doped NCs, describing well several key experimental observables including
the large PL Stokes shift, the broad PL bandshape, and the sign and magnitude of the excited-state
singlet—triplet energy splitting. These calculations indicate that the large PL Stokes shift and broad
PL bandshape are both predominantly due to strong vibronic coupling in the MLcCT excited
state. The geometry of the copper ion in the luminescent MLceCT excited state is distorted along
totally symmetric and Jahn—Teller coordinates relative to the ground state, both distortions
ultimately arising from extensive hole localization at the copper in this excited state. The extent of
excited-state hole localization is analyzed computationally and compared with experimental
estimates. These results clarify the electronic structure origins of key physical properties that make
copper-doped semiconductor nanocrystals attractive as phosphors i lighting and solar energy

technologies.
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2.3 Computational Methods

DFT calculations were performed with Gaussian 09.2° All calculations were performed with the
PBEO hybrid DFT functional?6>7 The Los Alamos double-zeta pseudo-core potential and
associated basis set were used for all atoms, with the Cd(4d, 5s, 5p), Cu(3d, 4s, 4p), and Se(4s, 4p)
atomic orbitals described with explicit basis finctions.?®-2° This method has been shown to
accurately describe the electronic structures of doped ZnO, CdSe, and CdS NCs.3%-34 Fractional
atomic-orbital contributions to specific molecular orbitals (MOs) of the ground-state DOS
calculations are described in the text as % atomic orbital character. The full compositions of these
orbitals are provided in Appendix A. . Excited states were calculated with linear-response time-
dependent DFT (TD-DFT). Absorption spectra were obtained by dressing the excited-state peaks
from TD-DFT calculations with Gaussian bandshape functions of arbitrary width (c = 0.3 eV) for
illustrative purposes. Natural transition orbital (NTO) analysis based on the calculated transition
densities between the ground and excited states was used to visualize the excited-state electron
and hole wavefinctions.?> This approach represents the electronic transitions in terms of an
expansion into single-particle orbitals (electron and hole) by diagonalizing the transition density
matrix for each excitation. All NTOs and ground-state (MOs) shown here were produced with an
isosurface value of 0.008.

Approximately spherical CdSe NCs (Cd33CuSes4,d ~ 1.6 nm; and Cd76CuSe77,d ~2.1 nm)
were constructed using the bulk CdSe zinc-blende crystal structure with lattice parameter a =0.608
nm.3¢ Uncompensated surface Cd?*and Se? ions (dangling bonds) were passivated with pseudo-
hydrogen atoms with fractional charges.3?-37-38 For Cu?*-doped NCs, the pseudo-hydrogen atoms
passivating Cd?* and Se?- had nuclear charges of 1.5 and 0.5, respectively. For Cu"-doped NCs,

the core NC was given a charge of —1 and the total nuclear charge of the pseudo-hydrogen atoms
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was increased by +1 so that the entire system remained neutral, ie., the compensating charge is
distributed over the entire surface. This mean-field approach simulates charge compensation of an
aliovalent dopant at the NC surface (experimentally, via charged ligands or surface non-
stoichiometries) and accounts for dynamical fluctuations of the surfaces, e.g., from ligand surface-
binding equilibria or surface dipoles. We previously showed that the difference between localized
and distributed countercharges in the optical spectroscopy of AP":ZnO NCs is negligible,>* and
essentially indistinguishable results are also obtained here when no charge compensation is used.
For all calculations except the site dependence of the singlet-triplet splitting, the copper dopant
was substituted for a Cd?* ion closest to the center of the NC. All NC structures were optimized in
the ground state before other electronic structure or excited-state calculations were performed.
Fully converged optimized structures could not be obtained in most cases (see Appendix A. ), but
increasing the precision of the optimization had little impact on the energy or geometry, indicating

that the reported values are very close to the actual minima.

2.4  Results and Analysis

2.4.1 General considerations: Charge compensation and ground-state geometry.

The dominant “green” PL of bulk Cu*:ZnS has been shown to involve substitutional Cu" residing
at a tetrahedral cation site of the host lattice.!?-3° Although substitution of Cu* for a divalent I1-VI
host cation (Zn*" or Cd?") requires charge compensation, these Cu' ions possess no adjacent
charge-compensating defects, and their charges are compensated remotely. Extended x-ray
absorption fine structure (EXAFS) studies indicate that Cu® impurities also substitute for host
cations in II-VI semiconductor NCs.!%:29 InNCs, remote charge compensation is even more facile
than in bulk because of the nearby NC surfaces. Experimentally, large amounts of excess charge

from aliovalent dopants can be effectively compensated by surface non-stoichiometries and
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charged surface ligands,** and similarly, the charges of multiple excess electrons within NCs can
be compensated by bulky molecular counter ions outside the NCs.#! This type of remote (surface)
charge compensation is energetically more favorable than creation of high-energy mternal lattice
defects such as anion vacancies. With these considerations in mind, the calculations presented here
on Cu'-doped CdSe NCs have been performed on NCs possessing substitutional Cu™ dopants with
no other lattice defects, analogous to the center responsible for the “green” copper-based
luminescence in bulk copper-doped ZnS phosphors.!?3° Charged pseudo-hydrogen capping
ligands are then used to maintain overall NC charge neutrality. For Cu?*-doped CdSe NCs, the
substitution is isovalent and no additional charge compensation is needed.

Optimization of the ground-state structures of copper-doped Cd33Sess NCs yields
significant lattice distortions around the copper impurities, as expected from EXAFS studies of
bulk and nanocrystalline Cu*ZnSe.!?-29-42 For Cu" dopants, these ground-state distortions involve
contraction of all four Cu’-Se? bonds to accommodate the smaller ionic radius of Cu', but the
tetrahedral cation site symmetry is mamntained (see Appendix A. ). This site symmetry can be
broken by proximity to the NC surface, independent ofthe copper. For Cu>" dopants, the optimized
structures  of ground-state Cu?":Cd33Sess NCs also show contraction around copper, but
additionally show distortion along a symmetry-breaking coordinate of approximately Tz (74
notation) symmetry, attributed to Jahn—Teller electron—nuclear coupling within the Cu?*(d°)

ground state (see Appendix A.).

2.42  Orbital energies in Cu?*:CdSe and Cu":CdSe nanocrystals.

Figure 2.1 summarizes the calculated orbital energies for a series of undoped, Cu?*-doped, and
Cu'-doped CdSe NCs (Cd34Se3s, Cu?":Cd33Ses4, and Cu':Cd33Sess), and broadened density-of-

states plots are provided in Appendix A. . Figure 2.1a plots the results for the undoped Cd34Ses4
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NC. As expected, this NC shows a filled valence band (VB) and an empty conduction band (CB).
The highest occupied molecular orbital (HOMO) is the 1Sh orbital at the VB edge and the lowest
unoccupied molecular orbital (LUMO) is the 1Se orbital at the CB edge; both of these orbitals are
delocalized over the entire NC. Figure 2.1b plots the orbital energies of the Cu?*:Cd33Sess4 NC.
Because this NC has an open-shell configuration, a and f spin orbitals are shown separately. As
n the undoped CdSe NC, the HOMO resides at the upper edge of the VB, and a relatively
unperturbed 1Se orbital is also identifiable at the CB edge. The HOMO appears more localized
than that of the undoped CdSe NC, due to the small but significant (~7%) Cu(3d) contribution at
the VB edge. Of the ten a and S orbitals with dominant Cu(3d) character, nine are occupied and
reside deep within the VB. The one unoccupied Cu(3d)-based orbital is the LUMO, having f spin
and residing within the band gap and nearer to the VB edge. The LUMO is clearly localized around
the Cu?* dopant and has ~40% Cu(3d) character. Similarly high covalencies are observed in Cu?*
selenolates and related compounds.*? Lastly, Figure 2.1c plots the calculated orbital energies for
the Cu":Cd33Ses4 NC. This NC has a closed-shell configuration, and each orbital in Figure 2.1c
thus represents both aand S spins. Five doubly occupied orbitals with significant Cu(3d) character
are located just above the VB edge, including the HOMO. These are clearly split by the tetrahedral
ligand field mto 7> and e subsets, with the 72 set ~0.6 eV above the e set, and the orbitals within
these subsets are also not exactly degenerate due to ground-state symmetry breaking by the NC
surfaces. The HOMO is again localized around the copper dopant and is highly covalent, with
~50% Cu(3d) character. The LUMO in this NC is the 1Se orbital at the CdSe CB edge, which
resembles the 1Se orbital in the undoped CdSe NC but with a slight perturbation from the Cu* in
the lattice. Both copper-doped NCs thus have a filled VB, an empty CB, and copper-based mid-

gap orbitals.
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Figure 2.1. Calculated HOMO and LUMO surfaces and molecular-orbital
energies for undoped, Cu?*-doped, and Cu*-doped NCs. The Cu(3d) atomic
orbital contributions are highlighted in color and the HOMO and LUMO energies
are indicated by closed and open circles, respectively. (a) Molecular-orbital
energies of an undoped CdssSe3s NC, showing the fully occupied VB and
unoccupied CB. Both the HOMO and LUMO are delocalized over the entire NC.
(b) Molecular-orbital energies of a Cuw?™: Cd33Ses3s NC. The Cu(3d) character is
highlighted i red for the o spin orbitals and blue for the f spin orbitals. The HOMO
is VB-like, although some hybridization with the Cu(3d) orbitals at the VB edge
makes it more localized than the HOMO of the undoped NC. The LUMO has
substantial Cu(3d) character and is clearly localized around the Cu?* dopant. The
other orbitals with significant Cu(3d) contributions are all occupied and deep inside
the VB. (¢) Molecular-orbital energies of a Cu":Cd33Se3s NC. The Cu(3d) character
is highlighted in green. The HOMO has significant Cu(3d) character and is
localized around the Cu® dopant, while the LUMO is delocalized.

243 Electronic absorption spectra of Cu*:CdSe and Cu?>*:CdSe nanocrystals.
Figure 2.2 shows electronic absorption spectra calculated by TD-DFT for the same undoped, Cu?*-

doped, and Cu"-doped CdSe NCs described in Figure 2.1. The undoped CdSe NC displays only

excitonic absorption, which occurs above ~3.5 eV in these very small NCs. In contrast, both doped
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NCs display mid-gap charge-transfer transitions involving copper. The calculated absorption
spectrum of the Cu?*-doped NC extends throughout the visible and into the near-infrared energy
range, with some transitions occurring as low as <1 eV. These mid-gap transitions primarily
involve promotion of electrons from the VB to the unoccupied Cu(3d) (LUMO) orbital, i.e., they
are valence-band-to-metal charge-transfer (LvsMCT) transitions. Because of the high density of
states in the VB, many LvsMCT transitions are observed over a broad range of energies (Figure
2.2, mset) and no distinct features are predicted in the calculated absorption spectrum. Some mid-
gap transitions have substantial d—d character, as anticipated for Cu?*, but assignment of specific
d—d transition energies from these results is complicated by the high covalencies and the presence
of overlapping LveMCT transitions. Finally, the spectrum of the Cu?*-doped CdSe NCs above
~3.5 eV is dominated by iter-band transitions, although LvsMCT transitions originating from
deep VB orbitals also still occur in this energy range. The distinct characteristic of the calculated
Cw*-doped CdSe NC absorption spectrum is thus the continuous tailing mid-gap absorption
throughout the visible spectral window. This result is consistent with the experimental observation
of similarly broad VB — Cw?" charge-transfer absorbance from the UV down to the near-infrared
for photogenerated Cu?" in bulk ZnS.'?> Because of the shallower valence-band-edge potential of
CdSe relative to ZnS, the LvsMCT transitions should extend to even lower energy in the former.
The anticipated d—d transitions have also been identified in bulk II-VI semiconductors containing
Cw?*, for example by absorption,'? luminescence,** and photoluminescence excitation (PLE)*
spectroscopies, but they have not been reported for any copper-doped NCs. Experimentally, no
LvsMCT or d—d transitions could be detected by near-infrared magnetic circular dichroism (MCD)
spectroscopy of copper-doped CdSe or InP NCs,!? and sub-bandgap Cu?* MCD intensity is also

not observed in NCs described as containing Cu?*.'%!7 Inbulk Cuw?*:CdS and Cu?>"ZnS, the ligand-
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field excited states of *E parentage reside ~0.8 eV above the ground state (~1550 nm),!244-46
making them the lowest-energy excited states of these Cu?"-doped materials. The continuous
density of mid-gap states calculated in Figure 2.2, extending all the way down to the near-IR, is
consistent with the experimental observation that mid-gap LvBMCT photoexcitation of Cu?*-
doped II-VI semiconductors yields efficient nonradiative mternal conversion to populate the
lowest component of the 2E ligand-field excited state, as illustrated by the 2E — T2 PLE spectra
of buk Cu?*-doped ZnS and CdS crystals.*> The proposal’-#1¢ of strong excitonic PL with
nanosecond decay times arising from Cu?>*-doped II-VI semiconductor NCs is inconsistent with

this electronic structure.
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Figure 2.2. Calculated absorption spectra of undoped, Cu’*-doped, and Cu'*-
doped NCs. Absorption spectra are shown in green for undoped Cds4Sess, blue for
Cw?":Cd33Se34, and red for Cu":Cd33Sesq4. Inset: Sub-bandgap energy range of the
calculated absorption spectra for Cu?*:Cd33Ses4 (blue) and Cu*:Cd33Sess (red) NCs,
showing oscillator strengths of the individual transitions. An arbitrary and universal
Gaussian broadening factor of 6 = 0.3 eV has been used to generate the spectra,
which are presented for illustrative purposes.

The calculated (TD-DFT) absorption spectrum of the Cu™-doped NC also shows mid-gap
absorption, but in this case it arises from MLcBCT transitions. A mid-gap absorption band centered
at ~2.7 eV is observed in the calculated spectrum (Figure 2.2), stemming from promotion of a

Cu'(t2) (HOMO) electron mnto the CdSe 1Se orbital at the CB edge. Additionally, mid-gap
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absorption is also evident that involves excitation of deeper Cu*(e) electrons to the same 1Se
orbital, as well as excitation from the Cu'(¢2) orbitals to higher CB orbitals (e.g., 1Pe). Again, the
spectrum above ~3.5 eV is dommated by inter-band excitations of the CdSe itself, with smaller
contributions from higher-energy MLcBCT transitions. There are, of course, no d—d transitions in
the d'° configuration. These computed results are consistent with the experimental observation of
an absorption “foot” just below the first band-to-band transitions in Cu":CdSe and related NCs.!?
As the lowest electronic excited state above the ground state, this MLcCT excited state may relax
to the ground state radiatively. The calculated electronic structure of Cu*:CdSe NCs is therefore
consistent with the experimental observation of slow (~400 ns at 300 K) visible PL from copper-
doped NCs. Overall, this comparison shows that only the Cu'(d'?) ground-state configuration is
consistent with the experimental absorption, MCD, and PL spectroscopy of copper-doped

semiconductor NCs.

244 The emissive MLcpCT excited states of Cu*-doped CdSe nanocrystals.

We now examine the lowest-energy excited states of the Cu™:CdSe NCs in more detail. In the
MLcBCT excited state, a Cu(3d'?) electron is formally promoted into the CB. Ferromagnetic
exchange coupling between the photogenerated d° copper (S = 1/2) and the CB electron (S = 1/2)
generates singlet and triplet MLcgCT states (!MLcCT and MLcsCT) split by an average of ~1
meV.!% The formal oxidation of copper to @ in these MLcBCT excited states is expected to cause
contraction of all four copper—anion bonds as well as distortion along one or more symmetry-
breaking Jahn—Teller local coordinates. This excited-state nuclear reorganization defines the
homogeneous PL bandshape and the PL Stokes shift. Figure 2.3a summarizes these two effects
within the lowest MLcCT manifold of a Cut:CdSe NC. The nuclear reorganization is discussed

mn more detail in 2.4.5 and the singlet-triplet splitting in 2.4.6.
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Figure 2.3. Energy levels of singlet and triplet excited states. (a) Qualitative
energy levels ofthe lowest singlet and triplet MLcBCT excited states of a Cu™:CdSe
NC. The electron spin configurations for the ground state and each excited state are
illustrated schematically, with only the highest-energy Cu(3d) orbital shown.
Dashed lines represent the excited-state energies with the fixed ground-state
geometry, while solid lines represent the excited-state energies after the excited-
state geometry has been allowed to relax. The 'MLcBCT and 3MLcBCT nuclear
reorganization energies and the singlet-triplet splitting energy are indicated. (b)
Calculated energies of the six lowest-energy excited states of the Cu™:Cd33Ses4 NC
with the Cu* positioned at the NC center. The dashed lines show the excited-state
energies calculated with the fixed ground-state geometry. The solid lines show the
excited-state energies after the excited-state geometry has been allowed to relax.
3SMLcBCT states are shown in red and '"MLcBCT states in blue. (¢) Calculated
energies of the six lowest-energy excited states of the Cu™:Cd76Se77 NC with the
Cu" positioned at the NC center, with the same formatting as in panel (b).

Figure 2.3b shows the calculated energies of the six lowest-energy excited states of the

Cu':Cd33Ses3s NC with the Cu' located at the NC center. The three sets of excited states in this

energy range roughly correspond to placing the copper-bound hole in each of the three Cu(3d)

orbitals of the parent 7> subset, while the electron occupies the CB 1S orbital. T x T2 vibronic

coupling yields four energy minima in the three-dimensional space of the T2 nuclear coordinate.*”

The observation of three minima here is interpreted as a manifestation of low-symmetry effects.

In tetrahedral point symmetry, the 7, orbitals are degenerate in the Cu" ground state, but this
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degeneracy is broken in these small NCs because of proximity to the NC surfaces. As a result,
three singlet—triplet pairs of MLceCT excited states are calculated with similar but not identical
energies. When combined with strong electron—nuclear coupling, this remote symmetry reduction
also favors a static Jahn—Teller distortion. For each singlet—triplet pair, the MLcBCT state is lower
in energy than the 'MLcBCT state before geometry relaxation. All MLcgCT states are predicted to
display smmilarly large nuclear reorganization energies (average Er ~ 280 meV), computed by
comparing the excited state’s energy at the ground-state geometry with that obtained after
geometry optimization. The singlet and triplet components of each pair also show similar
reorganization energies, making the triplets lower in energy than the singlets after geometry
relaxation as well.

Figure 2.3c plots the results of parallel calculations performed on the larger Cu™:Cd76Se7
NCs. With addition of just ~1 CdSe monolayer to the Cu:Cds3Ses3s NCs, the effects of symmetry
breaking i the ground state due to the surfaces are now much weaker, and the three singlet-trip let
pairs of MLcCT excited states are all very close in energy to one another. For even larger NCs
such as those studied experimentally, symmetry breaking by the surfaces should thus be negligib le
for Cu" dopants located within the NC internal volume, but it could still be evident for dopants
located within one or two monolayers of a surface. The calculations therefore suggest that
symmetry breaking by nearby NC surfaces is a likely source of inhomogeneous broadening of the
experimental MLcCT absorption and PL bands. The calculated reorganization energies i the
larger NC (average Er ~ 190 meV) are also smaller than those of the smaller NC (~280 meV),
suggesting that proximity of the NC surface enables more substantial excited-state nuclear
reorganization around copper, i.e., the NCs are more deformable near their surfaces than in their

cores. These reorganization energies correspond to Stokes shifts of 0.38 eV for the larger NC and
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0.56 eV for the smaller NC, consistent with the experimental estimate of ~0.5 eV in Cu™:CdSe and
related Cu'-doped NCs.!0

It is mteresting to consider the extent of hole localization in the MLcBCT excited state.
Figure 2.4 presents the natural transition orbitals (NTOs) of the photogenerated electron and hole,
calculated for the lowest-energy *MLcBCT excited state of the Cu*:Cd76Se77 NC after excited-state
geometry relaxation. The other related singlet and triplet MLcBCT excited states give similar
results. From these NTOs, the photoexcited electron is delocalized throughout the entre NC
volume, but the photogenerated hole is contracted about the Cu™ dopant, making the dopant Cu?*-
like n the MLcBCT excited state. Quantitatively, the orbital occupied by the hole has 46% Cu(3d)
character, the rest being delocalized onto the neighboring Se?-and even Cd?* sites. This distribution
is very similar to the one calculated for the ground-state LUMO of Cu?*:Cd33Sess (~40% Cu(3d),

Figure 2.1b), reinforcing the description of copper in the MLcBCT excited state as Cu®*-like.

h

NN @.1)

Hole binding energies were estimated computationally as the difference between the calculated

g =

energies of the first excitonic state (in which the hole is delocalized in the valence band) and the
relaxed MLcBCT excited state (in which the hole is bound by the copper). For the Cu":Cd33Sess
NC, the hole binding energy is calculated as Ebv ~ 1.4 eV, yielding 7B ~ 0.25 nm from 2.1. This
value of rg is similar to the Cu—Se bond length, and is much smaller than the NC radius (» ~ 0.8
nm). For the Cu":Cd76Se77 NC, the binding energy is calculated as Ev ~ 1.2 eV, which gives 7B ~
0.27 nm, mplying a slightly increased covalency i the larger NCs. These values are consistent
with the hole localization displayed in Figure 2.4. Finally, from the experimental absorption and
PL peak energies measured for Cu”:CdSe NCs with » = 1.6 nm,!? the hole binding energy is

estimated as Eb, ~ 0.7 eV, which gives 78 ~ 0.35 nm, again much smaller than the NC radius. The
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trend of greater hole delocalization with increasing NCsize is consistent with the expected increase
in Se(4p) contribution to the empty Cu(3d)-centered MO as the VB energy moves closer. In all of
these cases, however, the NTOs (Figure 2.4) and 2.1 illustrate that the photogenerated holes in the
MLcBCT excited states of these Cu™:CdSe NCs are highly contracted around the copper dopants.

Hole Electron

Figure 2.4. Natural transition orbitals. Electron and hole natural transition
orbitals (NTOs) for the lowest-energy 3MLcBCT excited state of a Cu™:Cd76Se7s
NC. Cd?*" ions are illustrated in pink, Se?” ions in blue, and capping pseudo-
hydrogens in white.
245 Electron-nuclear coupling and the photoluminescence bandshape.
The large relaxation energies described by Figure 2.3 and the strong hole localization described
by Figure 2.4 mmplicate large nuclear distortions around copper in the MLcBCT excited state,
accompanied by correspondingly broad MLcCT absorption and PL bands dominated by
Franck—Condon progressions. Two kinds of nuclear distortions are expected here. First, hole
trapping by the Cu" corresponds to a formal oxidation and should cause contraction of all
copper—selenide bonds, i.e., distortion along the totally symmetric breathing local coordinate.
Second, the Cu?*-like center of the MLcCT excited state is unstable with respect to symmetry-
breaking Jahn—Teller distortions. It is not clear a priori whether one of these two distortions
dominates.

To analyze the MLcBCT excited-state nuclear distortion, Figure 2.5 plots the bond-length

changes between the ground and relaxed MLcBCT excited states of the Cu":Cd76Se77 NC as a
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function of the distance between each bond and the copper ion. Data are plotted for all six low-
symmetry components of the relaxed MLcCT state (3X['MLcCT] + 3X[*MLcBCT]). As
anticipated from Figure 2.3 and Figure 2.4, the excited-state bond distortions are greatest around
the copper and dissipate just a few bonds away. For all sixk MLcCT excited states, the average
Cu—Se bond length contracts, but these distortions are notably asymmetric, with some Cu—Se
bonds showing a net elongation and others anet contraction. This asymmetry is a manifestation of
the Jahn—Teller coupling. All other changes, for example the elongation of all Cd—Se bonds
immediately surrounding the copper, are attributable primarily to relief of the strain induced by
the Cu—Se localized distortions. The MLcBCT excited states of the Cu™:Cd33Se34 NC show similar
distortions. Moreover, the MLcCT excited-state geometries of the Cu-doped NCs closely

resemble the ground-state geometry of the Cu?*:Cd33Ses3s NC (see Appendix A. ).
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Figure 2.5. Excited-state bond length changes. Excited-state bond length changes
for all Cu-Se and Cd-Se bonds in a Cu":Cd76Se77 NC, for the first three 'MLcgCT
(blue + symbols) and first three 3MLcCT (red % symbols) excited states. Each
singlet—triplet pair is shown on a different y-axis.
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More specifically, Figure 2.6 illustrates the principal distortions within the first
coordination sphere around the copper ion in the lowest-energy 'MLcBCT excited state of the
Cu":Cd76Se77 NC. To a good approximation, this distortion can be decomposed into a sum of a
totally symmetric contraction with Aj symmetry (AQa1 =+0.020 A) and a Jahn-Teller distortion
with Tz symmetry (AQr2=+0.063 A), i.e., Figure 2.6a + Figure 2.6b =~ Figure 2.6¢, with residual
distortions due to other minor symmetry-allowed T2 or E contributions. The other two lowest-
energy 'MLcBCT states display similar distortions involving the other T> partner coordinates (see
Appendix A. ). E-symmetry Jahn—Teller distortions have also been identified in the d—d spectra
of bulk Cu?*-doped ZnS and CdS,**-%6 but the present calculations show relatively little if any
distortion along this coordinate in the MLcBCT excited states of Cu™-doped CdSe NCs. To estimate
the relative contributions of the totally symmetric and T> Jahn—Teller distortions to the total
excited-state nuclear reorganization energy, ERr, calculations were performed in which the local
geometry was changed by either the A1 or Tz distortion of Figure 2.6a,b, the copper and nearest-
neighbor Se?” atom positions then frozen, and the rest of the structure allowed to relax. From these
calculations, Era1/Err2~ 3, which gives Erai~ 0.156 eV and Er12~ 0.051 eV (= Ejr). These
reorganization energies account not just for the first-coordination-sphere distortions illustrated in
Figure 2.6¢, but also for the extended distortions described by Figure 2.5. Taking the energy of the
A vibration to be the CdSe LO phonon energy (26.0 meV)>! and that of the T> vibration to be 24.3
meV based on the ratio of these two modes’ energies in Cu?*ZnS,*44¢ these reorganization
energies correspond to Huang—Rhys factors of Sa1 ~ 6.0 and St2~ 2.3 (from Er = Sv). We note
that the precise distribution of Er over these nuclear coordinates may differ somewhat in real NCs

that are much larger than the Cu™:Cd76Se77 structure computed here. Nevertheless, this analysis
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indicates strong electron—phonon coupling along both A1 and T> (Jahn—Teller) coordinates in the

luminescent MLcBCT excited states of Cu*-doped NCs.
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Figure 2.6. Excited-state distortions, single-configurational-coordinate
diagrams, and simulated PL spectrum. (a-c) Calculated changes in Cu-Se bond
lengths between the optimized ground-state geometry and optimized excited-state
geometry of a Cu™:Cd76Se77 NC for the lowest-energy 'MLcBCT excited state. The
computed overall distortion shown in (c) is closely approximated by the sum of
distortions along (a) totally symmetric and (b) Tz Jahn—Teller nuclear coordinates
(i.e., a+ b =c). The residual distortions are small and attributable to other minor
T2- or E-symmetry contributions. (d-e) Potential-energy surfaces associated with
the A1 and T> MLcBCT excited-state distortion coordinates. Note that the actual
three-dimensional T> x T2 vibronic sheet is not depicted, but instead is only
represented schematically to illustrate the aspect of spontaneous symmetry
breaking in the excited state by displacement along a T> partner coordmnate &. (f)
Simulated PL spectrum based on the foldled Ai and Tz vibronic progressions
resulting from the geometric distortions illustrated i (a-c) and including the
extended lattice distortions, which correspond to Huang—Rhys parameters of Sai ~
6.0 and St2~2.3. The smooth bandshape represents the sum of Gaussian-broadened
(6 =24 meV) vibronic transitions and simulates the experimental bandshape.

With this information, it is possible to simulate the MLcsCT PL bandshape predicted by

these DFT calculations. Folding vibronic progressions along these two distortion coordinates
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(Figure 2.6d,e) yields the simulated PL spectrum shown in Figure 2.6f Introducing a small
Gaussian line width of 6 = 24 meV converts the resolved line spectrum into a smooth spectrum
similar to the ones observed experimentally. This computed PL spectrum is characterized by a
value of fwhm ~ 175 meV (at 7= 0 K), which is in reasonable agreement with experimentally
measured PL bandwidths for Cu™:CdSe NCs (~370 meV for an ensemble of NCsat 15 K and ~350
meV for a single NC at 298 K).10-22 These results demonstrate that the intrinsic MLceCT PL
bandshape of Cu"-doped semiconductor NCs should be broad even without inhomogeneous
contributions, because of the large nuclear reorganization associated with this electronic transition.
The experimental bandshapes are also influenced by inhomogeneous contributions from NC size
distributions, Cu" spatial distributions, and symmetry breaking by the NC surfaces as discussed
above. Overall, this analysis indicates that the PL bandshapes of Cu™-doped II-VI semiconductor
NCs are trinsically broad because of large excited-state Jahn—Teller and totally symmetric
nuclear distortions around copper, both associated with hole localization at copper in the MLcgCT
excited state. The same electron—nuclear coupling is responsible for the large Stokes shifts of the

PL.

24.6 Singlet—triplet splittings in the MLcpCT excited state.

We now address another key experimental feature that characterizes the luminescence of copper-
doped CdSe and related nanocrystals, namely the excited-state singlet—triplet splitting energy,
AEst. Although the ground states of Cu*-doped NCs are diamagnetic, photoexcitation transiently
generates a CB electron and a localized Cu?*-like spin, allowing the unique opportunity to study
Cw’*—e cB magnetic exchange interactions in quantum-confined colloidal nanocrystals. The
strength of the magnetic-exchange coupling between these two spins in the MLceCT excited state,

and hence the magnitude of AEsr, depends on their spatial and energetic relationships. To describe
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this exchange coupling, calculations were performed for copper ions at each symmetry-unique
cation position of the Cu":Cd33Sess NC, excluding surface cation sites. For uniformity, AFEsr was
calculated by comparing the energies of each singlet—triplet pair of MLcgCT states in the geometry
of the relaxed '"MLcBCT state. The resulting values are plotted in Figure 2.7 vs distance of the
copper from the NC center. The results show that copper ions closer to the NC center yield greater

values of AEsr.
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Figure 2.7. Dependence of singlet—triplet splitting on dopant location.
Dependence of AEst on the distance between the Cu* dopant and the center of a
Cu":Cds3Sess NC. The red circles represent calculated values of AEsr for the three
lowest-energy MLcBCT excited states of Cu™:Cd33Sess NCs with the Cu™ dopant
located at different cation sites. The black lne comes from fitting the computed

data to a particle-in-a-spherical-well model (Eq. 2.2-2.3) and corresponds to
AEst®¢=9.0 meV.

These results can be understood by describing the relationship between the photogenerated
CB electron and the copper-bound hole analytically, approximating the quantum-confined CB
electron using a particle-in-a-spherical-well model.3!-32->4 The electron density distribution is given
by the square of a zeroth-order spherical Bessel function of the first kind (Eq. 2.2), where 7 is the

distance from the center of the NC and a is the NC radius.
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The singlet—triplet splitting for a copper ion located at distance 7 is then given by Eq. 2.3,
in which 7 is the number of cations per NC, No is the cation density (No = 17.8 nn3 for CdSe39),

and AEsr®¢is the average singlet-triplet splitting energy over all cation sites.

AEDS
AEg; (r) = nN—ST'kV(”)'z (2.3)
0

Figure 2.7 shows the best fit of Eq. 2.3 to the DFT data for the Cu":Cd33Se34 NCs (d = 1.6
nm), which corresponds to AEsr®&= 9.0 meV. For the larger Cu":Cd76Se77 NCs (d = 2.1 nm),
where the electron is more delocalized and the electron—hole overlap is smaller, a value of AEsr?'¢
=5.3meV is estimated using Eq. 2.3 and the calculated AFEsr value for just the center-most copper
site. A more reliable estimate of AEsr2vefor the Cu":Cd76Se77 NCs, based on copper at more than
one cation position, was hindered by the computational expense of excited-state geometry
optimization for copper at each cation site. Experimentally, AEsr®¢~ 1 meV was estimated for d
= 3.2 nm Cu"CdSe NCs from the temperature dependence of their PL lifetime and magnetic
circularly polarized photoluminescence intensity.'? The differences between these computed and
experimental values are reasonable given the expected decrease in AEsr?'¢ with increasing NC
volume.

From these values, we can now estimate the mean-field s—d exchange constant Noc that
describes the Cu?*—e ¢ coupling interaction. AEsr®'2is related to Noa using Eq. 2.4, where (S;) =
1/2 for the Cu?" spin. Both the fitted computational value from Figure 2.7 (AEsr®V¢=9.0 meV, n
= 34) and the experimental value from ref. 10 (AEsr®¥¢~ 1 meV, n ~ 300) correspond to Noa ~

+0.6 eV. This value of Nocis the same sign but between two and three times greater than the value

of Noax in Mn?*-doped II-VI semiconductor NCs (e.g., Noa = +0.26 €V in Cdi--Mn,Se).3!
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From our previous work,3!->3 the magnitude of Noa can be interpreted in terms of a kinetic

Noa 2.4)

s—s exchange interaction mnvolving electron delocalization from the CB into the spin-split empty
4s orbitals of the paramagnetic 3d transition-metal impurity, as described by the perturbation

expression in Eq. 2.5.

” e I,
:2 - _ s ntra
Nyo=2J;, (STM+1/2) (E4S —ECB)(E4S _ECB) (2.5)

Here, Vs is the kinetic s—s transfer integral, which can be estimated using Harrison's tight-
binding approach,’® [ins is the intra-ion exchange energy, Stmis the spin of the transition-metal
center, and the energy denominators represent the energies required to transfer the CB electron to
the empty 4s orbital of the transition metal with the ndicated spin. With all other factors equal,
the difference between Mn?* (S = 5/2) and Cu?>* (S = 1/2) spins alone would lead to the expectation
of Noa(Cw?") ~ 3X[Noar(Mn?*)], which agrees reasonably well with the computed values of
Noa(Cw??) = +0.6 eV and Noa(Mn?*) = +0.26 eV. This agreement suggests that the primary
difference between the Noa values of Mn?>" and Cu?* in CdSe is simply the number of unpaired
spins. In general, the other parameters of Eq. 2.5 should not be equal for Mn?* and Cw?*, and
additionally the role of spin—orbit coupling in Cu?>" is not accounted for in Eq. 2.5 or the DFT
calculations. Copper’s Jahn—Teller distortion (Figure 2.6) partially quenches its orbital angular
momentum in the MLcCT excited state, known as the Ham effect,’” perhaps contributing to the
good agreement between experimental and spin-only computational results. Overall, the computed
singlet-triplet MLcBCT excited-state exchange energies agree well with experimental

observations, both showing stabilization of the emissive 3MLcBCT excited state relative to the
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corresponding 'MLcBCT excited state by an amount consistent with expectations from the bulk

s—d exchange coupling energies of other transition-metal-doped II-VI semiconductors.

2.5 Conclusion

DFT calculations have been performed on copper-doped CdSe NCs and the results related to
experimental observations and physical explanations. The calculated electronic structure of Cu?*-
doped NCs is found to be consistent with experimental observations for bulk Cu?*-doped II-VI
semiconductors but inconsistent with experimental observations for copper-doped II-VI and III-V
semiconductor NCs. In contrast, the calculated electronic structure of Cu*-doped semiconductor
NCs is consistent with experimental observations for copper-doped semiconductor nanocrystals.
These calculations support identification of the luminescent excited state of Cu™-doped CdSe and
related NCs as an MLcBCT state involving an electron delocalized in the NC CB and a hole that
is strongly localized at the copper dopant. The broad PL bandshapes observed in copper-doped
semiconductor NCsare shown to reflect strong vibronic coupling along totally symmetric (A1) and
Jahn—Teller (T2) local vibrational coordinates of the copper dopant. The calculated singlet—triplet
splittings in the MLcBCT excited state agree well with experimental values mn both their sign and
magnitude, and can be understood using a perturbation description of the s—d exchange interaction
i this excited state. Because the experimental spectroscopic properties of different copper-doped
II-VI and III-V semiconductor NCs, as well as copper-based [-III-VI> semiconductor NCs, are
mostly very similar to one another,'%!7 the conclusions drawn from these computations are likely
to apply to luminescent copper-doped NCsas a class. These results improve our understanding of
the electronic structures and physical properties of copper-doped semiconductor NC phosphors

relevant to spectral conversion and imaging technologies.
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Chapter 3. Mid-Gap States and Normal vs Inverted Bonding in
Luminescent Cu*- and Ag"™-Doped CdSe Nanocrystals

Electron
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Reproduced with permission from Nelson, H. D.; Hinterding, S. O. M.; Fainblat, R.; Creutz, S.
E.; Li, X.; Gamelin, D. R. J. Am. Chem. Soc. 2017, 139, 6411-6421. Copyright 2017 American
Chemical Society.

3.1 Overview

Mid-gap luminescence in copper (Cu')-doped semiconductor nanocrystals (NCs) involves
recombination of delocalized conduction-band electrons with copper-localized holes. Silver (Ag")-
doped semiconductor NCsshow similar mid-gap luminescence atslightly (~0.3 eV) higher energy,
suggesting a similar luminescence mechanism, but this suggestion appears inconsistent with the
large difference between Ag" and Cu’ ionization energies (~1.5 eV), which should make hole
trapping by Ag" highly unfavorable. Here, Ag'-doped CdSe NCs (Ag"CdSe) are studied using
time-resolved variable-temperature photoluminescence (PL) spectroscopy, magnetic circularly
polarized luminescence (MCPL) spectroscopy, and time-dependent density functional theory (TD-
DFT) to address this apparent paradox. In addition to confirming that Ag":CdSe and Cu™:CdSe
NCs display similar broad PL with large Stokes shifts, we demonstrate that both also show very
similar temperature-dependent PL lifetimes and magneto-luminescence. Electronic-structure

calculations further predict that both dopants generate similar localized mid-gap states. Despite
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these strong similarities, we conclude that these materials possess significantly different electronic
structures. Specifically, whereas photogenerated holes in Cu":CdSe NCs localize primarily in
Cu(3d) orbitals, formally oxidizing Cu" to Cu?*, in Ag":CdSe NCs they localize primarily in 4p
orbitals of the four neighboring Se?~ ligands, and Ag' is not oxidized. This difference reflects a
shit from “normal” to “inverted” bonding going from Cu" to Ag’. The spectroscopic similarities
are explamed by the fact that, in both materials, photogenerated holes are localized primarily
within covalent [MSes] dopant clusters (M = Ag®, Cu"). These findings reconcile the similar
spectroscopies of Ag"™- and Cu*-doped semiconductor NCs with the vastly different ionization

potentials of their Ag" and Cu" dopants.

3.2 Introduction

Silver- and copper-doped semiconductors are technologically important phosphors that have been
employed in cathode-ray tubes and other devices for many years.!3 Most common are Ag'- and
Cu"-doped ZnS, which give rise to the well-known blue-silver (“B-Ag”) and green-copper (“G-
Cu”) luminescence. The “B-Ag” and “G-Cu” luminescence features are both broad and red-shifted
from the semiconductor band-to-band absorption edge, and both typically display very long decay
times. The colors of these luminescence bands can be tuned across the visible by varying the
compositions of the host lattices, an advantage for many applications. For a given host
composition, however, the “B-Ag” luminescence is always ~0.3—0.5 eV higher in energy than the
“G-Cu” luminescence.?* The mechanisms of “B-Ag” and “G-Cu” photoluminescence (PL) have
been thoroughly investigated: photogenerated valence-band (VB) holes generated by above-band-
gap photoexcitation rapidly localize in deep acceptor states induced by Cu™ or Ag" doping, and the
electrons are loosely bound by charge-compensating codopants such as AP' or In**, forming
shallow donors. “B-Ag” and “G-Cu” PL then results from recombination of the shallow-donor
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electrons with the deeply bound holes, ie., donor—acceptor pair (DAP) recombination.?-3-3-7

Recently, Ag'- and Cu*-doped II-VI, III-V, and related semiconductor nanocrystals (NCs)
have also attracted broad interest.®-!7 The solution processability of these NCs offers new
opportunities for imaging and spectral-conversion applications of these classic phosphor materials,
for example for luminescent solar concentration.!®1° Most authors agree that a mechanism
analogous to the “G-Cu” PL also applies for Cu'-doped semiconductor NCs.!7 Specifically, upon
NC photoexcitation, the photogenerated hole is rapidly localized at the Cu®™ to make it formally
Cw?*-like. Luminescence then arises from radiative “free-to-bound™-type recombination of this
deeply trapped hole with the delocalized photogenerated conduction-band (CB) electron. The
luminescent excited state can thus be described as a Cu’-to-CB charge-transfer (MLcCT) excited
state of the Cu'-doped NC.!7292!In contrast, the PL of Ag"-doped NCs has not been very
extensively studied, but in many ways appears similar to that of Cu*-doped NCs.!%-12-13 Ag*- and
Cu™-doped NCs both display broad, composition-tunable PL with large effective Stokes shifts and
slow (~100s of ns to us) decay,'%13-1517 and for the same host NCs, the Ag*-activated PL is again
higher in energy than the Cu*-activated PL.'3 Picosecond relaxation from the first excitonic state
to the emissive state consistent with rapid hole localization has been observed in Ag*:CdS NCs via
transient absorption spectroscopy.!> These very strong spectroscopic similarities suggest a nearly
identical “free-to-bound”-type luminescence mechanism in Ag*-doped NCs as found in Cu™-doped
NCs.

It would be rather surprising for the luminescence of Ag*- and Cu™-doped NCs to both arise
from MLcBCT excited states, however, because MLcCT excitations formally involve ionization
of the cation (Ag" or Cu’), and Ag" is much more difficult to oxidize than Cu’ is. Although the

~0.3-0.5 eV difference in energy between otherwise analogous Ag*- and Cu’-doped NC PL is
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indeed consistent with the expectation that Ag* is more difficult to oxidize, this energy difference
is far smaller than anticipated based on the relative ionization energies of the dopants themselves.
For example, the second ionization potential of elemental Ag is ~1.2 eV greater than that of
elemental Cu, the standard reduction potential for aqueous Ag?* ions (Ag*" +e S Ag', 25°C) is
~1.85 V more positive than that for Cu?* ions, and isostructural Ag* and Cu" molecular compounds
display similarly disparate redox potentials.??-23 This striking contrast in ionization potentials
suggests that there should be more substantial differences between the electronic structures of Ag*-
and Cu’-doped semiconductor NCs. The strong similarity between Ag™- and Cu*-doped NC
spectroscopic properties despite this large contrast in ionization potentials is paradoxical, and it
highlights the fact that the acceptor states responsible for the luminescence of Ag*- and Cu™-doped
semiconductors, and particularly Ag*, have not yet been sufficiently characterized in either bulk
or nanocrystalline form. A thorough description ofthe electronic structures of Ag*- and Cu™-doped
semiconductor NCs that reconciles their very similar PL with the vastly different chemical
properties of these two dopants would greatly improve the fundamental understanding of these
materials and their photophysics.

Here, we report the results of spectroscopic and computational investigations of Ag*™- and
Cu"-doped NCs, using CdSeas our model semiconductor host lattice. Experimentally, we illustrate
the known similarities between these materials and identify new similarities in their temperature-
dependent PL lifetimes and magneto-photoluminescence that have not been previously described.
Density functional theory (DFT) calculations are then used to examine the electronic structures of
these materials and compare with experiment. Our DFT results confirm that both dopants introduce
localized mid-gap levels just above the NC VB, but also identify key differences between these

impurity levels. We show that in Cu™:CdSe NCs, the impurity level has predominantly copper 3d
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character, with substantial selenide 4p covalency. On the other hand, we find that the impurity
level in Ag":CdSe NCs consists primarily of 4p orbitals on the four Se?>~ anions bonded to the Ag"
dopant, with only a small contribution from the Ag(4d) atomic orbitals. These differences reflect
a shift from so-called “normal” bonding in the Cu":CdSe NCs (in which the impurity valence d
orbitals are shallower than the anion valence p orbitals) to “inverted” bonding in the Agh:CdSe
NCs (in which the impurity valence d orbitals are deeper than the anion valence p orbitals). Despite
this major fundamental electronic-structure distinction, both NCs show qualitatively similar
localization of photogenerated holes within the [MSes] clusters (M = Cu" or Ag") formed by the
dopant and its four nearest-neighbor Se?~ anions. With such similar cluster localization, DFT
calculations predict many other similarities between Ag™:CdSe and Cu":CdSe NCs, including
similar electronic absorption spectra, excited-state nuclear reorganization, and excited-state
singlet—triplet splittings, all supported by experiment. Together, these experimental and theoretical
findings resolve the apparent paradox of the very similar spectroscopies despite vastly different
dopant ionization potentials in Ag™- and Cu"-doped semiconductor NCs, advancing our

understanding of this important class of luminescent materials.

3.3 Methods

3.3.1 Synthesis and Characterization

The Cu™:CdSe NCs were synthesized according to the procedure detailed in ref. 20. The synthesis
procedure for Ag":CdSe NCs was adapted from the same method. Here, cadmium oleate (0.135 g,
0.2 mmol), selenium dioxide (0.022 g, 0.2 mmol), and octadecene (8.8 g) were degassed under
vacuum at 55 °C for 30 min and then heated to 235 °C under N2 flow at a heating rate of 14 °C/min.
After 5 min, a degassed solution of silver iodide (0.043 g, 0.18 mmol) and trioctylphosphine (0.1

mL) in octadecene (2.4 g) was injected into the CdSe reaction mixture. The temperature was

66



lowered to 190 °C and the reaction was allowed to continue for 2.5—4 h. The NCs were purified
by precipitation with methanol and acetone followed by centrifugation, then a second cycle of
precipitation and centrifugation with acetone. The NCs were redispersed i toluene.
Room-temperature absorption spectra of NCs dispersed in toluene were recorded on a
Varian Cary 500 spectrometer. Room-temperature photoluminescence spectra were recorded with
an Ocean Optics USB-2000+ spectrometer, using a 405 nm laser as the excitation source. Relative
atomic concentrations were obtained by analysis of dried nanocrystals digested in ultrapure nitric
acid using inductively coupled plasma atomic emission spectrometry (ICP-AES; PerkinElmer).
Due to the likely formation of AgzSe particles during the Ag™:CdSe synthesis,?® the possibility of
incomplete purification of the Ag™CdSe NCs, and the instability of the Ag":CdSe NCs with
respect to Ag' out-diffusion over several months of storage,?’ the dopant concentrations
determined by ICP-AES for the Ag":CdSe NCs represent upper limits. X-ray diffraction (XRD)
data were collected from evaporated NC films on silicon substrates using a Bruker D8 Discover

spectrometer at the University of Washington Molecular Analysis Facility.

3.3.2  Temperature-Dependent Photoluminescence and Magneto-photoluminescence

Temperature-dependent PL data were measured on films of NCs sandwiched between quartz discs
m a Janis STVP-100 continuous-flow optical cryostat, closed-cycle helum cryostat, or Cryo-
Industries SMC-1659 OVT superconducting magneto-optical cryostat. For all PL measurements,
the nanocrystals were excited using a 405 nm diode laser. Emitted light was collected and focused
mto a monochromator with a 150 g/mm grating blazed at 500 nm. For magnetic circularly
polarized luminescence (MCPL) and for time-resolved PL measurements at 7 <40 K, the emitted
light was collected through a multimode fiber coupled to the same monochromator. Continuous -

wave PL spectra, mcluding MCPL spectra, were recorded with a liquid-nitrogen-cooled CCD. For
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time-resolved PL, the excitation was modulated at 100 Hz using the square-wave output of a
function generator. The emission was detected with a photomultiplier tube connected to a
multichannel scaler. The time resolution of this setup is 5 ns. For MCPL, emission was collected
along the magnetic field axis (Faraday geometry). The emission was passed through a liquid-
crystal variable retardation plate set to A/4 at the emission maximum, followed by a linear polarizer
to separate left (LCP) and right (RCP) circularly polarized components. MCPL polarization ratios
are reported as Al/l = (I.— Ir)/(IL + Ir), where IL and Ir refer to the mtensity of LCP (¢7) and RCP

(c") emission according to the sign convention outlined in Piepho and Schatz.?*

3.33 Computations

DFT calculations were performed using Gaussian 092 with the PBEO hybrid DFT functional.26-27
All atoms were described using the Los Alamos double-{ pseudocore potential and corresponding
basis set, with explicit basis functions used to describe the Se(4s, 4p), Cd(4d, 5Ss, 5p), Cu(3d, 4s,
4p), and Ag(4d, 5s, 5p) atomic orbitals.?8-3% This method has previously been applied to other
doped NCs, including Cu™:CdSe NCs.3!-35 Excited states were calculated using linear-response
time-dependent DFT (TD-DFT).3¢ Excited-state energies obtained from the TD-DFT calculations
were dressed with Gaussian bandshapes of arbitrary width (o = 0.2 eV) to simulate absorption
spectra. Electron and hole wavefunctions were visualized using natural transition orbital (NTO)
analysis, which diagonalizes the transition density matrix of each excitation to represent the
electronic transitions with single-particle (electron and hole) orbitals.3”

Small CdSe NCs (Cd34Sess,d~= 1.6 nm; Cd77Se77,d~=2.1 nm; and Cdi34Sei34,d~ 3.0 nm)
were constructed based on the bulk zinc-blende CdSe crystal structure with lattice parameter a =
0.608 nm.3>® These NC structures are roughly spherical, but clearly faceted, and their volumes are

smaller than the volumes of spherical NCs with the same diameters. Dangling bonds on
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uncompensated surface Cd?* and Se?” ions were passivated by pseudohydrogen atoms with
fractional charges (+1.5 and +0.5, respectively, in undoped CdSe NCs).3?-*% For substitutionally
doped NCs, the Cu™ or Ag" dopant ion replaced the most centrally located Cd?" ion in the NC. In
these NCs, the charge of the NC core was set to —1 and a compensating charge of +1 was
distributed over all pseudohydrogen atoms on the surface, giving the dopant a +1 charge while
leaving the overall system neutral. This mean-field approach represents charge compensation of
the aliovalent dopant by the NC surface.3!>* For interstitially doped Ag":CdSe NCs (see Appendix
B.), the Ag" dopant was located at the most centrally located tetrahedral or octahedral interstitial
site in the NC, the charge of the NC core was set to +1, and a compensating charge of —1 was
distributed over the pseudohydrogen surface atoms. All NC structures were optimized i the

ground state before other electronic-structure or excited-state calculations were performed.

3.4 Results and Analysis

3.4.1 Absorption, Luminescence, and Magneto-luminescence

Figure 3.1 presents absorption and photoluminescence spectra of zinc-blende Cu™:CdSe (d = 3.1
nm, 0.6% Cu") and Ag":CdSe (d =3.5nm, <3.5% Ag") NCs. Both types of NCsdisplay absorption
spectra very similar to that of the parent CdSe NCs. A weak, broad sub-bandgap “foot” i the
absorption spectrum of Cu":CdSe NCs has been described previously and attributed to the
MLcBCT excitation that is the inverse of the Cu'-activated PL.!°-20 Identification of an analogous
feature in the Ag™:CdSe absorption spectrum of Figure 3.1 is complicated by its even greater
proximity to the excitonic absorption edge, and by greater inhomogeneous spectral broadening in
this sample. Both types of NCs also display similarly broad PL bands with large effective Stokes
shifts. Although the PL of both NCs is significantly red-shifted from the excitonic absorption, the

Cu":CdSe PL displays alarger effective Stokes shift (Eg(CdSe)—EpL=0.75 ¢V) than the Agh:CdSe
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PL (E¢(CdSe) — EpL=0.42 V), consistent with the ordering of Ag™- and Cu*-activated PL in bulk
CdSe.* Here, the effective Stokes shift (E¢(CdSe) — Epr) describes the difference between the
energies of the first excitonic absorption maximum and dopant-activated PL maximum, as opposed
to the true Stokes shift, which is defined as the energy difference between absorption and PL
maxima for the same electronic transition.!” In both their bulk and nanocrystalline forms, the PL
band shapes of Cu*-doped semiconductors are intrinsically broad due to Franck—Condon
progressions, i.e., homogeneous effects. These broad band shapes thus show characteristic thermal
broadening and are observed even in single-NC/single-dopant PL measurements.*! The PL band
shape of the Ag":CdSe NCs also broadens with increasing temperature (see Appendix B. ),
consistent with this mterpretation i this case as well, but this band is clearly broadened by the less
uniform NC size distribution, too. We note that resolved Franck—Condon progressions are
observed experimentally in the analogous DAP PL spectra of bulk Ag'ZnSe,***3 with
Huang—Rhys factors of S =4 and Av = 30 meV in the dommant progression, reflecting overall
nuclear reorganization energies of Er = 0.14 eV. As described previously,3' such nuclear
reorganization energies likely increase with proximity of the dopant to the NC surfaces because of
symmetry breaking and greater lattice deformability near the surfaces, representing one of several

sources of nhomogenous broadening within such NC ensembles.
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Figure 3.1. Absorption and PL of Ag*- and Cu'-doped CdSe NCs. Normalized
experimental room-temperature absorption (solid lines) and PL (dashed lines)
spectra of d = 3.5 nm Ag":CdSe (purple) and d = 3.1 nm Cu":CdSe (green) NCs.
The absorption spectra are similar, but the first excitonic absorption band of the
Ag":CdSe NCs is broader, suggesting more inhomogeneity in this sample. The
dopant-activated PL occurs ~0.3 eV higher in energy in the Ag":CdSe NCs than in
the Cu":CdSe NCs.

For Cu™:CdSe NCs, magnetic circularly polarized luminescence (MCPL) and temperature -
dependent time-resolved PL have previously provided insight into the nature of the luminescent
excited state. Applying the same experimental techniques to Ag™:CdSe NCs can help reveal
similarities and differences between these materials. Figure 3.2a shows circularly polarized
luminescence spectra for AgCdSe NCs (d=3.1 nm, <3.9% Ag"), measured at 7=1.7 K and B
=0and 6 T. In an applied magnetic field, /. decreases and /r increases. These effects originate
from a Zeeman splitting of the emissive excited state, which lowers the energy of the LCP-emitting
sublevel while increasing the energy of the RCP-emitting sublevel. The MCPL polarization ratio
AlIl = (IL — R)/(IL + Ir) reflects the population of the magnetically active state and the relative
populations of its LCP- and RCP-emitting components. The MCPL polarization ratio measured
for Agh:CdSe NCs, shown in Figure 3.2b, has the same sign and similar magnitude as that of
Cu":CdSe NCs, as well as a similar temperature and field dependence.?! The origin of this

polarization is discussed below.
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Figure 3.2. MCPL and TRPL of Ag*:CdSe NCs. (a) Experimental circularly
polarized PL spectra of d =3.1 nm Ag":CdSe NCs measured at 1.7 K with applied
magnetic fields of 0 (black) and 6 T (blue: LCP emission; red: RCP emission). The
feature at ~720 nm is an artifact related to the optical fiber. (b) Field and
temperature dependence of the MCPL polarization ratio, Al/l, for the same
Ag"CdSe NCs, measured at the PL peak energy. The dotted lines are guides to the
eye. (c¢) PL decay traces for the same Ag":CdSe NCs, normalized at ¢t = 0 and
measured at temperatures between 1.7 and 300 K. (d) MCPL polarization ratio at 6
T (shown in (b)) and PL lifetimes (obtained from biexponential fits to the decay
curves in (c)) plotted versus temperature. The solid line represents the best fit to the
singlet—triplet splitting model of ref. 21 and yields a value of AEsr®V¢= 1.0 meV.
Inset: schematic illustration of the singlet and triplet energy levels.

Figure 3.2c¢ plots PL decay curves measured for the dopant-activated PL in the same
Ag"CdSe NCs as a function of sample temperature. Between room temperature and ~60 K, the
PL lifetime is nearly temperature independent at ~200 ns. Below ~60 K, the PL lifetime increases
dramatically with decreasing temperature, rismg to ~800 ns at 1.7 K, as shown in Figure 3.2d.

Similar behavior was observed in Cu™:CdSe, Cu*:InP, and CulnS2 NCs, where it was attributed to
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the existence of a singlet—triplet splitting in the luminescent excited state, resulting from exchange
coupling between the spins of the CB electron and the Cu-bound hole.?!-3! The triplet state is
lower in energy, but recombination from this state is spin-forbidden and its decay rate constant is
consequently smaller than that of the singlet state. At low temperatures, the relative population of
the triplet state increases, and this state therefore contributes more to the observed luminescence.
The MCPL in these Cu™-doped materials also originates from the triplet state, which splits into ms
=—1,0, and +1 sublevels in an applied magnetic field. Although the PL mtensities and lifetimes
have contributions from both singlet and triplet excited states, the difference between /L and Ir
comes solely from the triplet excited state to first order. The MCPL polarization ratio thus reflects
the total contribution of triplet-state emission as well as the relative populations and wavefunctions
of the Zeeman-split sublevels of the triplet state.?! Figure 3.2d shows that the MCPL polarization
ratio and the PL lifetimes of the Ag":CdSe NCs both display the same temperature and field
dependence, confirming that both effects originate from freezing of the population in the emissive
triplet state. Excited-state singlet—triplet splittings have not been reported previously for any Ag'-
doped semiconductor NCs, but have been described in molecular Ag* complexes.*4-*° Fitting the
luminescence decay temperature dependence in Figure 3.2d to a kinetic modeP! yields AEsr2ve¢=
1.0 meV in these Ag":CdSe NCs. This value is similar to the singlet—triplet splittings observed in
other Cu"-doped and Cu'-based semiconductor NCs (e.g., ~0.85 meV in similar Cu":CdSe
NCs).21:31

Overall, these spectroscopic results for the Ag":CdSe NCs strongly parallel those obtained
for Cu'-doped NCs.?! In the latter, many of the analogous observations can be explained by
invoking hole trapping by Cu" in the emissive excited state, which causes a large nuclear

reorganization (large Stokes shift and vibronic bandwidth), and defines the magnitude of the
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excited-state singlet—triplet exchange splitting. Despite the fact that hole trapping by Ag* is very
unfavorable because of its large ionization energy, the spectroscopic results presented here
nonetheless indicate very similar emissive excited states in Ag":CdSe and Cu":CdSe NCs. This

apparent paradox is resolved by the electronic-structure calculations presented below.

3.4.2  Electronic-Structure Calculations

3.42.1 Ground-state molecular orbitals

Figure 3.3 plots the ground-state molecular-orbital (MO) energies and their breakdown into
individual atomic-orbital contributions (plotted as percentages) calculated for undoped CdSe and
substitutionally doped Cu*:CdSe and Ag":CdSe NCs, each with 134 lattice cations (d = 3.0 nm).
Binned density-of-states (DOS) plots and orbital energies for this and other NC sizes are provided
in Appendix B. . All three NCs show a fully occupied VB with mostly Se?~ character and an
unoccupied CB with mostly Cd?* character, as seen for undoped CdSe (Figure 3.3a). The Cu'-
doped NC (Figure 3.3b) additionally displays five doubly occupied mid-gap orbitals with ~50%
Cu(3d) character each. These copper 3d orbitals are split mto #2 and e orbital subsets by the
tetrahedral ligand field provided by the zinc-blende CdSe lattice. The orbital degeneracy of each
tetrahedral subset is additionally broken by the proximity ofthe NC surface, which further reduces
the cation point symmetry. This symmetry-breaking influence of the surface becomes more
important in smaller NCs.3! The Ag*-doped CdSe NC (Figure 3.3c) also shows doubly occupied
mid-gap orbitals just above the VB. In this case, however, there is only one quasi-3-fold-
degenerate set of occupied mid-gap orbitals, and these three orbitals are all predommantly Se(4p)
in character, with only a small admixture (~15%) of Ag(4d) character. As expected from the much
greater ionization energy of Ag", the Ag(4d) orbitals primarily appear only deep within the VB (at

~—9¢eV in Figure 3.3c). It is evident that Ag" and Cu" doping introduces new mid-gap electronic
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transitions nvolving promotion of electrons from these mid-gap orbitals into the CdSe NC CB,

and that these mid-gap transitions occur at higher energy in Ag":CdSe NCsthan in Cu":CdSe NCs.
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Figure 3.3. MO energies and compositions for undoped, Cu*-doped, and Ag*-
doped CdSe NCs. Calculated molecular-orbital energies for (a) CdizsSeiss, (b)
Cu":Cdi33Se134, and (¢) Agh:Cdi33Se134 NCs with the breakdown of atomic-orbital
contributions to each shown as red dots for Cd**, blue dots for Se?, green (Cu') or
purple (Ag") dots for the total dopant orbital contribution, and green (Cu®) or purple
(Ag") lines for the dopant valence d-orbital contributions. The arrows indicate new
sub-bandgap electronic transitions introduced upon doping; the dopant-activated
PL is attributed to the nverse of the lowest-energy electronic excitations shown
here.

In previous studies of Ag":CdSe NCs, some results have suggested that Ag" incorporates
as an interstitial dopant rather than substituting for a host Cd?* cation.!?? Substitutional and
interstitial Ag" defects have been observed in bulk semiconductors, but the characteristic blue-Ag
PL in bulk ZnS is known to originate from a substitutional Ag" acceptor.”-*3 Density-of-states plots
for interstitially doped Ag":CdSe NCs (see Appendix B. ) show no mid-gap acceptor states. These

results do not rule out the possibility of interstitial Ag" in Ag'-doped CdSe NCs, but they do
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support association of the dopant-activated PL in these NCs to substitutional rather than interstitial
Ag" doping.

Although the contributions of the Ag™ and Cu' valence d orbitals to the mid-gap orbitals
differ substantially, all of the mid-gap orbitals shown in Figure 3.3 are strongly localized around
the dopant ions. Figure 3.4 shows the breakdown of atomic-orbital contributions to the three
highest-energy mid-gap orbitals of the Cu*:CdSe NC (i.e., the Cu" t2 set) and the Agh:CdSe NC.
The atomic-orbital contributions are shown separately for the Cu" or Ag" dopant, the four Se?”
anions bound to the dopant, all other Se?~ anions, and all Cd?* cations. For both doped NCs, valence
orbitals from the [MSe4] clusters (i.e., the dopant d orbitals and nearest-neighbor Se(4p) orbitals)
account for a similar ~75—80% of the mid-gap MOs. Whereas Cu(3d) orbitals account for over
half of the [MSes] cluster contribution to the mid-gap orbitals in the Cu*:CdSe NCs, however, the
Ag(4d) orbitals account for only ~20% of the [MSes] cluster contribution to the mid-gap orbitals
in the Ag:CdSe NCs. Instead, the Se(4p) atomic orbitals of the [MSes] cluster dominate the mid-

gap MOs in the Agh:CdSe NC.

76



Q

100
Cd

4 adj.
2.
Se

Cu

(%) uonNQLIUOD |B}IqI0-ILIo}Y

Atomic-orbital contribution (%)

Ag+

(g)
o

&
o‘ao’ii_

Figure 3.4. Mid-gap MOs of Cu'-doped and Ag*-doped CdSe NCs. (a,b)
Calculated atomic-orbital contributions to the three highest-energy mid-gap orbitals
in (a) the Cu™:Cdi33Se134 NC and (b) the Ag":Cdi33Se134 NC. The dopant atomic-
orbital contributions are shown in green for Cu* and purple for Ag", Se?~ atomic-
orbital contributions are shown in dark blue for the four Se? bonded to the dopant
and light blue for all other Se?  atoms in the NC, and Cd?* atomic-orbital
contributions are shown i red. Due to small contributions from the atomic orbitals
of the pseudohydrogen capping ligands, the atomic-orbital contributions shown
here add up to just less than 100%. (c,d) Visualization of the highest-energy mid-
gap MO surfaces for (c) the Cu™:Cdi33Sei134 NC and (d) the Ag™:Cdi33Seiss NC,
showing only the dopant and four adjacent Se’” ions. These surfaces represent the
region of the MOs with the highest electron density. The atomic-orbital
contrbutions from the dopant d orbitals and Se(4p) orbitals are clearly
recognizable. These depictions correspond to the orbitals described by the right
columns of panels (a) and (b).

Despite this very large difference in dopant contribution, the highest-energy mid-gap
orbitals (HOMOs) in Ag™- and Cu’-doped CdSe NCs are remarkably similar. This similarity is
evident from Figure 3.4c,d, which shows isosurface plots of each, generated at values

corresponding to 50% of the HOMO wavefunction density. The relative contributions of the
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dopant d orbitals and Se(4p) orbitals are reflected by the relative sizes of these atomic orbitals in
Figure 3.4c,d, and are consistent with the breakdown described in Figure 3.4a,b. Importantly, these
mid-gap orbitals are the ones occupied by the photogenerated holes in the luminescent excited
states of Ag™- and Cu*-doped CdSe NCs. The similar localization of these orbitals within the
[MSe4] clusters of each NC explains the strong resemblance of the spectroscopic properties of
Cu"-doped and Ag’-doped NCs. At the same time, the stark difference in metal d vs Se(4p)
character points to a substantial electronic-structure difference between the two materials. The
large Cu" d-orbital character of the Cu*:Cd133Se134 HOMO supports description of copper as Cu?*-
like in the luminescent excited state of Cu'-doped NCs. In contrast, the small Ag" d-orbital
character of the Ag":Cdi33Sei3s HOMO indicates that it would be mappropriate to draw the
analogous conclusion of Ag?*-like character in the luminescent excited state of Ag*-doped NCs.

This contrast is explored in more detail below using excited-state computational methods.

3.4.2.2 Excited-state energies
Investigation of the excited states of these doped NCs using time-dependent DFT (TD-DFT)

provides additional insight into their electronic structures and photophysical properties. Figure 3.5
presents absorption spectra calculated by TD-DFT for Cu™:Cds3Sess4 and Ag":Cd33Sess NCs (d =
1.6 nm for both). For illustrative purposes, smooth spectra have been generated from the oscillator
strengths and energies of the individual line transitions using a uniform arbitrary Gaussian
lnewidth (6= 0.2 eV) for each transition. From these computed TD-DFT spectra, both NCs show
similar absorption above ~3.75 eV that arises primarily from the onset of band-to-band transitions
within the CdSe lattice itself Both NCs also show additional mid-gap absorption features. The
mid-gap transitions of the Ag"™-doped CdSe NC occur ~0.45 eV higher in energy than those of the

Cu™-doped NC, consistent with the trend in ground-state molecular-orbital energies described in
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Figure 3.3.In both cases, these mid-gap transitions arise from excitation of electrons from the mid -
gap [MSe4] cluster orbitals to the CB, as discussed above. This mid-gap absorption has been
identified experimentally in Cu™:CdSe NCs,?%-2!1 but analogous absorption in Ag":CdSe NCs has
not been definitively identified experimentally.
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Figure 3.5. Calculated absorption and PL spectra for Cu*-doped and Ag*-
doped CdSe NCs. Calculated TD-DFT absorption spectra (solid lines) for
Cu":Cd33Ses4 (green) and Ag":CdsszSess (purple) NCs. The oscillator strengths of
the individual transitions are shown as vertical lines. PL spectra (dashed lines) with
Stokes shifts based onthe computed nuclear reorganization energies of the lowest-
energy singlet excited states are also shown. For illustrative purposes, these
absorption and luminescence spectra were generated using an arbitrary Gaussian
broadening factor of ¢ = 0.2 eV, and they are not ntended to reflect actual
bandshapes.

Figure 3.5 also includes simulated PL spectra, accounting for the nuclear reorganization
energies (ERr) computed for the lowest-energy excited states using geometry-relaxed TD-DFT.
Both NCs show large nuclear reorganization energies upon photoexcitation: Er = 0.24 eV for
Cu":Cd33Ses4, and 0.29 eV for Ag":Cds3Sess. The true Stokes shifts for the PL from these NCs are
twice these reorganization energies: FEstokes = 2ER. From the experimental absorption spectra of
Cu":CdSe NCs, the true Stokes shift was previously estimated to be ~0.55 eV,?! which gives a

reorganization energy similar to the value calculated here. Estimation of the true Stokes shift for
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the Ag":CdSe NCs described here is more difficult because of greater inhomogeneous broadening
and the small energy difference between the Ag™-centered and excitonic absorption origins.
Because of their large reorganization energies, both predicted PL spectra also display large
effective Stokes shifts similar to those observed in the experimental spectra of Figure 3.1. The
resulting PL peak energies are calculated to be ~2.24 eV for the Cu*:CdSe NC and ~2.54 eV for
the Agh:CdSe NC, which reproduces the ordering and approximate energy differences between
Ag'- and Cu'-activated PL observed experimentally (Figure 3.1). Such large nuclear
reorganization also generates PL bandshapes that are broadened by Franck—Condon progressions
along the nuclear distortion coordinates, shown in Cu":CdSe NCsto involve totally symmetric and
Jahn—Teller displacements.?! Such homogeneously broadened PL bandshapes are consistent with
the broad PL bandshapes observed experimentally (Figure 3.1), even at the single-NC single-

dopant level.#!

3.4.2.3 Excited-state hole localization and electron—hole magnetic exchange coupling

Figure 3.6 shows the excited-state hole wavefunctions (natural transition orbitals) generated for
the relaxed-geometry lowest excited states of the Cu™:CdSe and Ag"CdSe NCs. The hole is
strongly localized at the dopant in both NCs, as expected from the HOMOs shown in Figure 3.4,
whereas the electron is highly delocalized in both NCs. The hole appears more localized in
Cu":CdSe than in Ag"CdSe, consistent with localization primarily at the Cu™ dopant rather than
at the four neighboring Se?” (Figure 3.4). The hole Bohr radii () in these NCs can be estimated
independently from the computed hole-binding energies (Ebv, defined as the energy difference
between the first excitonic state (delocalized hole) and the relaxed-geometry first excited state
(localized hole)) using 78 = A/N(2m*Ep), where m* is the effective mass of the hole in CdSe.3!5!

For the Cu™:Cd76Se77 NC, Eb = 1.18 ¢V, corresponding to 8 = 0.27 nm. For the Ag":Cd76Se77 NC,
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Ey = 1.05 eV, corresponding to 78 = 0.29 nm. These Bohr radii are similar in magnitude to the
dopant—Se bond lengths and are consistent with the hole wavefunctions depicted in Figure 3.6.
The smaller Eb in the Ag™:CdSe NC than in the Cu™:CdSe NC is consistent with the experimental
PL energies of Ag":CdSe and Cu":CdSe NCs (Figure 3.1), and with the difference in experimental

photoionization energies of bulk Ag*- and Cu'-doped ZnS.>

Cu*:CdSe electron Ag*:CdSe electron
b e Ja ’l El b .o“ ‘) v
, e e, , e @ e,
2 9, 9 9 0 e 0 9 0
. @ e @ e 97, ;e e e 9
;) 9, 9 29 0 0 9 9 LA
e @ ‘. 2 ® 0 L] ‘O ‘O L
o o o o k- I T @ o o § ? o
g o LN ¢ o & ¢ I
9, @, 9 @70 0 o ° 9, o o, I 2 o
o o @ 9 9 ° o o PP b
‘e o W e ” o e W e e’
2R KR N MR N 28 )
‘e W e’ ‘e W e
0 “‘ J.}) 0 4 “ .J‘ 5
Cu*:CdSe hole Ag*:CdSe hole

Figure 3.6. Natural transition orbitals for Cu":CdSe and Ag*":CdSe NCs. (a)
Electron and (b) hole natural transition orbitals for the lowest-energy singlet
transitions of Cu:Cd76Se77 and Ag":Cd76Se77 NCs, showing the electron and hole
wavefunctions in the excited state. Isosurface values were chosen to enclose 70%
of the total electron or hole wavefunction density.

Finally, TD-DFT calculations also reproduce the experimental observation that the lowest-
energy excited states of both Ag*- and Cu'-doped CdSe NCs have a triplet spin configuration.
From the energies of the lowest-energy singlet and triplet excited states in their relaxed excited-
state geometries, the singlet—triplet splitting AFEsr can be determined. For the Ag™:Cd76Se77 and

Cu":Cd76Se77 NCs (d = 2.1 nm) with their dopants located at a central cation site, the computed
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values of AEst are 34 and 30 meV, respectively. The lower energy of the triplet state in both cases,
as well as the similar Ag":Cd76Se77 and Cu":Cd76Se77 singlet—triplet splitting magnitudes, are both
consistent with experiment. Experiment measures an average value (AFEsr®vé)that also reflects the
distribution of cation sites throughout the NC ensemble, and moreover reflects the larger volumes
of the experimental NCs.?! Estimating AEsr®'2 from the calculated value of AEsr for the centrally
located dopant, and scaling to account for NC volume,?!-3! yields predicted AEsr®'&values of 2.0
and 1.8 meV for spherical d=3.1 nm Ag":CdSe and Cu":CdSe NCs, respectively. These predicted
values are similar to the experimental ones obtained from analysis of the PL lifetime temperature
dependence (Figure 3.2 and ref. 21). A more reliable computational estimate of AEsr?'e can be
obtained by calculating AFEsr for each individual cation site, but this approach was not taken here
because of the expense of such excited-state geometry optimization calculations. Nevertheless, the
excellent agreement i both sign and magnitude allows the conclusion that these calculations
describe the spin-exchange coupling mnteractions of the luminescent excited states in these NCs

well.

3.4.2.4 Nuclear reorganization in the luminescent excited state

The strong hole localization i the luminescent excited states of these NCs is accompanied by
substantial excited-state nuclear reorganization. Figure 3.7 summarizes the geometric changes
predicted by DFT upon excitation to the lowest-energy singlet excited states of the Ag™:Cd76Se77
and Cu":Cd76Se77 NCs. In the ground state (closed circles), the Cu'-doped NC lattice is
significantly contracted around the Cu® dopant, whereas the Ag"-doped NC lattice is slightly
expanded around the Ag" dopant. This difference is a reflection of the fact that Cu™ and Ag"
tetrahedral ionic radii (0.60 and 1.00 A) straddle the Cd>" tetrahedral ionic radius (0.78 A).23 In

the excited state (open triangles), both NCs undergo large nuclear reorganization around the

82



dopant. The insets in Figure 3.7 illustrate the excited-state bond-length changes within the [MSe4]
cluster of each doped NC. Both NCs display net contraction of the M—Se bonds, as well as
symmetry-breaking distortions along other nuclear coordinates. In the Cu*:CdSe NC, the
contraction is small relative to the symmetry-breaking distortion, whereas, in the Ag":CdSe NC,
the contraction is larger. This contrast reflects the difference in the ground-state bond lengths: the
NC lattice is significantly contracted around the Cu* even in the ground state, so further contraction
is unfavorable, but there is no such ground-state contraction around Ag" in the Agh:CdSe NC, so
this component of the excited-state distortion is more facile. In both cases, however, the excited-
state reorganization involves both a net contraction and breaking of the tetrahedral cation site
symmetry. The bonds from the first-coordination-sphere Se?~ anions to the next shell of Cd?*

cations also distort to accommodate the [MSe4] distortions.
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Figure 3.7. Excited-state bond lengths for Cu*:CdSe and Ag*":CdSe NCs.
Comparison of computed M—Se bond lengths for the ground states (closed circles)
and lowest-energy singlet excited states (open triangles) of (a) Cu":Cd76Se77 and
(b) Ag"Cdr6Se77 NCs, plotted vs distance from the dopant. Insets: first-
coordination-sphere bond-length changes at the dopants for the same NCs upon
excitation to the same lowest-energy singlet excited states (left) and illustration of
the relative magnitudes of the totally symmetric contraction and symmetry-
breaking distortion that contribute to these bond-length changes (right). In the
Cu"CdSe NC, the totally symmetric contraction (top) is smaller than the
symmetry-breaking distortion (bottom), whereas the opposite is true mn the
Ag"CdSe NC, attributable primarily to the different lattice strain in the ground
states of these NCs arising from the difference between Cu" and Ag" ionic radii

We can understand these specific excited-state geometric distortions by considering the
orbital excitations mvolved. In both NCs, the dopant is in a pseudotetrahedral environment in its
ground state, and the HOMO is one of three doubly occupied, nearly degenerate MOs. These three
MOs are associated with the three metal #2 d orbitals of tetrahedral symmetry i antibonding

interactions with the appropriate symmetry-adapted linear combinations of Se®~ orbitals, and all
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three are highly localized within the [MSe4] cluster unit. In the luminescent excited state, an
electron has been removed from one of these three MOs. Removal of this antibonding electron
from the [MSe4] cluster strengthens M—Se bonding, causing a totally symmetric contraction of the
four M—Se bonds. The resulting open-shell configuration is also susceptible to a Jahn—Teller- like
distortion that lowers the symmetry of the [MSe4] cluster in order to stabilize the photogenerated
hole. Just the MO possessing the photogenerated hole is destabilized i the excited state (see
Appendix B.). Interestingly, removal of an antibonding electron has essentially the same effect on
the overall nuclear reorganization of the [MSe4] clusters of both Agh:CdSe and Cu":CdSe NCs,
despite the rather large differences in relative contributions of metal d and Se(4p) atomic orbitals
to that MO in these two NCs. The totally symmetric and symmetry-breaking distortions combine
to generate the large overall nuclear reorganization energies of ~0.2—0.3 eV calculated in each NC,
and should result in similar Franck—Condon-broadened homogeneous PL bandshapes for both
Cu"CdSe and Ag":CdSe NCs. These conclusions are consistent with the experimental PL spectra
in Figure 3.1 and with previous interpretations of experimental PL bandshapes in both bulk and

nanocrystalline Ag'- and Cu'-doped semiconductors.3-10-31,41,43

3.5 Discussion

The contrasting electronic structures of Ag":CdSe and Cu":CdSe NCs represent an example of a
shift between “normal” and “nverted” bonding schemes in these two materials. Figure 3.8
illustrates this shift schematically, by plotting the MOs formed from the interaction of Cu" and
Ag' valence d orbitals with the surrounding Se(4p) orbitals of the respective [MSes] clusters
(effectively, the same MOs pictured n Figure 3.4c,d). In both cases, the M—Se mteraction pushes
one antibonding cluster MO up in energy while stabilizing a corresponding bonding MO. Similar
interactions occur for all three metal 72 d orbitals with the appropriate combination of Se(4p)
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orbitals, creating the three highest-energy mid-gap MOs shown for both NCs in Figure 3.3 and
Figure 3.4.

The key difference between Ag":CdSe and Cu":CdSe electronic structures rests in the
different ionization energies of the dopant valence d orbitals relative to the lattice Se(4p) orbitals.
In Cu":CdSe NCs, as in most 3d transition-metal coordination complexes, the ionization energy of
the Cu' valence shell (3d) is smaller than that of the ligand's valence shell (Se(4p)), i.e., the metal
is more easily oxidized than the ligand. This ordering positions the Cu(3d) atomic orbitals above
the Se(4p) orbitals in the MO diagram of Figure 3.8a. Hybridization then generates bonding MOs
with mostly Se(4p) character located within the VB, and antbonding MOs with mostly Cu(3d)
character located above the VB edge. In bulk Cu'-doped semiconductors, strong interactions
between the Cu(3d) and anion p orbitals, often referred to as “p—d repulsion”, have been invoked
to explain the unexpected depth ofthe Cu' acceptor level,>? which is the copper-based antibonding
MO pushed up in energy by this interaction.

In contrast with Cu®, the ionization energy of the Ag" valence shell (4d)is ~1.5eV greater
than that of Cu".23 Consequently, the Ag(4d) atomic orbitals are now located below the Se(4p)
orbitals in the MO diagram of Figure 3.8b. In this case, hybridization generates bonding MOs with
primarily Ag(4d) character that reside deep within the VB (Figure 3.3), and antbonding MOs with
primarily Se(4p) character that occur above the VB edge. The bonding scheme for silver is thus
inverted relative to the normal scheme displayed by copper. In both the Ag™:CdSe and Cu":CdSe
NCs, extensive M—Se hybridization in the antbonding MOs split off from the VB edge allows the
[MSes] units to behave qualitatively similarly upon photoexcitation, despite this shift from normal

to inverted bonding,
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Figure 3.8. Molecular-orbital diagrams illustrating normal and inverted
bonding. Schematic molecular-orbital diagrams illustrating the relative energy
levels of the dopant (metal) d orbitals and symmetry-adapted linear combinations
(SALCs) of the four nearest-neighbor anion (ligand) p orbitals in (a) Cu":CdSe and
(b) Ag":CdSe NCs, as well as their relative contributions to the mid-gap and deep
valence-band orbitals. The dashed lines are included to emphasize the dominant
parent atomic orbitals of each cluster MO. The shaded area represents the filled VB
of the CdSe NC. In the Cu":CdSe NCs, the Cu(3d) atomic orbitals reside above the
Se(4p) atomic orbitals, and the antibonding (mid-gap) molecular orbital therefore
has predominantly Cu(3d) character. In the Ag":CdSe NCs, the Ag(4d) atomic
orbitals reside below the Se(4p) atomic orbitals, and the antibonding (mid-gap)
molecular orbital therefore has predominantly anion p character (inverted bonding).
The mid-gap orbitals are higher in energy (farther from the VB edge) for the
Cu":CdSe NCs than for the Ag":CdSe NCs in both the experimental and
computational results.

Inverted bonding has been observed in some molecules’3-># and is also invoked to describe
the VB structure ofundoped II-VI semiconductors, as defined by photoemission spectroscopy and
computational methods.>?-35 Here, the valence d orbitals of metal cations such as Cd** or Zn?" are

deeper (greater ionization energy) than the valence p orbitals of anions such as Se? or S*.
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Cation—anion hybridization then generates bonding orbitals with primarily metal d character
located deep in the VB, while the corresponding antibonding orbitals with primarily anion p
character appear at the VB edge. Given the appearance of mid-gap levels upon Ag" doping by this
mechanism, we can conclude that the antibonding interactions within the [AgSes] cluster are
stronger than the corresponding antibonding interactions in CdSe. Cu™ and Ag" are not unique in
this behavior; the d orbitals of other transition-metal mmpurities in [I-VI and III-V semiconductors
show a variety ofenergies relative to the anion p orbitals, depending on the identity of'the mpurity,
and consequently yield a variety of mid-gap defect states that traverse from predominantly metal
d character to predominantly anion p character.4?-32:36

It is also interesting to compare the electronic structures of the Ag™- and Cu™-doped II-VI
semiconductor examined here to those of related I-1II-VI> semiconductors such as CulnSe> and
AgInSez. In most [-1II-VI> materials, the upper VB consists of strongly hybridized d orbitals from
the group I metal cations and p orbitals from the group VI anions. Because of strong p—d repulsion
pushing antibonding orbitals high in energy, [-III-VI> chalcopyrite semiconductors typically have
narrower band gaps than their II-VI znc-blende analogues.’’-3° Consistent with the relative
energies of the Cu” and Ag" d orbitals and those of the resulting antibonding MOs shown in Figure
3.8, Cu'-based I-1II-VI2> semiconductors have higher VB edges and smaller band gaps than their
Ag'-based analogues.38-37-60 Covalency at the VB edge in these materials can be probed using X-
ray photoemission spectroscopy, analysis of spin-orbit splittings at the VB edge, and
computational methods, and these techniques consistently indicate substantially more metal d
character atthe VB edge in Cu*-based I-1II-VI> materials than in their Ag"-based analogues.3°-64
For example, the VB edge in CulnSe2 possesses ~50% Cu(3d) character, while in AgInSe: it has

only ~20% Ag(4d) character.’-®* These experimental values agree very well with the atomic-
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orbital contributions calculated for the mid-gap MOs of Cu":CdSe and Ag":CdSe NCs shown in
Figure 3.3 and Figure 3.4. Interestingly, the emissive excited states of CulnS2 and CulnSe2 NCs
also appear to be very similar to those of Cu"-doped II-VI and III-V NCs such as those described
here.!7:21:6566 One hypothesis that has been proposed!”-2! to explain this spectroscopic similarity
imnvokes hole self-trapping within a very similar [MSes] cluster as described here, driven by strong
electron—nuclear coupling of the type illustrated in Figure 3.7. In this scenario, these I[-III-VI2
NCsbehave simply as heavily Cut- or Ag+-doped semiconductors, an interpretation supported by
observations of preserved spectral properties when going from stoichiometric to heavily group-I-
deficient compositions.!”

Similar spectroscopic properties but different electronic structures also occur n many
luminescent Cu" and Ag" molecular complexes, often with diimine and/or diphosphine ligands,
which have been of interest for organic light-emitting diodes.*4-49:67-68 Both frequently show large
Stokes shifts, broad PL bandshapes, and ferromagnetic excited-state singlet—triplet splittings.*>-47
For many of these Cu" complexes, DFT shows domimant Cu(3d) character in ther HOMOs,
generally with substantial covalency, and significant MLCT character in their luminescent excited
states.*4-46-68 Computational studies of the analogous Ag" complexes indicate very little metal 4d
character in ther HOMOs and correspondingly small MLCT character in therr luminescent excited
states, and their luminescence is thus better described as ligand-based.*3-49-67-68 These relationships

between Cu'- and Ag" molecular complexes thus parallel those described above for Cu*- and Ag'-

doped semiconductor NCs.

3.6 Conclusion

Experimental studies of Ag"CdSe and Cu":CdSe NCs demonstrate many spectroscopic
similarities between these materials. Both display broad, dopant-activated PL with a large effective
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Stokes shift and comparable singlet—triplet splitting energies. Their calculated electronic structures
are both characterized by mid-gap MOs localized within [MSes4] dopant clusters (M = Ag", Cu’),
and both show luminescence nvolving recombination of delocalized CB electrons with holes that
are strongly localized within these [MSes] clusters. Despite these similarities, the electronic
structures of these two materials show a major qualitative difference: Cu* dopants in CdSe NCs
follow a “normal” bonding scheme, while Ag" dopants in CdSe NCsdisplay “inverted” bonding.
This fundamental difference stems from the far greater ionization energy of Ag*, which places its
4d orbitals well below the Se(4p) atomic valence orbitals that form the VB. As a consequence of
this difference, the mid-gap MOs in Cu":CdSe NCshave predominantly Cu(3d) character, whereas
those of Ag":CdSe NCs have predominantly Se(4p) character. Our DFT calculations accurately
reproduce the experimental trend in Cu® and Ag" acceptor-level energies (and luminescence
energies), as well as the signs and magnitudes of the experimental singlet—triplet splittings. For
both types of NCs, our calculations predict similarly large excited-state nuclear reorganization
nvolving a totally symmetric contraction and symmetry-breaking Jahn—Teller distortion within
the [MSe4] dopant cluster. This strong vibronic coupling results in the characteristically broad PL
bandshapes of both the Ag™- and Cu’-doped semiconductors. The shift from normal bonding in
Cu":CdSe NCsto nverted bonding in Ag":CdSe NCs identified here resolves the apparent paradox
of similar spectroscopic properties coexisting with very large differences in Cu*and Ag' ionization
energies. In the broader picture, the challenge of correctly describing the different electronic
structures of Ag'- and Cu'-doped CdSe NCs despite their nearly indistinguishable optical
properties emphasizes the value of combined experimental and computational investigations such

as presented here.
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Chapter 4. Valence-Band Electronic Structures of Cu™-Doped ZnS,
Alloyed Cu—In—Zn—S, and Ternary CulnS, Nanocrystals: A

Unified Description of Photoluminescence Across Compositions
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4.1 Overview

Copper-doped and copper-based colloidal semiconductor nanocrystals have attracted broad
attention as phosphors in many contexts, but fundamental aspects of their electronic structures that
give rise to their photoluminescence are not understood. Here, we report a detailed systematic
investigation of the electronic structures of Cu*-doped ZnS, alloyed Cu—In—Zn—S, and CulnS>
nanocrystals (NCs) using density functional theory. These calculations demonstrate a continuous
evolution in electronic structure from lightly doped to ternary compositions. As an impurity, Cu*
mtroduces isolated mid-gap d orbitals above the valence-band edge, with large Cu(3d)—S(3p)
covalency. As the Cu" content is increased in Cu—In—Zn—S alloys, these orbitals evolve to become
the CulnS2 valence band in the ternary limit. The calculations further describe the highest occupied
molecular orbital (HOMO) as localized and Cu(3d)-based for all compositions from Cu*-doped
ZnS to stoichiometric CulnS2. The calculations predict that the Cu(3d)-based HOMOs can only

delocalize over ca. 2 or 3 adjacent Cu’ ions but not more, reflecting weak Cu'—Cu" electronic

coupling, attributable i large measure to the directionality of the d-orbitals. HOMO Iocalization
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is also sensitive to the local Cu" environment, Cu™—Cu* geometric connectivity, and electrostatics.
We conclude that the Cu(3d)-based HOMO of chalcopyrite CulnS2 makes localization likely even
mn defect-free CulnS2 NCs, placing this material i stark contrast with structurally analogous II—VI
semiconductor NCs that have anion p-orbital-based HOMOs and show facle HOMO
delocalization. The strong tendency for HOMO Ilocalization in both Cu*-doped II-VI and Cu*-
based chalcopyrite NCs has significant implications for mterpretation of the photophysical

properties of such materials.

4.2 Introduction

Copper-doped and ternary copper-based semiconductor nanocrystals (NCs) have recently attracted
attention as bright, tunable phosphors for applications including solar-energy conversion, energy-
efficient lighting, and bioimaging.!-® Very similar photoluminescence (PL) has been observed in
materials ranging from II-VI NCs doped with single Cu" ions to stoichiometric I-III-VI> CulnS>
NCs,!7-#including emission energies that depend on both the NC size and composition. Compared
to the excitonic PL of [I-VI NCs, emission from these copper-containing NCsis also much broader
(fwhm > 100 meV) and shows larger effective Stokes shifts and longer PL lifetimes (~100s of ns).
In Cu*-doped NCs, the PL mechanism involves recombination of a photogenerated delocalized
conduction-band (CB) electron with a photogenerated hole that has been captured by the Cu®
dopant, formally oxidizing it to Cu?>*. The PL mechanism is less clear in CulnS2 NCs and related
[-III-VI> materials, but most proposals invoke localization of one or both charge carriers, and
many suggest that recombination occurs between a delocalized CB electron and a localized hole. !
2 Many reports have concluded that the hole is trapped at a lattice defect, often suggested to be a
copper vacancy (Vcu).!">%-11 Based on the similarities between the PL of Cu’-doped and CulnS>
NCs, some recent studies have suggested that CulnS»> PL actually involves a hole localized at a
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copper defect, such as Cu?* with an adjacent charge-compensating defect or Cu' located at an In*
site (Curn anti-site defect).”-12-13

An alternative mechanism that has been proposed for explaining the PL of CulnS2> NCs is
exciton self-trapping.® In this scenario, the potential energy associated with hole localization
outcompetes the kinetic energy associated with hole delocalization, reflecting weak Cu™—Cu*
electronic coupling relative to localization forces such as electron—phonon coupling. In bulk
exciton self-trapping, hole contraction drives a local nuclear distortion that favors further hole
localization until a distorted equilbrium structure is reached. Exciton self-trapping has been
studied n many semiconductors, including the classic example of AgCli-xBrx and the more recent
example of 2D lead-halide perovskites.!4-!° In the exciton self-trapping picture, CulnS> NCs can
be described as Cu'-doped NCs in the heavy doping limit (i.e., 50% Cu"). Transient optical’® and
x-ray absorption’! data appear to support hole localization at copper in CulnS2 NCs, accompanied
by partial copper oxidation, although it remains unclear whether the participating copper is a native
defect (e.g., Cumn anti-site, unpassivated surface Cu®) or a bulk-like lattice Cu. Further work to
understand where and why holes localize n CulnS2 NCs would improve our understanding of the
PL of these important materials.

Alloyed Cu—In—Zn—S NCs offer a bridge between Cu’-doped and CulnS> NCs that can
help to consolidate our understanding of these materials. In bulk, CulnS: and ZnS form a
continuous solid solution.?? NCs in this family have been synthesized with compositions ranging
from Cu-doped Zn—In—S to “Zn’*-alloyed” CulnS:.23-3* Alloyed NCs can also be formed by
cation exchange with CulnS> NCs,33-37 and alloying often occurs during ZnS shell growth on
CulnS> NCs,?4333841 controlled by the NC surface chemistry and synthesis conditions.*! In

general, the PL of Cu—In—Zn—S alloy NCs resembles that of both Cu-doped and CulnS2 NCs,
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showing broad PL line widths, large effective Stokes shifts, and long lifetimes. The PL energy
depends on the NC composition, with a higher Zn’>* concentration generally yielding higher-energy
emission.?3-23-29-3742 This  PL has been attributed variously to Cu'-centered and defect-based
mechanisms.

Here, we present results from density functional theory (DFT) calculations on a systematic
series of NCs spanning from undoped ZnS to CulnS:2 via Cu'-doped and Cu—In—Zn-S alloy
compositions. The calculated densities of states of these NCs are consistent with the known
electronic structures of bulk Cu*-doped II-VI and CulnS: semiconductors, and with the expected
properties of the intermediate compositions. Upon closer ispection, however, the valence-band-
edge (VB-edge) MOs of CulnS2 NCs are consistently found to localize within small clusters of
lattice Cu" ions, thus closely resembling the HOMOs of Cu-doped NCs, which are localized at
individual Cu® ions. The specifics of this localization are sensitive to symmetry-breaking and
electrostatic perturbations, but localization is still observed even in the absence of lattice defects.
The strong propensity for hole localization reflects relatively weak Cu*—Cu" electronic coupling

within the copper d band that defines the CulnS2 NC VB edge.

4.3 Methods

DFT calculations were performed using Gaussian 094° with the PBEO hybrid DFT functional 4443
Atoms were described with the Los Alamos double- pseudocore potential and corresponding basis
set, with explicit basis functions used to describe the Cu(3d, 4s, 4p), In(Ss, S5p), Zn(3d, 4s,4p), and
S(3s, 3p) atomic orbitals.#6-4® The electronic structures of other doped and undoped semiconductor
NCs, including Cu™:CdSe NCs, have been previously described by this method.4%-33

All NC structures were constructed with 34, 77, or 134 total cations, with atomic positions
based on the bulk zinc-blende crystal structure. Ground-state geometric relaxation was performed
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for all structures before any other electronic-structure calculations were performed. Dangling
bonds on uncompensated surface ions were passivated by pseudo-atoms with fractional charges
(+1.75 for Cu*, +1.25 for In’*, +1.5 for Zn?*, and +0.5 for S?7).>4-33

For each structure in the series of alloyed Zn34—2,CusIn,S3s NCs, 2n Zn>* cations were
randomly replaced by n Cu* and n In3* cations (n = 1 to 16), maintaining charge neutrality of the
overall structure. Cu' and In** cations were placed according to the sites they would occupy if the
entre NC had the ordered chalcopyrite CulnS» crystal structure. With the pseudo-atom surface
capping scheme, surface charge neutrality must also be maintained, so the number of surface Cu*
and surface In’* (more specifically, the number of surface pseudo-atoms bound to Cu* and the
number of surface pseudo-atoms bound to In**) was also constrained to be equal. Ten structures
were generated for each intermediate composition. Two different ordered chalcopyrite Cui7In17S34
structures were also generated. In total, 163 NC structures were generated for this series.

For other doped structures, Cu™ and In’* were placed in different configurations near the
NC center according to the chalcopyrite crystal structure, except where indicated. For Cu*-doped
structures without charge-compensating In3*, the charge of the NC core was set to —n (where n is
the number of Cu" dopants) and a compensating charge of +n was distributed equally over the

pseudo-atoms on the surface, representing charge compensation by ligands or defects on the NC

surface.49-32

4.4  Results and Analysis

44.1 Overview of Zn;_x(Cu,In)xS; NC Electronic Structure

Figure 4.1 illustrates the calculated electronic structures of a series of alloyed Znz—2x(Cu,In)S2
NCs. Figure 4.1a shows the progression of the density of states (DOS) from ZnS to CulnS: as

more Cu’ and In’" are added in place of Zn?*. After introduction of a single Cu’ dopant to the
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starting ZnS NC, the DOS shows a small contribution from Cu® well above the ZnS VB edge,
arising from five doubly occupied mid-gap MOs dominated by Cu(3d) character. These MOs are
similar to the dopant-centered MOs previously described in depth by DFT for Cu™:CdSe NCs.#
With increasing Cu” concentration, the Cu'-based DOS above the VB increases, eventually
becoming the VB of CulnS:. In buk CulnS2, DFT calculations and x-ray photoelectron
spectroscopy show that the upper region of the VB has ~45—60% Cu(3d) character and a high
covalency with the S(2p) orbitals, whereas the deeper part of the VB has primarily S(2p)
character.’%->° This description is reproduced well by the NC calculations summarized in Figure
4.1a. Interestingly, the width ofthe Cu(3d) band does not change substantially with increasing Cu*
concentration, suggesting low dispersion within this copper d-band. The CB changes more
gradually than the VB across this alloy series, with contributions from Zn(4s) orbitals being
replaced by those from In(5s) and Cu(4s) orbitals. Unlike Cu’, In*" does not generate a distinct

mmpurity band in these NCs, although it does dominate the CB edge at high concentrations.
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Figure 4.1. Calculated electronic structures of randomly alloyed Cu—In—Zn—S
NCs. (a) Density-of-states (DOS) diagrams for Zn34—2,Cu,In,S34 random-alloy NCs
(n=0to 17), ranging from undoped ZnS (top) to CulnS> (bottom). The total DOS
is shown in solid gray, and contributions from Cu’ are shown in green, In*" in red,
Zn in dark gray, and S?" in yellow. Each intermediate composition (7 =1 to 16)
represents the average DOS from 10 different NC structures with Cu® and In®*
cations replacing random Zn?>* cations but following the chalcopyrite crystal
structure. (b-c) Atomic-orbital (AO) contributions to the LUMO (b) and HOMO
(c) of each NC in this alloy series. Contributions from Cu' are shown in green, In>*
in red, Zn?* in gray, and S?>"in yellow. Horizontal dashes show the calculated values
for each individual structure; + symbols show the average values for each
composition. (d) HOMO (blue, filled triangles) and LUMO (purple, open triangles)
energies of each NC. Horizontal dashes show the calculated values for each
mdividual structure; triangles show the average values for each composition. The
dotted lines in (b-d) are guides to the eye.
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Figure 4.1b,c plots the atomic-orbital contributions to the LUMO (CB edge) and HOMO
(VB edge or Cu" impurity level) of each NC in this alloy series, respectively. Figure 4.1b shows a
gradual change in the LUMO from primarily Zn(4s) character to primarily In(5s) character. The
changes in the HOMO (Figure 4.1c) are qualitatively very different from those in the LUMO. In
ZnS, the HOMO has primarily S(3p) character. In all Cu*-containing NCs, however, the HOMO
has ~65% Cu(3d) character, with the rest coming from S(3p). The Cu"(3d) character ofthe HOMO
remains nearly constant throughout the entire alloy series from doped ZnS to stoichiometric
CulnSa>.

Figure 4.1d plots the HOMO and LUMO energies across this alloy series. The LUMO
gradually shifts lower with increasing In’* concentration. Addition of a single Cu* also raises the
HOMO by ~2 eV relative to the ZnS VB edge, but the HOMO energy then remains almost constant
with increased alloying. The calculations suggest that the HOMO and LUMO energies can vary
by as much as 1 eV within a set of NCs with the same composition but different Cu* and In’*
spatial positions. This variation, obtained from calculations on numerous randomly generated
individual structures, is illustrated in Figure 4.1d by the set of horizontal lines at each specific
composition. Although likely exaggerated in these very small NCs, this variance suggests
significant inhomogeneous broadening in the spectroscopy of alloyed NC ensembles, even if all
NCs had identical sizes and compositions.

Figure 4.2 illustrates the HOMO and LUMO of representative NCs with Zn2—2(Cu,In):S2
compositions ranging from ZnS to CulnSz. In the undoped ZnS NC (Figure 4.2a), both the HOMO
and LUMO are delocalized over the entire NC. Addition of just one Cu* and one In’* results in a
highly localzed HOMO and slightly contracted LUMO (Figure 4.2b), consistent with the

introduction of a deep Cu* mid-gap level above the VB edge and a shallow In3* level near the CB
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edge. Increasing the Cu' and In*" concentrations does not change the spatial extent of the HOMO
or LUMO substantially. Even for stoichiometric CulnS2 (Figure 4.2f), the HOMO is still localized
and the LUMO s still delocalized. From the DOS and atomic-orbital contributions shown in Figure
4.1 and the HOMO/LUMO illustrations in Figure 4.2, we conclude that the DFT calculations yield
very similar, localized Cu'-based HOMOs and largely delocalized LUMOs for all Cu—In—Zn—S
NC compositions from Cu’-doped ZnS to CulnS2. These results are consistent with the proposal
from experimental studies that all of these materials display a similar PL mechanism mvolving

recombination of a delocalized electron with a copper-localized hole.
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Figure 4.2. HOMOs and LUMOs of randomly alloyed Cu—In-Zn—S NCs.
HOMO and LUMO surfaces for a series of 34-cation NCs ranging from ZnS to
CulnS2, including (a) undoped ZnS, (b-e) Zn3s4—2,Cunln,S34 with increasing n, and
(f) stoichiometric CulnS;. In this series, Cu’ and In’* dopants are placed in adjacent
cation sites near the center of the NC, following the chalcopyrite crystal structure.
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HOMO and LUMO surfaces are visualized at 80% density (i.e., 80% probability
that an electron occupying this orbital is inside the pictured surface).

442 Analysis of HOMOs in Zn;_x(Cu,In).S; NCs

To investigate the HOMO localization revealed n Figure 4.2, calculations were performed on a
series of larger (77-cation) ZnS NCs with increasing numbers of adjacent Cu® and In** dopants.
Figure 4.3 shows zoomed-in portions of the HOMO surfaces calculated for these NCs, depicting
only the dopant-containing fragments of'the structures (depictions of the full HOMOs are provided
mn Appendix C.). Figure 4.3 also details the atomic-orbital contributions to these HOMOs. From
Figure 4.3a, the HOMO of the NC doped with just 1 Cu and 1 In** is localized around the Cu*
dopant, whose 3d orbitals make up ~60% of the HOMO. This HOMO is very similar to that of the
same NC doped with 1 Cu® only; In** does not have any significant effect on the HOMO. Figure
4.3b shows that addition of a second adjacent Cu* dopant causes delocalization of the HOMO over
both Cu" ions. The overall contribution from Cu* to the HOMO remains ~60%, but both dopants
now contribute equally. Figure 4.3c,d shows that the HOMO does not delocalize further upon
adding a third or fourth adjacent Cu” dopant. Instead, the HOMO remains primarily localized on
just two Cu" dopants. After delocalization over one pair of Cu™—Cu" nearest neighbors, the HOMO

thus does not change significantly at higher Cu* concentrations.
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Figure 4.3. HOMOs of Cu',In*":ZnS NCs with increasing Cu® and In**
concentrations. HOMO surfaces and atomic-orbital contributions for 77-cation
7ZnS NCswith (a) 1 Cu® and 1 In**; (b) 2 Cu' and 2 In**; (¢) 3 Cu" and 3 In**; and
(d) 4 Cu' and 4 In’* dopants. Top: depiction of the relevant portion of the NC,
showing only the 8 cation sites doped with Cu* or In** and their adjacent S?~anions.
Cu' are shown in green, In*" in red, Zn** in gray, and S?>" in yellow. For each
structure, the Cu® and In** dopants and their bridging S?~ anions are highlighted.
Middle: HOMO surfaces visualized at 80% density, showing the same fragment of
the NC as above. Bottom: Breakdowns of atomic-orbital contributions (%) for the
same HOMOs. Contributions from each individual atom are shown separately (Cu*:
green, S2:yellow, In®* and Zn?* contributions to these orbitals are negligible).

One-electron oxidation of these NCs (i.e., placing holes in the HOMOs shown in Figure
4.3) followed by geometry relaxation also does not yield significant changes in these HOMOs (see
Appendix C. ), indicating that these HOMOs provide reasonable representations of hole

wavefunctions in these materials. Oxidation does cause a geometric distortion that further

107



stabilizes the localized hole, similar to the excited-state nuclear reorganization described

previously for Cu*-doped CdSe NCs.*

443  Cu" Clusters and the Effect of In’* Co-Doping

To probe the generality of the observation in Figure 4.3 that holes only partially delocalize within
Cu" clusters, we investigated a series of NCs containing Cu® trimers in various geometric
configurations, with no In** co-dopants. Figure 4.4 illustrates the HOMOs of three different 77-
cation ZnS NCs containing Cu' trimers, focusing on only the Cu' and S atoms that make
significant contributions to these MOs. The HOMOs of two more NCs with different trimer
configurations are shown in Appendix C.. Figure 4.4a and Figure 4.4b represent Cu'—Cu™—Cu”*
configurations that occur in the ordered chalcopyrite crystal structure. For example, Figure 4.4a
involves the same Cu' dopants as in Figure 4.3c, but without In3*. The HOMO in Figure 4.4a
appears more delocalized than that in Figure 4.3c, but the atomic-orbital breakdown shows that it
is in fact dominated by the central Cu'. Similarly, the HOMO in Figure 4.4b contains a
disproportionate contribution from just the central Cu® dopant. These results illustrate that hole
delocalization is inefficient in the chalcopyrite configuration of Cu™ ions. Inspection of deeper
Cu(3d)-based mid-gap MOs reveals that some are more evenly distributed over all three Cu® ions
(see Appendix C. ), but the HOMO is consistently localized.

Figure 4.4c shows the HOMO of'a NC containing a closed-ring Cu” trimer, in which each
Cu' is a nearest neighbor to both of the other Cu* ions. This closed-ring trimer does not occur in
the ordered chalcopyrite structure but forms with Curn, anti-site defects. The HOMO for this closed-
ring trimer is evenly delocalized over all three Cu” ions. In this case, delocalization is assisted by

the increased symmetry and added nearest-neighbor interactions. Although always quite localized,
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the specific number and geometric arrangement of nearest-neighbor Cu' ions clearly influence the

precise extent of HOMO localization.

b c
S 3 1 8 3
Cu Cu Cu
' : s~ g
2 1]
S/ ,_’%S s 9 N7 1 s

100 100 =p— 100— -
g ]
S 80 804 801 -S*
= ] .
o J
<= 60 60 60 -
c
g 3 3
= 40 40 40
0
5 2 2tcut
Q
£ 20 20 20
8 1
< 1

0 0 0 -

Figure 4.4. HOMOs of 77-cation ZnS NCs containing Cu* trimers. (a), (b), and
(c) represent NCs with different trimer configurations. Top: schematic illustrations
of the Cu" trimer configurations. Middle: HOMO surfaces visualized at 80%
density, showing the same atoms as above. Bottom: Breakdowns of atomic-orbital
contributions (%) for the same HOMOs. Contributions from each individual atom
are shown separately (Cu’: green, S?7: yellow, Zn?* contributions to these orbitals
are negligible). The numbers next to these plots correspond to the numbered Cu*
ions in the trimer configurations above.

The presence and position of In*" co-dopants can also influence the Cu*-based HOMO.
Figure 4.5 shows the HOMOs of three different 77-cation NCs containing identical Cu® dimers
near the NC center. In the absence of In** (Figure 4.5a), the dimer is symmetric and the HOMO is
evenly distributed over both Cu' ions. Adding In** while maintaining the symmetry equivalence

of the two Cu" ions (Figure 4.5b, same NC as in Figure 4.3b) results in a similar delocalized
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HOMO. Adding In** in a position that breaks the dimer symmetry causes the HOMO to localize
primarily on the Cu" farther from the In’* (Figure 4.5c¢); the excess positive charge on In3* relative
to Zn”>* lowers the energy ofthe proximal Cu(3d) orbital and reduces its contribution to the HOMO.
By extension, this result indicates that a photogenerated hole would be localized primarily on the
Cu' farther from the In3*. This comparison shows that even HOMO delocalization over nearest-

neighbor Cu"—Cu’ pairs can be disrupted by symmetry-breaking perturbations.
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Figure 4.5. HOMO surfaces and atomic-orbital contributions for 77-cation
ZnS NCs containing Cu' dimers with different In** positions. All three NCs
have the same two Cu’ dopants located in the same nearest-neighbor sites. Top:
Schematic illustration of the relative positions and connectivity of the Cu® and In**
dopants in each NC. Middle: HOMO surfaces visualized at 80% density, showing
the same atoms as above. Cu’ are shown in green, In’* in red, Zn** in gray, and S?~
in yellow. Bottom: Breakdowns of atomic-orbital contributions (%) for the same
HOMOs. Contributions from each individual atom are shown separately (Cu':
green, S?7: yellow, In’* and Zn?* contributions to these orbitals are negligible). (a)
NC doped with 2 Cu" in adjacent cation sites. (b) NC doped with 2 Cu" in the same
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sites and with 2 In>*. Both In3" are nearest-neighbors of both Cu*. (¢) NC doped
with 2 Cu' in the same sites and with 2 In®*. Both In** are nearest-neighbors of one
Cu" (the lower Cu’ in both the dimer structure and the atomic-orbital contributions
plot) and are not nearest-neighbors of the other Cu".

Hole delocalization requires inter-Cu’ electronic coupling (HaB) to outweigh vibronic
trapping energies (ERr). The electronic-coupling strength between nearest-neighbor Cu* ions in the
doped ZnS or chalcopyrite structures can be estimated from the energy difference between
symmetric and antisymmetric linear combinations of the 3d orbitals that dominate the HOMO
(2HaB). For the dimer in Figure 4.5b, identification of the deeper partner orbital gives Has = 0.38
eV. Similarly, geometry relaxation after additon of a hole to this NC yields Er = 0.57 eV.
Although the magnitudes of Has and Er depend on the specific positions of the Cu™ dopants, these

numbers confirm that Cu*™—Cu" electronic coupling is relatively weak in these NCs.

444 CulnS; NCs, Surfaces, and Anti-Site Defects

Replacing all Zn>" ions of ZnS with Cu'/In" jons yields CulnS2 NCs. Even in the ternary limit,
these DFT calculations consistently predict HOMO localization on just 1-3 lattice Cu' ions. Figure
4.6a shows that for a 34-cation CulnS2 NC, the HOMO is predicted to localize at the NC surface.
HOMO localization is also predicted n CulnS2/ZnS core/shell structures (see Appendix C. ),
indicating that this localization does not stem from the presence of unsaturated bonds. Instead, the
DFT results suggest that this HOMO localizes in a way that would minimize proximity of an
excited-state hole to In*". The HOMO in Figure 4.6a consists primarily of Cu(3d) character from
one Cu' ion that is bonded to two S?~ anions and two surface pseudo-atoms. This Cu' ion has only
two In** and two Cu' nearest neighbors, in contrast with a Cu' in the NC core that would have
eight In’" and four Cu' nearest neighbors. To illustrate the strong effect of electrostatics, Figure
4.6b shows the HOMO obtained for the same NC after modifying the local environment around
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this Cu" by changing the charges of the adjacent surface pseudo-atoms. When the charges of these
two pseudo-atoms are increased from +1.75 to +1.99 and the molecular orbitals are recomputed,
the new calculated HOMO involves a completely different cluster of Cu® cations on the opposite
side of the NC. The excess positive charge on the surface stabilizes nearby 3d orbitals and thereby
lowers the energy of the original HOMO, shifting the HOMO to a different region of the NC. In
experimental NCs, similar effects could arise from the presence or absence of passivating surface

ligands, cation- or anion-rich NC surfaces, or other surface charges.

Figure 4.6. Comparison of the HOMOs of modified CulnS, NCs. HOMO
wavefunction surfaces (visualized at 80% density) for three different CulnS2 NC
structures. Cu' are shown in green, In’* in red, Zn*" in gray, and S?>” in yellow. (a)
HOMO of the stoichiometric, chalcopyrite 34-cation CulnS2 NC shown in Figure
4.2f. (b) HOMO of the same NC as in (a), but with the charges of two surface
pseudo-atoms (indicated by arrows) increased from +1.75 to +1.99. (¢) HOMO of
the same NC as in (a), but with a Cur, + Incy anti-site defect pair.

Switching the positions of one Cu* and one In’* near the NC center creates a Curn + Incuy
anti-site defect pair that also changes the HOMO. The anti-site Cu", which has more Cu" neighbors
and fewer In*" neighbors than the other lattice Cu® ions, makes a significant contribution to the
new HOMO (Figure 4.6¢). This result is consistent with the proposal that Cui, anti-site defects act

as hole traps: this defect represents a more stable location for the hole than a typical lattice Cu* in
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the chalcopyrite structure because it has fewer neighboring In3* ions. Importantly, however, the
presence of a Cum defect in these calculations only affects where the HOMO is localized, but not
whether it is localized. The HOMO is still localized at a small cluster of Cu* ions even in the
absence of anti-site defects.

Overall, these DFT calculations consistently predict HOMO (or hole) localization at only
a few lattice Cu’ cations in CulnS2 NCs, with sensitivity to local electrostatics. Because of this
propensity for localization, the computed HOMOs of CulnS2 NCs are extremely similar to those

of Cu-doped NCs described above.

4.5 Discussion

The computational results presented here allow the strong spectroscopic similarities between Cu'-
doped, Cu—In—Zn—S alloy, and CulnS2 NCs to be mnterpreted. In Cu-doped NCs, it is now well
established that photogenerated holes localize n mid-gap Cu(3d) orbitals and that PL occurs via
the mechanism fillustrated in Figure 4.7(left). With increasing Cu" concentration, more mid-gap 3d
orbitals are introduced, but the HOMOs remain localized within small clusters of Cu* ions (only
2-3 Cu") instead of resembling delocalized Bloch-like bands. Strikingly, the DFT results suggest
that added holes have a strong tendency to localize even in defect-free chalcopyrite CulnS2 NCs.
In this limit, the CulnS2 NC VB is described well as a collection of many localized Cu(3d)-based
MOs (Figure 4.7(right)), and this material is adequately described as a heavily Cu*-doped
semiconductor NC, with 50% Cu* “doping”. Just like in lightly Cu’-doped semiconductor NCs,
CulnS2 NC PL mvolves recombination of a delocalized CB electron and a hole localized i the

highest of these Cu(3d)-based MOs.
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Cut-doped NC CulnS, NC

CB

Cu+i2+

VB
Figure 4.7. Schematic illustration of the electronic structure and radiative
recombination mechanism in Cu*-doped and CulnS; NCs. In the Cu*-doped NC
(left), the CB electron recombines with a hole bound at the single Cu* dopant. The
CulnS2 NC (right) resembles a heavily-Cu™-doped NC, with many localized
copper-based mid-gap orbitals (i.e., the CulnS: valence band). In the luminescent

excited state, the hole occupies the highest of these copper-based levels, and PL

involves recombination of this copper-localized hole with a delocalized CB
electron.

The strong propensity for HOMO localization in CulnS2 NCscontrasts with the delocalized
HOMGOs predicted for ZnS and other II-VI NCs by the same methods (e.g., Figure 4.2a). The key
difference between CulnS2 and ZnS is the large contribution of Cu(3d) orbitals at the CulnS2 VB
edge in the former. The directionality and poor radial extension of the 3d orbitals, combined with
the relatively sparse Cu® content and their non-colinear geometric arrangement in the CulnS:
lattice, leads to weak Cu™—Cu" electronic coupling and hence poor delocalization. This weak
Cu™—Cu" electronic coupling is exacerbated by symmetry-breaking effects of surfaces and lattice
defects and by the large vibronic reorganization energy associated with hole localization at copper.

The predicted HOMO localization i defect-free CulnS2 NCs is closely related to exciton
self-trapping, which has been proposed?® to explain the striking similarity between CulnS> and Cu'-
doped NC PL. In this proposal, photogenerated holes in CulnS2 NCs localize spontaneously even
in the absence of lattice defects, resulting in free-to-bound electron—hole radiative recombination.
In general, self-trapping occurs when the potential energy gain associated with localization

exceeds the kinetic energy gain associated with delocalization. Here, CulnS> NCs are described
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by DFT as being in the regime of strong electron—phonon coupling (which drives localization) and
weak iter-Cu’ electronic coupling (which limits delocalization). Indeed, in these calculations, the
Cu'-based HOMO of CulnS:> is prone to localization even before nuclear reorganization, just based
on symmetry breaking and electrostatics. Even without direct participation of a defect-localized
state, defects can nfluence the hole localization electrostatically, helping to explam some of the
stoichiometry-dependent trends in the PL energy and QY of CulnS2 and Cu—In—Zn—S NCs, which
were previously attributed to changing the concentrations of defects that participate in
PL.%11.25:27.29.3340 Qverall, these findings identify the relatively weak electronic coupling between
Cu' ions in CulnS: as a major factor leading to exciton self-trapping in this lattice.

As discussed previously,!® hole self-trapping in CulnS2 NCs parallels hole trapping in Cu'*-
doped NCs (Figure 4.7), and both are described by similar single-configurational-coordinate
diagrams. Consequently, both scenarios yield similar absorption and PL spectra. This analogy is
supported by the present calculations, i which the lowest-energy band-to-band electronic
excitations of CulnS2 NCs involve promotion of a localized Cu(3d)-based electron into a
delocalized CB orbital, directly analogous to the mid-gap MLcBCT absorption “foot” observed in
Cu'-doped NCs.%%0 Both have similar experimental per-copper extinction coefficients.® Because
of the presence of many different localized Cu(3d)-based MOs at the CulnS2 NC VB edge, the
onset of band-to-band absorption in CulnS2 NCs is broad, even for narrow NC size

distributions,*%-¢! and it does not display a resolved excitonic maximum.

4.6 Conclusion

DFT calculations have been used to examine the electronic structures of luminescent copper-
containing semiconductor NCs, ranging from Cu’-doped ZnS to CulnS> and including the full
continuum of Znz—2x(Cy,In)S2 alloy compositions. These calculations predict localized HOMOs
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with dominant Cu(3d) character for all of these NC compositions, consistent with experimental
observations of similar absorption and PL in Cu'-doped, Cu—In—Zn—S, and CulnS2 NCs. The
calculations show the evolution of localized Cu(3d) orbitals mto the Cu(3d)-based upper valence
band of CulnS> NCs, with similar Cu"—S?~ covalency in the HOMO across the entire series. As
expected from previous work, the calculations predict hole capture by Cu® in lightly copper-doped
7ZnS NCs.Even i alloyed Zn—x(Cu,In)xS2 and CulnS2 NCs, however, the HOMO is still predicted
to be localized at small clusters of lattice Cu' ions, rather than delocalized to form a true band.
Careful computational investigation shows that the HOMO delocalizes over pairs of adjacent Cu*
ions but does not continue to delocalize when more adjacent Cu* ions are added. Perhaps most
strikingly, even in defect-free CulnS2 NCs, the HOMO is consistently predicted to localize at
clusters of 2 or 3 Cu" ions. In all cases, the specific HOMO characteristics are easily perturbed by
the presence of surface or lattice charges.

These findings have important implications for understanding the PL mechanisms of Cu*-
doped, Cu—In—Zn—S, and CulnS2 NCs. Specifically, the DFT results suggest that photogenerated
holes localize at lattice Cu™ cations (up to 2—3 cations) in the luminescent excited states of all of
these materials, and that the PL always mvolves recombination of these copper-bound holes with
delocalized CB electrons. In particular, the tendency for Cu(3d) hole localization n CulnS2 NCs
predicted by DFT supports the same conclusion drawn from experimental spectroscopic results.
These computational results further provide insight into why such holes tend to localize, relating
localization to poor inter-Cu’ electronic coupling and electrostatic perturbations. Overall, these
results present a unified understanding of the PL mechanisms active in Cu*-doped, Cu—In—Zn—S
alloy, and CulnS2 NCs, and explain at a fundamental level the experimental similarities observed

among these materials.
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Chapter 5. Strong Dependence of Quantum-Dot Delayed Luminescence

on Excitation Pulse Width
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Reproduced with permission from Marchioro, A.; Whitham, P.J.; Nelson, H. D.; De Siena, M.
C.; Knowles, K. E.; Polinger, V. Z.; Reid, P. J.; Gamelin, D. R. J. Phys. Chem. Lett. 2017, 8,
3997-4003. Copyright 2017 American Chemical Society.

5.1 Overview

Delayed luminescence involving charge-carrier trapping and detrapping has recently been
identified as a widespread and possibly universal phenomenon in colloidal quantum dots. Its near-
power-law decay suggests a relationship with blinking. Here, using colloidal CulnS: and CdSe
quantum dots as model systems, we show that short (nanosecond) excitation pulses yield less
delayed luminescence mtensity and faster delayed luminescence decay than observed with long
(millisecond) square-wave excitation pulses. Increasing the excitation power also affects the
delayed luminescence intensity, but the delayed luminescence decay kinetics appear much less
sensitive to excitation power than to excitation pulse width. An idealized four-state kinetic model
reproduces the major experimental trends and highlights the very slow approach to steady state
during photoexcitation, stemming from extremely slow detrapping of the metastable charge-
separated state responsible for delayed luminescence. The impacts of these findings on proposed

relationships between delayed luminescence and blinking are discussed.
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5.2 Introduction

Several groups have reported extremely slow photoluminescence decay in various colloidal
semiconductor nanostructures, including CdSe!- and copper-doped CdSe (Cu™:CdSe)*-> quantum
dots, CdSe nanoplatelets,® lead-halide perovskite nanocrystals,” and CulnS2 quantum dots,>®
persisting for times that vastly exceed the natural excited-state lifetimes of these materials. In each
case, the delayed luminescence shows broadly distributed decay kinetics with components ranging
from submicrosecond to beyond seconds. This delayed luminescence is explained by mvoking
temporary charge-carrier trapping at a quantum dot surface, followed by spontaneous detrapping
to reform the emissive core state. Detrapping occurs via tunneling.’>*® This delayed luminescence
has been related to the photoluminescence blinking of single quantum dots.!3-3-3 A better
understanding of the carrier trapping and detrapping processes responsible for delayed
luminescence would provide msight into the characteristics of surface traps to help guide
optimization of the photophysical properties of colloidal semiconductor quantum dots.

We recently reported that the ratio of delayed to prompt luminescence intensities depends
strongly on the quantum dot photoexcitation rate® because the delayed luminescence saturates at
excitation rates that are orders of magnitude smaller than required to saturate the prompt
luminescence of the same quantum dot. This explanation invokes efficient nonradiative
recombination (e.g., Auger, Shockley—Read—Hall) upon photoexcitation of a quantum dot that is
already in a metastable charge-separated excited state, as also mvoked to explain the low
photoluminescence quantum yields of blinking “off” states.!-!2 Here, using two model
nanocrystals (CulnS: and CdSe quantum dots, see Appendix D. for details), we report that even
at fixed photoexcitation rates the ratio of delayed to prompt luminescence intensities changes as

the excitation pulse width is increased from nanoseconds to milliseconds. This result is illustrated
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using an idealized four-state kinetic model that accounts for trapping, detrapping, and
recombination processes. Additionally, we find that even the kinetics of the delayed luminescence
are influenced by the photoexcitation pulse width, with increasing pulse widths yielding slower

delayed luminescence decay. These effects have not been previously observed.

5.3 Results

To illustrate the central new observation reported here, Figure 5.1 plots two photoluminescence
decay curves measured for the same d =3.9 nm CulnS2 quantum dot sample using two different
common photoexcitation conditions, both with the same excitation wavelength (405 nm). In one,
a 5 ns excitation pulse was used, and in the other a 100 ms square pulse was used. Both curves
show prompt decay on the microsecond time scale (Zprompt = 2 s), folowed by delayed
luminescence extending to milliseconds and beyond. Strikingly, the two delayed luminescence
decay curves have very different power-law slopes i this log—log plot (1.11 for the 5 ns pulse
versus 0.48 for the 100 ms pulse, between 50 ps and 2 ms). The delayed luminescence generated
using nanosecond pulses has decayed almost completely within ~50 ms, whereas that generated
using 100 ms pulses is much longer-lived, being >100 times more intense than the former after 10
ms. The slopes of such log—log delayed luminescence plots have been related to blinking power-
law exponents,’*° but the data in Figure 5.1 demonstrate that these slopes are dramatically
mfluenced by the photoexcitation pulse profile itself; an observation that has not been noted
previously. It is important to identify the source of the difference in decay dynamics shown in

Figure 5.1.
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Figure 5.1. PL decay of CulnS; NCs under pulsed and square-wave excitation.
Photoluminescence decay curves measured for the same d = 3.9 nm CulnS:
quantum dots using the same photoexcitation wavelength (405 nm) but different
types of common excitation pulses. Black: 100 ms square-wave excitation pulse, 8
mW/cn? pulse power, 5 Hz repetition rate. Red: 5 ns excitation pulse, 30 pJ/cm?,
20 Hz repetition rate. These data show that delayed luminescence decay dynamics
depend on photoexcitation conditions. Data are normalized using the peak prompt
luminescence intensity for the 5 ns pulse data and the luminescence mtensity during
excitation for the 100 ms pulse data. For these and all other data in this manuscript,

t =0 coincides with the end of the square-wave pulse. All data were collected at 20
K.

We hypothesized that two major experimental parameters might contribute to the
differences observed in Figure 5.1: the excitation power and its duration. To test the roles of these
two parameters, variable pulse-width photoexcitation experiments were performed at different
laser powers. Because the delayed luminescence decay dynamics are temperature-independent
over a very broad range,’*¢ all data reported here were collected at 20 K to minimize thermally
activated nonradiative decay’ and irreversible photodegradation. Figure 5.2 summarizes the effects
of photoexcitation pulse duration and power on the delayed luminescence decay dynamics of the
same CulnS; quantum dots. Figure 5.2A plots the CulnS2 quantum dot delayed luminescence
decay dynamics (normalized to the prompt luminescence intensity, which is independent of pulse
duration under these conditions) as a function of excitation pulse duration from 50 ps to 100 ms.

Except for a small amount of wreversible photodegradation over these very long measurements
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(e.g., <10% over ~20 h of continuous measurement for the data in Figure 5.2A), the prompt
luminescence intensity is linearly proportional to the photoexcitation power.® As the pulse width
increases, the delayed luminescence mtensity grows and the slopes of the delayed luminescence
decay curves in the log—log plot decrease. We mterpret this result as indicating that accumulation
of population in the metastable charge-separated excited state is very slow, and hence very long

excitation pulses are required to reach steady state.
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Figure 5.2. Dependence of delayed luminescence on pulse width and power for
CulnS; NCs. Dynamics of delayed luminescence for increasing pulse width for d
= 3.9 nm CulnS2 quantum dots (50 ps (black) to 100 ms (purple) excitation pulse
width). Traces are normalized to the prompt luminescence intensity. (B) Dynamics
of delayed luminescence measured using 2 (black), 4 (red), and 8 mW (blue)
excitation powers (power densities = 6.7, 13.3, and 26.7 mW/cm?) for the same
CulnS2 quantum dots, with a 5 ms excitation pulse. Traces are normalized to the
prompt luminescence intensity. Linear plots of the data in (A) and (B) are provided
mn Appendix D. . (C) Ngel/Np: calculated from decay curves such as those in (A) and
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(B) for the same CulnS2 quantum dots, plotted versus excitation pulse width and
measured at three different excitation powers: 2 (black circles), 4 (red triangles), 8
mW (blue crosses). (D) Ndel/Np: for the same CulnS2 quantum dots, collected at 2
mW, plotted versus excitation pulse width, and normalized to the value of Nael/Npr
at 100 ms pulse width. Two delayed luminescence mtegration windows are
represented: a shorter window (open circles, 71 =200 ps, 2= 1 ms) and a longer
window (filled circles, 1 =1 ms, 2= 75 ms). These specific integration windows
were chosen to reflect the broadest overall timespan in which signal-to-noise was
good, but the same trends are obtained using different ntegration windows. All data
were collected at 20 K.

Figure 5.2B plots delayed luminescence decay curves measured for these same CulnS»
quantum dots using fixed excitation pulse widths but excitation powers of 2,4, and 8 mW (power
densities = 6.7, 13.3, and 26.7 mW/cm?), again normalized to the prompt luminescence intensities.
The decay dynamics measured at these different excitation powers are almost indistinguishable
when the pulse width is kept constant. Together, the data n Figure 5.2A,B demonstrate that
quantum dot delayed luminescence decay dynamics are quite sensitive to the excitation pulse
duration but are relatively insensitive to its peak power. The same conclusion holds when
comparing data representing similar increases in the total number of photons per excitation pulse
generated via an increased pulse width or excitation power. For example, the power-law slope at
~1 ms decreases from 1.15 to 0.68 upon increasing the pulse width from 100 to 500 ps at fixed 2
mW excitation power, but it remains nearly unchanged (1.23) upon increasing the excitation power
from 2 to 8 mW for a fixed 100 ps pulse width (see Appendix D. ).

To quantify the trends of Figure 5.2A,B, Figure 5.2C,D plots the number of delayed
luminescence photons (Nger) normalized by the number of prompt luminescence photons (Npr) for
each experiment from Figure 5.2A,B. Nqel is obtained by integrating delayed luminescence decay
curves such as those in Figure 5.2A,B over a specified time range (71 to t2,eq 5.1), while Npr is

obtained by integrating the prompt luminescence up to a specified cutoff time (¢, eq 5.2).
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t2

Ny, = fl(t)dt

t1 (5.1)
ty
N, =J. IyekrLtdt
0 (5.2)

Here (t) is the time-dependent luminescence intensity as seen in Figure 5.2A,B, lo is the
steady-state luminescence intensity measured when the excitation pulse is on, and kpris the
experimental prompt luminescence decay constant measured by single-photon counting, For the

CulnS2 quantum dots, kpL = 1/Zprompt = 5x10° s7! from a single-exponential fit, 71 and 72 correspond

to 200 ps and 75 ms, respectively, and ¢t corresponds to 10 ps (= 5 zprompt). Figure 5.2C shows that
for fixed excitation power Ngel/Nprincreases with increasing pulse width before eventually reaching
a plateau value, while Np:is independent of pulse width under these conditions. The ratio of
delayed to prompt luminescence photons is thus pulse-width dependent, first growing with
increasing excitation pulse width before plateauing at excitation pulse widths of almost 100 ms.
The plateau of Ngel/Npr suggests that only with such extremely long excitation pulses does the
population of the charge-separated state responsible for delayed luminescence reach steady state
under photoexcitation.

For any given excitation pulse width, Nae/Npr also decreases with increasing excitation
power. This trend stems from the fact that Npr increases linearly with excitation power in the
investigated power range, whereas Ngel shows a sublinear power dependence.® When normalized,
it is evident that the curvatures of the data in Figure 5.2C are essentially independent of excitation
power (see Appendix D. ).

Figure 5.2D compares experimental Nge/Npr values obtained by integrating over two

different delayed luminescence time windows (i.e., different #1 and #2 in eq 5.1) for these CulnS:
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quantum dots. For ease of comparison, each Ndel/Npr curve is normalized to the value obtained
using a pulse width of 100 ms. From these data, the delayed luminescence probed at earlier times
plateaus at shorter excitation pulse widths than that collected at later times. This observation
reflects the impact of the excitation pulse width on the distribution of delayed luminescence decay
dynamics, as illustrated in Figure 5.1. Faster delayed luminescence can be generated from shorter
excitation pulses, while slower delayed luminescence requires longer excitation pulses.

To test the generality of the trends observed in Figure 5.2, analogous measurements were
also performed on d = 3.3 nm CdSe quantum dots. Figure 5.3A plots delayed luminescence decay
data for these quantum dots collected using 50 ps and 25 ms pulses. In this case, the change in
decay dynamics is less pronounced in the range of pulse widths explored than observed in Figure
5.2A, but it is still significant. Figure 5.3B plots delayed luminescence decay curves measured at
various excitation powers. As in Figure 5.2B, the decay dynamics change very little across this
series. Figure 5.3C,D plots Ndael/Np: for each experiment from Figure 5.3A,B. kpLis taken as 5 %
103 s7! for the CdSe quantum dots; their decay is actually multiexponential with components of ~5
x 108 s71 and ~6.3 x 107 s7!, but this distinction does not qualitatively alter the results. 1 and £
correspond to 200 ns and 500 ps, and #f corresponds to 40 ns (= ~2.5-20 zprompt). Very similar
trends are observed for the CdSe quantum dots (Figure 5.3C,D) as were observed with the CulnS>
quantum dots, including the very slow (millisecond) approach to plateau values of Ngel/Npr with
increasing pulse width (Figure 5.3C), the power dependence of the plateau values of Ngel/Np: but
not of their curvature with increasing pulse width (Figure 5.3C, see also Appendix D. ), and the
dependence of the curvature on the luminescence monitoring window (Figure 5.3D). Ngel/Npr does
plateau at much longer excitation pulse widths for the CulnS2 quantum dots (~80 ms, Figure 5.2C)

than for the CdSe quantum dots (~5 ms, Figure 5.3C), reflecting the slower prompt luminescence
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of the CulnS2 quantum dots and the competition between prompt luminescence and charge
trapping® as well as differences in the trapping/detrapping rates and experimental measureme nt
windows (vide infra). Overall, the general qualitative trends are very similar for the CulnS2 and

CdSe quantum dots.
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Figure 5.3. Dependence of delayed luminescence on pulse width and power for
CdSe NCs.Dynamics of delayed luminescence for increasing pulse width for d =
3.3 nm CdSe quantum dots (50 ps, 100 ps, and 25 ms excitation pulse width).
Traces are normalized to the prompt luminescence intensity. (B) Dynamics of
delayed luminescence measured using 2 (black), 4 (red), and 8 mW (blue)
excitation powers (power densities = 6.7, 13.3, and 26.7 mW/cn?) for the same
CdSe quantum dots, with a 100 ps excitation pulse. Traces are normalized to the
prompt luminescence intensity. Linear plots of the data in (A) and (B) are provided
in Appendix D. . (C) Nge/Np: calculated from decay curves such as those in (A) and
(B) for the same CdSe quantum dots, plotted versus excitation pulse width and
measured at three different excitation powers: 2 (black circles), 4 (red triangles), 8
mW (blue crosses). (D) Ndael/Np: for the same CdSe quantum dots, collected at 2
mW, plotted versus excitation pulse width, and normalized to the value of Ndel/Npr
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at 25 ms pulse width. Two delayed luminescence integration windows are
represented: a shorter window (open circles, 71 =200 ns, 2 =5 ps) and a longer
window (filled circles, #1=5 ps, 2= 500 ps). These specific integration windows
were chosen to reflect the broadest overall timespan in which signal-to-noise was
good, but the same trends are obtained using different mtegration windows. All data
were collected at 20 K.

5.4 Model

For interpretation of these experimental results, we use the four-state kinetic model summarized
in Figure 5.4 to explore the effects of various microscopic parameters on the excitation pulse-width
dependence of Nael/Npr. State populations within this model are described by the coupled
differential equations given m eq 5.3. For simplicity, we adhere to idealized homogeneous
(nondistributed) rate constants for these illustrations, and we discuss the implications of this

idealization below.
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Figure 5.4. Delayed luminescence model and simulated results. (A) Electronic
configurations of the four states used in the model. GS = ground state, ES = excited
state, CS = charge-separated state, and XS = doubly excited state. For simplicity,
electron trapping is illustrated here, but the model does not depend on which
specific carrier is trapped. (B) Four-state model used to illustrate the experimental
trends. kexc represents the excitation rate constant (with power embedded), kpL is
the rate constant for prompt luminescence, ktrapis the rate constant for formation of
the metastable charge-separated state, and kdetrap describes detrapping from this state
to reform the emissive excited state. ka trapand ka trion represent nonradiative trap-
assisted and trion Auger processes, respectively. (C,D) Simulated results from this
model using parameters appropriate for the CulnS2 quantum dots, plotting the ratio
Ndel/Npr versus excitation pulse width. ktrap and kdetrap are varied systematically,
while all the other parameters are held fixed (kexc=20s', kpL=5 % 107 571, kA tmp
= kajtrion= 1010 s71), (C) kirap = 500 s7! (solid), 1000 s ! (dotted), and 2000 s
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(dashed), all with kdetrap =40 s7!. (D) kdetrap =20 s7! (solid), 40 s™! (dotted), and 80
s7! (dashed), all with kirap= 1000 s~!. The insets show the normalized curves for
each plot. The arrows show the directions of increasing ktrap and kdetrap, respectively.
(E) Simulated results for excitation powers of 2 (kexc =20 s7!, solid), 4 (kexc= 39
s, dotted), and 8 mW (kexc=78 s!, dashed), keeping all other parameters constant
(kPL: 5% 103 S_l, kA,trap = kA,trion: 1010 S_l, ktrap: 1000 S_l, kdetrap =40 S_l). The
insets show the normalized curves.

d[GS]

. = kPL [ES] - kexc [GS]

d[ES]

T = kexc [GS] + kdetrap [CS] + kA,trap [XS] - kPL [ES] - ktrap [ES]

d[CS]

T = ktrap [ES] + kA,trion [XS] - kdetrap [CS] - kexc [CS]

d[XS]

T - kexc [CS] - kA,trap [XS] - kA,trion [XS] (53)

Solving eq 5.3 yields the populations of the ground state (GS), the emissive excited state
(ES), the metastable charge-separated excited state (CS), and the doubly excited state (XS) during
and after excitation. Electronic configurations associated with each of these states are depicted in
Figure 5.4A. For simplicity, we illustrate electron dynamics as rate-determining for delayed
luminescence,® but it is likely that the hole is also localized in the metastable state for CulnS2;!3
the kinetic model does not rely on these specifics. Ineq 5.3 and Figure 5.4B, ktrap and kdetrap describe
the formation and detrapping of the metastable state, and, along with kexc, are the meaningful
variables in these simulations. To account for the observed excitation power dependence of
Ndel/Npr, the model also includes excitation from the charge-separated state to a doubly excited
state, which can decay to the emissive excited state through a trap-assisted Auger process described
by kA trapor to the charge-separated state through a trion Auger process described by ka trion. These
fast nonradiative processes are modeled with kA, trap=Fka grion=10'%s7! for all simulations, consistent

with experimentally measured rates for similar Auger processes in small NCs, 14-16
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To simulate the evolution of the state populations during the excitation pulse, eq 5.3 was
solved with kexc determined from the experimental excitation powers and extinction coefficients
and mitial conditions of [GS]o = 100 and [ESTo = [CS]o = [XS]o = 0. Evaluating this result at the
end of the pulse gives the populations of the states when the excitation pulse is turned off. These
populations can then be used as mitial conditions for solving eq 5.3 again with kexe =0 to simulate
their decay with time. Simulated luminescence decay curves illustrating the effects of changing
the various model parameters are included mn Appendix D. .

We note that in the model calculations, all trapping and detrapping processes are much
slower than the prompt luminescence (i.e., ktrap and kdetrap < kpL), SO effectively, after termination
of the excitation pulse the entire [ES] decays as prompt luminescence and the entire mitial [CS]
decays as delayed luminescence. Consequently, to a very good approximation, the values of
Ndel/Npr obtained from complete integration of the model decay curves (eqs 5.1 and 5.2) equal the
values of [CS]/[ES] computed at the ends of the excitation pulses (see Appendix D. ). The
experimental systems are complicated by their distrbuted trapping/detrapping kinetics, because
trapping/detrapping and prompt luminescence may now occur on overlapping time scales,* and
moreover the [CS] can decay by other routes, such as via population of even deeper traps.>*
Additionally, while the model simulates only a single pulse and all excited-state populations are
zero at the beginning of the pulse, ensuring complete depopulation of the charge-separated state
before beginning any excitation pulse is more challenging i the laboratory because of the
extremely broad distribution of detrapping kinetics and the need for signal averaging over multip le
excitation pulses; delayed luminescence from these quantum dots persists even seconds after

excitation,” albeit with very small rates.
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For comparison with the experimental data in Figure 5.2, Figure 5.4C—E plots simulated
values of Nael/Npr (taken as [CS]/[ES] at the ends ofthe excitation pulses) as a function of excitation
pulse width for various model conditions using parameters appropriate for the CulnS2 quantum
dots. The simulated data in Figure 5.4C show that increasing kirap increases the plateau magnitude
of Nael/Npr, but the inset to Figure 5.4C shows that the curvature of the pulse-width dependence of
Ndel/Npr 1s only modestly nfluenced by kirap. Onthe other hand, Figure 5.4D and its inset show that
kdetrap Influences both the plateau magnitude of Nge/Npr and the curvature of its pulse-width
dependence. From these simulations, it is thus apparent that the pulse-width dependence of Ndel/ Ny
is mainly dictated by kdetrap. In other words, the time required to reach steady state under
photoexcitation is determined mainly by the slower detrapping kinetics.

Figure 5.4E illustrates the effect of varying the excitation pulse power, with all other
parameters fixed. Nprincreases linearly with excitation power, whereas Nl saturates because of
nonradiative Auger processes in the doubly excited state, resulting in a reduction of Ndel/Npr with
increased excitation power at any given pulse width, as observed experimentally (Figure 5.2C).
Notably, reproducing the experimental dependence of Ndel/Npr on excitation power requires the
presence of the trap-assisted Auger pathway, though the strength of this power dependence is
mfluenced by the ratio of kA trapto ka.trion (See Appendix D. ). This result can be understood by
recognizing that of these two processes, only the trap-assisted Auger process introduces a power-
dependent pathway for depopulating the charge-separated state. Trap-assisted Auger processes
have been largely overlooked in nanocrystal photophysics, and only relatively recently has their
significance gained recognition.!6-!% The inset to Figure 5.4E shows the same curves normalized

to their plateau magnitudes. Again, the curvature shows very little power dependence, consistent

136



with experiment. Overall, the model of Figure 5.4B and eq 5.3 thus successfully reproduces the

major experimental trends summarized in Figure 5.2C for the CulnS2 quantum dots.

5.5 Discussion

Although it captures the major trends, this idealized model cannot reproduce the experimental
observations of Figure 5.2D. Specifically, this model does not capture the effect of changing the
delayed luminescence integration window on the curvature of the pulse-width dependence (see
Appendix D. ). This discrepancy occurs because of the model’s reliance on single rate constants
for each microscopic process depicted in Figure 5.4B. The experimental observations thus allow
the conclusion that the different excitation pulse-width dependence obtained when probing
different delayed luminescence decay windows (Figure 5.2D and Figure 5.3D) reflects the
distributed kinetics of these processes. Importantly, when the experimental curves in Figure 5.2D
and Figure 5.3D are made by sampling earlier (or later) during delayed luminescence (different #
and #2 in eq 5.1), they selectively report on faster (or slower) subsets of dynamical processes within
the distribution. These data thus point to a weak correlation between ktrap and kdetrap, both of which
are broadly distributed. This insight, together with the experimental luminescence decay data in
Figure 5.1, Figure 5.2, and Figure 5.3, therefore highlights how both the experimental excitation
pulse width and the experimental detection window can bias the observed delayed luminescence
mtensities and dynamics toward a specific subset of behaviors within a broadly distributed range.
These observations have important implications for any quantitative analysis of delayed
luminescence amplitudes or decay dynamics.

The data presented here are in some ways reminiscent of prior observations made for
CdSe/CdS core/shell quantum dots in which multipulse excitation with an 80 MHz repetition rate
was found to yield different excitonic photoluminescence decay dynamics for few versus many
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concatenated excitation pulses.!” This difference was analyzed in terms of an enhanced
contribution from multiply excited quantum dots when multiple excitation pulses were delivered
mn short succession. The approach ofusing rapid sequential photoexcitation with a tunable number
of short pulses is analogous to our use of variable square-wave pulse widths in the present study.
Just like at high powers in ref. 19, simulation of our long-pulse decay data by the addition of
multiple offset short-pulse decay curves fails to reproduce the experimental long-pulse data (see
Appendix D. ), pomting to multiexcitation effects and supporting the conclusion of trap-assisted
Auger recombination deduced from the data n Figure 5.2C and Figure 5.3C. Of course, the
microscopic processes described in ref. 19 occurred on much shorter time scales than those studied
here. For example, steady state was reached within ~100 ns of quasi-continuous excitation in ref.
19, whereas Figure 5.2C shows that steady state is not reached until ~80 ms of continuous
excitation for the CulnS2 quantum dots (or ~5 ms for CdSe quantum dots, Figure 5.3C), that is,
~10° times slower.

The data here may also have ramifications for understanding the relationships between
delayed luminescence and single-quantum-dot blinking proposed in several studies.!>-38 If it is
correct to equate the metastable charge-separated state of delayed luminescence with a blinking
“off” state, then the finding that the excitation pulse duration affects the detrapping kinetics should
imply a dependence of blinking “off’-time statistics on similar excitation parameters. To our
knowledge, there have been no single-quantum-dot blinking studies employing variable
pulse-width excitation, however. An early study reported a change in the number of “on”/“off”
cycles with different continuous-wave (cw) excitation powers between 0.4 and 7.8 kW/cm?.?0
Another study varied the cw excitation power density from 0.1 to 2.0 kW/cn?? and did not see any

effect on the “off-time statistics.>! A recent study compared pulsed versus cw excitation at the
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same average intensity and found that the main impact of pulsed excitation was to increase
photobleaching.?? These authors also reported that pulsed excitation lowers the probability of long
“on” events, but they do not describe any significant change in “off’-time statistics.?> As noted
recently,’ one complication in any direct comparison between blinking and delayed luminescence
is the fact that only a subset of the traps that contribute to blinking will also generate delayed
luminescence. Moreover, it is conceivable that some of the kinetic dispersion observed in the
delayed luminescence arises from the quantum dot ensemble and would therefore not be observed
from an individual quantum dot, although we note that even single-quantum-dot delayed
luminescence shows broadly distributed decay dynamics.!

In summary, we report two main observations that have not been previously described: (i)
quantum-dot delayed luminescence decay dynamics are strongly influenced by the experimental
excitation conditions, and (if) such dynamics are particularly sensitive to excitation pulse duration,
a parameter that is rarely examined systematically or controlled for experimentally. For both CdSe
and CulnS2 quantum dots, decay of the delayed luminescence is strikingly slower when longer
excitation pulses are used. Short (e.g., nanosecond) excitation pulses generate markedly less
delayed luminescence than long (e.g., microsecond) excitation pulses, and very long (greater than
millisecond) excitation pulses are required to reach a regime i which the delayed luminescence
no longer depends on the excitation pulse width. Modeling shows that this behavior reflects the
extremely long excitation times required for the population of the metastable charge-separated
excited states responsible for delayed luminescence to reach steady state and that the main
parameter affecting this approach to steady state is the detrapping rate constant. Although these
simulations successfully reproduce the major experimental observations from our excitation pulse-

width- and power-dependence measurements, our idealized model does not include distributed rate
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constants and consequently does not reproduce the experimental dependence of Ndel/Npr on the
delayed luminescence integration window or the change in average decay rate with changing
excitation pulse width, emphasizing the mportance of such distributed kinetics. Overall, these
findings shed new light on the ubiquitous phenomenon of delayed luminescence in colloidal
quantum dots and hence on the underlying charge-carrier trapping and detrapping processes that

so strongly impact the physical properties of this class of materials.

5.6  Supporting Information

Appendix D. : Additional experimental details, absorption and ensemble photoluminescence data,
lincar plots of delayed luminescence dynamics, comparison of the change in dynamics for
changing the excitation power and pulse width by similar factors, normalized plots of power-
dependence data, simulated luminescence decay curves, simulated pulse-width dependence of
Nael/Npr for different integration windows and with different nonradiative processes, and
comparison of experimental long-pulse decay curves with decay curves simulated by summing

experimental short-pulse decay curves.
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Chapter 6. Picosecond Dynamics of Excitonic Magnetic Polarons in

Colloidal Diffusion-Doped Cd;-Mn,Se Quantum Dots

¢=Q
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e

Reproduced with permission from Nelson, H. D.; Bradshaw, L. R.; Barrows, C. J.; Vlaskin, V.
A.; Gamelin, D. R. ACS Nano 2015, 9, 11177-11191. Copyright 2015 American Chemical
Society.

6.1 Overview

Spontaneous magnetization is observed at zero magnetic field in photoexcited colloidal
Cdi-Mn:Se (x = 0.13) quantum dots (QDs) prepared by diffusion doping, reflecting strong
Mn?*—exciton exchange coupling. The picosecond dynamics of this phenomenon, known as an
excitonic magnetic polaron (EMP), are examined using a combination of time-resolved
photoluminescence, magneto-photoluminescence, and Faraday rotation (TRFR) spectroscopies, in
conjunction with continuous-wave absorption, magnetic circular dichroism (MCD), and magnetic
circularly polarized photoluminescence (MCPL) spectroscopies. The data indicate that EMPs form
with random magnetization orientations at zero external field, but their formation can be directed
by an external magnetic field. After formation, however, external magnetic fields are unable to
reorient the EMPs within the luminescence lifetime, implicating anisotropy in the EMP potential-
energy surfaces. TRFR measurements in a transverse magnetic field reveal rapid (<5 ps) spin

transfer from excitons to Mn?" followed by coherent EMP precession at the Mn?* Larmor
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frequency for over a nanosecond. A dynamical TRFR phase inversion is observed during EMP
formation attributed to the large shifts in excitonic absorption energies during spontaneous
magnetization. Partial optical orientation of the EMPs by resonant circularly polarized
photoexcitation is also demonstrated. Collectively, these results highlight the extraordinary
physical properties of colloidal diffusion-doped CdiMn.Se QDs that result from their unique
combination of strong quantum confinement, large Mn?" concentrations, and relatively narrow size
distributions. The new mnsights gained from these measurements advance our understanding of
spin dynamics and magnetic exchange in colloidal doped semiconductor nanostructures, with

potential ramifications for future spin-based information technologies.

6.2 Introduction

Diluted magnetic semiconductors (DMSs)!-* are envisioned as key functional components of
future spintronics and spin-photonics technologies. Formed by incorporation of magnetic
impurities into nonmagnetic semiconductors, DMSs display physical properties defined by
magnetic exchange mteractions between localized impurity spins and delocalized semiconductor
charge-carrier spins, the so-called sp—d exchange interactions. An intriguing feature of sp—d
exchange is that the large electronic delocalization lengths in semiconductors allow simultaneous
coupling of a single carrier with a multitude of magnetic dopants occupying the same volume as
the carrier. The individual pairwise carrier—dopant exchange mteractions contribute additively to
generate “giant” Zeeman splittings of'the semiconductor band structure, introducing the possibility
of long-range cooperative magnetic effects. Extraordinary physical properties resulting from such
gant Zeeman splittings have been demonstrated, both in the ground states (e.g., magneto-
transport) and in electronic excited states (e.g., photo- or electro-excitation) of DMSs, including
giant Faraday rotations,>¢ carrier-induced magnetic ordering,”-'0 electrical spin polarization,''-14
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and magnetically tunable lasing,!> offering glimpses into the diverse possibilities for using spins
to control the functionalities of semiconductor devices.

By localizing the carriers somewhat within confinement potentials provided by defects (in
bulk) or interfaces (in nanostructures), sp—d exchange effects can be enhanced relative to bulk,
and both self-assembled!®!7 and colloidal'®-!° DMS quantum dots (QDs) have therefore attracted
mtense interest i recent years. In the low-doping extreme, single and small-number
dopant—carrier exchange splittings have been observed in the excitonic states of self-assemb led
QDs that may prove useful for coherent optical spin manipulations in information processing
technologies.?-23 In the other extreme, very large excitonic Zeeman splittings and charge-
controlled magnetism have been observed in colloidal QDs with substantial (x = 0.01-0.20)
magnetic ion contents.>*-25 Among the most dramatic manifestations of strong sp—d exchange in
DMSs is the so-called excitonic magnetic polaron (EMP), im which photoexcitation leads to
spontaneous magnetization ofthe dopant spin sublattice,?6-37 aided by enhanced effective exchange
fields within spatially confined volumes.

EMP formation in a DMS QD is illustrated schematically in the single- magnetic-coordinate
diagram of Figure 6.1.3% At zero external magnetic field (Bo = 0), the QD ground state shows no
net magnetization (represented by the spin expectation value, (S¢)=0), but the ensemble of dopant
spins is subject to statistical magnetic fluctuations.® Photoexcitation generates an exciton that is
exchange-coupled with this entire ensemble of dopant spins, introducing a force that lowers the
excited-state energy by magnetizing the QD, i.e., dE/d(Se) # 0. In other words, the initial excited
state formed at the mtersection of excitonic Zeeman sublevels is unstable with respect to
spontaneous displacement along some magnetization coordinate, ¢p. EMP formation is thus a

magnetic analog of the more common Jahn—Teller effect, with a displacement coordinate that is

145



magnetic rather than geometric. Magnetization of the dopant sublattice lowers the excited-state
energy until the displacement force is counterbalanced by kT (quasi-thermal equilibrium),
magnetization reaches completion (saturation), or the electron and hole recombine. A photon
released from the QD during or after this relaxation will have less energy than the absorbed photon.
Typically, EMP formation occurs on the ~200 ps time scale, much faster than the Mn?* spin—lattice
relaxation in the absence of the exciton (zmp < zsLr). This process is likely so fast because of
efficient mediation via Mn?*—Mn’* spin—spin interactions at these high Mn?" concentrations,3° and
it may also reflect the large acceleration of Mn?" spin—lattice relaxation in the presence of charge

carriers.40-42
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Figure 6.1. Single-magnetic-coordinate diagram describing EMP formation in
a DMS QD. Here, EMP formation occurs along direction ¢ at zero applied
magnetic field (Bo = 0). Prior to photoexcitation, dopant spins are uncorrelated and
randomly oriented, ie., (Sp) = 0. Upon photoexcitation (4v), the dopant spins
experience an exchange field (Betr) due to the overlapping exciton, which mtroduces
a displacement force (dE/d(Se) # 0) that splits the excitonic state mto Zeeman
components (red and blue lines) and thereby lowers the total energy of the QD
excited state by Emp=(1/2)|AEZeeman|. The magnetization time scale is characterized
by 7mp. A photon emitted during or after this relaxation is redshifted relative to the
absorbed photon. After recombination, the dopant spins in the ground-state QD
relax back to (Sp) = 0 on the time scale defined by Mn?* zsLr. To describe real QDs,
this diagram must be expanded to include all possible magnetization coordinates in
three-dimensional space.
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Colloidal QDs offer even stronger carrier confinement than epitaxial quantum wells or self-
assembled QDs. In recent years, colloidal Cdi—Mn.Se QDs prepared by cluster thermolysis*?® have
served as a workhorse model system for detailing the unique physical properties of colloidal DMS
QDs,!'8 displaying “giant” excitonic Zeeman splittings (AEZeceman) by MCD and magneto-
absorption spectroscopies,*+*3 strong spin-polarized excitonic luminescence,* and robust EMPs
in the absence of an external magnetic field.>> Whereas EMPs in most self-assembled DMS QDs
typically show exchange fields of a few Tesla (Berr <~3.5 T) that are msufficient to achieve facile
magnetic saturation, those of the colloidal Cdi—~Mn.Se QDs reach approximately an order of
magnitude larger values when estimated at short times (Betr > ~40 T, 1 ns), with additional slow-
relaxation contributions hypothesized to arise from anisotropic forces raising them to >100 T in
some instances.>> Such large exchange fields, combined with the longer excited-state lifetimes of
the colloidal QDs, have yielded extremely robust EMPs that show spontaneous magnetic saturation
of the Mn?* spins up to ~50 K at Bo = 0.3> To date, no other colloidal EMPs have been reported
beyond those described above, and several important aspects of colloidal EMPs remain wholly
unexplored.

Recently, we reported a new method for synthesizing high-quality colloidal Cdi—Mn.Se
(and related) QDs involving Mn?* diffusion into preformed undoped CdSe QDs.?> This synthesis
provides unprecedented control over the QD composition, reaching Mn’>* contents of x > 0.20
while maintaining the narrow size distributions of the undoped QD seeds. The high Mn?*
concentrations accessible by diffusion doping yield enormous magneto-optical effects
characterized by effective excitonic g values (geff = AEZeeman/uBo) as large as |gerf] > 900 at 1.8
K,2346 and at the same time their narrow size distributions allow direct detection of first-excitonic

Zeeman splittings by magneto-absorption spectroscopy*® as well as analysis of the Zeeman
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splittings of many upper excitonic states.*” These properties make diffusion-doped colloidal
Cdi—xMn,Se QDs attractive for time-resolved mvestigations of dopant—carrier exchange effects.
Here, we report on the dynamical properties of EMPs formed i colloidal diffusion-doped
CdixMn:Se QDs. Using a combination of continuous-wave (CW) and time-resolved (TR)
magneto-optical techniques, we describe the picosecond evolution of EMPs in these QDs as a
function of applied magnetic field. Analysis of CW MCD and magneto-absorption data reveals
extremely large excitonic Zeeman splittings characterized by |geff] ~ 1180 at 1.8 K with saturation
values reaching |AEZeeman|~ 78 meV. Whereas random EMP orientation at Bo = 0 leads to zero net
magnetization within the QD ensemble, application of Bo in the Faraday geometry directs EMP
formation along the field axis, leading to net alignment of EMPs and the emergence of circularly
polarized luminescence during EMP formation. At large Bo and low 7, where Mn?" spins are
prealigned prior to photoexcitation, the resulting EMPs are mostly aligned and large luminescence
circular polarizations are obtained. Intrinsic barriers to EMP reorientation by Bo result in much
weaker magnetic-field dependence of the MCPL polarization ratios than expected from the
magnitudes of AEZzeeman Observed by magneto-absorption and MCD spectroscopies. Picosecond
time-resolved Faraday rotation (TRFR) spectroscopy reveals rapid (<5 ps) spin transfer from
excitons to Mn?>" ions followed by long-lived coherent Mn?* spin precession with 75" ~370 ps. A
dynamical TRFR phase inversion is observed, coming from the large exciton energy shifts during
EMP formation, confirming precession of the EMPs themselves. These results provide a wealth of
new information about the physical properties of these unique colloidal EMPs, particularly in the
time domain and under applied magnetic fields. Relationships between these colloidal EMPs and

the more common self-assembled EMPs are discussed.
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6.3 Results and Analysis

6.3.1 Continuous-Wave Spectroscopies

Figure 6.2aplots electronic absorption and PL spectra of d ~4.5 nm colloidal Cdo.s7Mno.13Se QDs
measured at several temperatures. The absorption spectrum narrows and shifts to higher energy
with decreasing temperature, following the well-known Varshni temperature dependence. The PL
shows a more complex temperature dependence. Figure 6.2b plots the PL peak energies. With
decreasing temperature, the PL energy increases, reaches a maximum at ~60 K, and then decreases
by ~20 meV below ~60 K. These data suggest a Stokes shift that grows as temperature is lowered,
and are consistent with EMP formation. Figure 6.2c plots the temperature-dependent component
of the Stokes shift vs 1/7. A temperature-independent shift of ~35 meV, which is typical in
colloidal QDs and not associated with EMP formation, has been subtracted from these data (see
Appendix E. ). The temperature-dependent contribution to the Stokes shift represents the EMP
stabilization energy, Emp (Figure 6.1). The data in Figure 6.2 are thus interpreted as reflecting EMP

formation with Emp increasing to a maximum of ~44 meV at 10 K and below.
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Figure 6.2. Temperature-dependent CW absorption and PL. (a) Variable-
temperature absorption and CW-PL spectra of colloidal Cdo.87Mno.13Se QDs (d ~
4.5 nm) recorded between 5 K (blue) and 280 K (red) at zero magnetic field. The
absorption maximum blueshifts with decreasing temperature following Varshni-
like behavior. The PL peak blueshifts with decreasing temperature down to ~60 K
and then redshifts at lower temperatures. This temperature-dependent redshift is
characteristic of EMP formation. (b) Temperature dependence of the PL peak
energy, plotted relative to the PL energy at 7= 2 K. (¢) Temperature dependence
of the EMP energy obtained from the absorption and PL energies. The linear
increase in the EMP energy at high temperatures reflects Curie paramagnetism. The
plateau atlow temperature reflects saturation ofthe nanocrystal magnetization. The
solid line is a fit to the Brillouin function of eq 6.1 using S = 5/2 and gmn = 2.00,
which yields Berr =17 T for the exchange field acting on the Mn?* spins in the QDs.

Following previous analyses,3!-32-35:48 the Stokes shift data in Figure 6.2c are fit using the
isotropic S = 5/2 Brillouin function given i eq 6.1, which allows the effective exchange field (B
= Betr) experienced by the paramagnetic Mn?>* within the QDs to be estimated. The exchange field
Betr aligns  the Mn?* spins along the EMP direction ¢b. Here, us is the Bohr magneton, & is the
Boltzmann constant, gma= 2.00, and C1 is a scaling constant related to the number of Mn?>" per

QD and their location. Note that Berr is determined by the curvature of the data set, not its height.
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The data are reproduced well using Betr =17 T (solid line in Figure 6.2c). Although similar
analyses of PL energies have been commonly used to estimate Befr in the EMPs of self-assemb led
QDs,3148 we note that there is some uncertainty in this approach related to accounting for other
possible contributions to the Stokes shift, such as dark—bright exciton splittings. This
approximation does appear reasonable, however, because (i) Emp (~44 meV) is much greater than
the dark—bright exciton splitting energies for CdSe QDs of this diameter (~2.5 meV*?), and (ii) the
value of Emp obtained from this analysis is close to half the value of AEzeeman measured by MCD
spectroscopy on the same sample (vide infra), as expected. Although smaller than the maximum
values of Befr achieved in colloidal DMS QDs?3 and type-II self-assembled DMS QDs,3% 17 T is
large compared to typical Befrvalues measured from the EMPs of type-I self-assembled DMS QDs
(e.g., Befr ~ 3.5 T3). From these data, EMP formation is evident already at >100 K and reaches
saturation by ~10 K. Below, we describe the EMP dynamics measured at 7' < 10 K, where the
EMPs have reached magnetic saturation.

We note that the PL peak is quite asymmetric at low temperature. The entire PL band
displays a similar magnetic-field dependence n MCPL measurements (vide infra), strongly
arguing against attribution of this asymmetry to trap emission or other spurious effects. Instead,
we interpret this asymmetry as resulting from the slow time-dependent PL redshift after EMP
formation, as discussed below.

Figure 6.3 summarizes absorption, magnetic circular dichroism (MCD), and magnetic
circularly polarized luminescence (MCPL) data collected for the d ~ 4.5 nm Cdo.s7Mno.13Se QDs.

Generally, the giant excitonic Zeeman splittings of colloidal DMS QDs have been assessed by
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analysis of their MCD intensities.'® As described recently, the first-excitonic Zeeman splittings in
these diffusion-doped Cdi-~Mn:Se QDs can be observed directly in their magneto-absorption
spectra.*¢ The absorption and MCD spectra of Figure 6.3a show a clear Zeeman splitting of the
first excitonic absorption peak and a large derivative-shaped A-term MCD response when the
magnetic field is increased from 0 to 5 T at 1.8 K. The excitonic Zeeman splitting energies
(AEzeeman) quantified from these data are plotted in Figure 6.3b with fits to the Brillouin function
in eq 6.2, where (S;) describes the magnetization along the observation axis z. The (S;) term has
the same form as the (Sy) term from eq 6.1, but is defined as negative and with B = By because the
magnetization is induced by the external field (Bo). At 1.8 K and small By, this splitting is
characterized by gefr~—1180. At saturation (largest Bo and lowest 7)), AEZeeman = —78 meV, which
is similar in magnitude to 2 X Emp =288 meV from Figure 6.2c, as anticipated from Figure 6.1. For
the scaling constant in eqs 6.1 and 6.2, C1 = xefryNo(a — f), where xerris the effective Mn?*
concentration accounting for antiferromagnetic coupling in Mn?>" dimers and clusters, y represents
the overlap between the exciton and the ensemble of Mn?" ions (y = 1 in the uniform doping limit),
and No(a — p) represents the sp—d exchange energies. On the basis of this relationship, AEZzeeman 18
approximately half as large as would be expected from y = 1, the empirical dependence of xeffon
x,>! and the bulk sp—d mean-field exchange energies (No(a — B) = 1.5 eV>2-33). Because the bulk
value of No(a — fB) has been shown to be valid for QDs,* this this discrepancy is related to the
product xefryand could possibly reflect a small Mn?* concentration gradient within these diffusion-

doped Cdi1-xMn:Se QDs.

Zeeman Cl <SZ> (62)
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Figure 6.3. Temperature- and field-dependent absorption, MCD and M CPL.
(a) Variable-field absorption and MCD spectra of colloidal Cdo.s7Mno.13Se QDs (d
~4.5nm) at 1.8 K. As By increases along z, the Mn?* spin sublattice is magnetized
and the excitonic Zeeman splitting (AEZzeeman)increases n magnitude. This splitting
is visible directly in the absorption spectrum at high fields, and gives rise to the
large MCD intensities and the positive sign of the MCD leading-edge mtensity. (b)
Field and temperature dependence of AEZeeman, ftom analysis of the MCD and
magnetoabsorption data (77 = 1.8, 2.5, 5, 10, 20, 40 K). (¢) Variable-field left
circularly polarized (LCP) and right circularly polarized (RCP) photoluminescence
spectra (MCPL) of the same colloidal Cdo.s7Mno.13Se QDs measured at 2.1 K. (d)
Field and temperature dependence of the MCPL polarization ratio, Al/I (T=2.1, 5,
10, 20, 40 K). The dotted lines in (d) are guides to the eye.

The 2.1 K MCPL spectra presented in Figure 6.3¢c show the emergence of strong circular
polarization upon application of Bo, reaching a maximum of A/l ~ 0.75 at the highest fields.
Interestingly, these MCPL spectra do not show an energy shift with magnetic field comparable to
that observed by absorption spectroscopy in Figure 6.3a. Instead, a PL redshift of only ~3.5 meV
is observed upon increasing Bo from Oto 5T at 2.1 K and above (see Appendix E. ). This small
shift is attributed to the magnetic-field stabilization of excitons at very short times (¢ < zmp).
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Although the PL lifetime is much longer than zmpand the CW-PL spectrum is dominated by
emission from fully formed EMPs, a small portion of photons is emitted by excitons that
recombine before EMP formation is complete. The alignment of Mn?* spins by the external field
stabilizes these excitons at ¢ < zmp. A weak field dependence of the CW-PL energy was also

observed in self~assembled type-II DMS QDs, where the PL lifetime is also much longer than

Tmp.SO

Figure 6.3d plots the MCPL polarization ratio A/l vs Bo for a series of temperatures. Each
isotherm shows saturation magnetization, but the curvature is different from that measured by
MCD (Figure 6.3b). Specifically, for a given temperature, saturation is reached at slightly lower
magnetic fields in the MCPL experiment. Notably, the MCPL magnetic field dependence does not
reflect the giant excitonic Zeeman splittings of these QDs. With gefr~—1180, magnetic saturation

should be achieved at extremely small By at the lowest temperatures.

6.3.2 Time-Resolved Magneto-Luminescence

Figure 6.4 describes the time-resolved PL of these Cdo.s7Mno.13Se QDs. Figure 6.4a plots the Bo =
0 PL spectrum vs time over the first 0.8 ns following the excitation pulse. The solid line traces the
PL maximum in time. Starting at 2.14 eV, the PL shifts to 2.11 eV over the first ~600 ps following
the excitation pulse. This dynamical redshift is characteristic of EMP formation and reflects the
QD magnetization dynamics under the exchange field of the exciton.>> This redshift occurs
significantly faster than the PL decay, which is multiexponential but is fit well to a biexponential
with 71=4.2 ns and 2= 16.7 ns (see Appendix E. ). The PL continues to redshift at longer times
(see Appendix E. ), suggesting an additional very slow component to EMP equilibration. This very

slow component is the source of the previously discussed asymmetry in the CW-PL line shape.
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Similar biphasic energy shifts have been observed in other EMPs and their slow components

attributed to EMP reorientation after formation.33:5¢
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Figure 6.4. Time-resolved MCPL. (a) Streak-camera image of PL from
Cdo.s7Mno.13Se QDs (d ~ 4.5 nm) at 7= 6 K. The solid line traces the peak emission
energy, which redshifts due to EMP formation. (b) Spectrally integrated mtensities
of RCP and LCP emission as a function of time for the same QDs at 7= 10 K and
Bo =1 T along z. (¢) MCPL polarization ratio (Al/l) as a function of time for the
same QDs at 7= 10 K, Bo = 0—5 T. The black dashed lines are single-exponential
fits to the data. A/l increases with similar dynamics to EMP formation. (d) Field

dependence of the MCPL rise time (zvcpL, green circles; from the fits in panel c)
and rise amplitude (purple squares; defined as MCPL(0.8 ns) — MCPL(0 ns)).

Figure 6.4b shows the time evolution of the RCP and LCP emission intensities for the same
QDsat Bo=1 Tand 7= 10 K. Comparison with Figure 6.4a shows that the LCP intensity increases
and the RCP intensity decreases as the EMP forms. From these data, TR-MCPL polarization ratios

(AZ/I) can be obtained. Figure 6.4c plots TR-MCPL data over the same 0.8 ns window for several

field strengths. At Bo =0 T, there is no net circular polarization of the luminescence. With By > 0
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along z, the circular polarization emerges (Figure 6.3c,d). Fitting each TR-MCPL curve of Figure
6.4c to a single exponential yields arise time (zmcpL, related to the process of EMP formation and
orientation) and a relaxation amplitude for each value of Bo. Figure 6.4d plots these fitted values
vs Bo. mmcpL decreases smoothly with increasing Bo, but the relaxation amplitude first increases
with increasing Bo up to ~0.75 T and then decreases again at higher fields. These data reflect the
dual role of the applied field: At low fields, the small Mn?>" magnetization before photoexcitation
biases EMP formation toward the observation axis. At larger fields, more of the Mn?" spins are
aligned prior to photoexcitation and fewer Mn?>* spins remain to be aligned by the exciton. The
small redshift n the CW-PL energy with increasing Bo (see Appendix E. ) is also consistent with
this nterpretation. Overall, the data in Figure 6.4 provide unambiguous confirmation that the
magnitudes and dynamics of the Stokes shifts in these Cdo.s7Mno.13Se QDs shown in Figure 6.2
and Figure 6.4a are indeed magnetic in origin, i.e., reflect EMP formation.

Figure 6.5 replots the data from Figure 6.4c as the MCPL polarization ratio vs magnetic
field, focusing oninitial (¢ =0) and relaxed (#= 0.8 ns) TR-MCPL polarization ratios. Both AZ/I(0)
and AZ/[(0.8 ns) increase with increasing magnetic field, but to different extents. Specifically,
AI/I(0.8 ns) approaches saturation more quickly than AZ/(0). For comparison, Figure 6.5 also plots
the relevant MCD and MCPL data measured under approximately the same conditions, taken from
Figure 6.3. The A//[(0) TR-MCPL data are similar to the saturation magnetization observed by
MCD, and the A//I(0.8 ns) TR-MCPL data are superimposable upon the CW-MCPL data. This
comparison illustrates that the TR-MCPL measurement traces the evolution of the EMP from its
initial state, which is dictated by the magnetization of the Mn?>" spins by Bo, to its final state, which

is dominated by the exchange field, Befr. The small difference between the AZ/[(0) TR-MCPL and
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MCD data in Figure 6.5 is consistent with some degree of EMP relaxation within the TR-MCPL

mstrument response time (26 ps).

0.8+ 10K > 50
-40 b
£06 A
2 L 303
I E]
004 —
% o AEZeeman (MCD) F-20 %
0.2 O Cw MCPL ~
’ =-4= { =0 MCPL --10
-4- t=0.8ns MCPL
0. T T T T 0
1 2 3 4 5

Field (T)

Figure 6.5. Comparison of CW and time-dependent magnetization. Field
dependence of AEZzeeman from MCD (Figure 6.3b), CW-MCPL ratio (Figure 6.3d,
scaled by 1.2 due to differences in the sample film quality and experimental
alignment), MCPL ratio at # = 0, and MCPL ratio at # = 0.8 ns (Figure 6.4c), all
measured at 7= 10 K. The field dependence of the MCPL ratio at =0, before EMP
formation, resembles the field dependence of AEZeeman from MCD. The field
dependence of the MCPL ratio at ¢ = 0.8 ns, after EMP formation, resembles the
field dependence of the CW-MCPL. The change in the TR-MCPL ratio from #=0
to ¢ = 0.8 ns reflects the change in Mn?>* magnetization during EMP formation.

6.3.3 Magnetic Fluctuations and the CW-MCPL

Whereas the absorption and MCD experiments probe the mitially prepared excitonic state, the
CW-MCPL measurement primarily probes the same excited state after the EMP magnetic
relaxation illustrated in Figure 6.1. The absorption spectrum (Figure 6.3a) shows stabilization of
the first excited state upon application of a magnetic field, but the PL peak energy does not redshift
significantly with magnetic field (see Appendix E. ), indicating that emission comes from an
excited state that is already fully magnetized at Bo =0 and T = 2 K, i.e., the saturated EMP. The
magnetic field does increase Al/l, however, from which it follows that the primary effect of Bo is
to align EMP magnetization along the experimental viewing axis. This observation holds the key

to understanding the slow approach to saturation with increasing Bo measured by CW-MCPL
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(Figure 6.3d), which implicates internal forces that cause EMP misalignment and impede EMP
reorientation by Bo during the PL lifetime.

To clarify these points, Figure 6.6 replots the data from Figure 6.3d as AZ/I vs 1/T for each
external field, Bo. Inthis representation, these data closely resemble the EMP stabilization energies
(Emp) plotted in Figure 6.2c. Both measurements show similar saturation at 1/7 > ~0.1 K-,
attributable to complete Mn?" magnetization under the exciton’s exchange field, Betr. Figure 6.6
further illustrates that this saturation occurs at the same temperature for each applied field, but
with different values of A//l. This result ndicates that Bo affects only the net alignment of these

EMPs and not their thermal stability. The latter is dominated by Beft.
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Figure 6.6. Saturation of the MCPL polarization ratio at low temperatures.
Temperature dependence of the MCPL polarization ratio at Bo = 0.25, 0.5, 1, and 5
T along z, taken from Figure 6.3d. At all fields, the MCPL ratio saturates in the
same temperature range as the EMP energy in Figure 6.2c. The insets illustrate the
effect of Bo on EMP orientation. In a weak external field, the Mn?* spins show small
net alignment along the field axis, but the average EMP is oriented along an off-
axis direction, resulting in small MCPL ratios. In a strong external field, the Mn?>*
spins are closer to alignment prior to photoexcitation. The resulting EMPs are then
oriented along the field axis, leading to large MCPL ratios.
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Figure 6.7 compares the experimental MCPL mtensities from Figure 6.3d with predicted
MCPL mtensities from two models. The first model, based simply on Boltzmann distributions
within the giant Zeeman splittings measured by MCD (Figure 6.3b), predicts that the CW-MCPL
ntensity should saturate at much smaller magnetic fields than observed (Figure 6.7b), even with
no additional magnetization due to Befr. For example, at 10 K the CW-MCPL should saturate by
~0.5 T, but experimentally it reaches only ~1/2 of its saturation value at this field. Such rapid
saturation is indeed observed in self-assembled Cdi—~Mn:Se QDs that do not display EMPs.>” This
comparison highlights the weak Bo dependence of the experimental MCPL mtensities observed
here. An unexpectedly weak magnetic-field dependence of EMP MCPL has also been observed in
Cdi—xMn,Te epitaxial layers and QWs,3%-58 where it was interpreted in terms of Mn?" magnetization
fluctuations. EMPs are believed to form along the direction of the net Mn?" magnetic moment at
the instant of photoexcitation, a direction determmned by the combination of Bo and random thermal
magnetic fluctuations within the ensemble of Mn?" ions in the QD. Once formed, these EMPs are
not reoriented by Bo on the PL time scale. A similar interpretation appears to apply here. We note
that the PL lifetime in these epitaxial Cdi-MnTe QWs is only ~350 ps at 1.6 K, but in our

Cdo.s7Mno.13Se QDs, it is ~10 ns at 10 K (see Appendix E. ).
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Figure 6.7. Comparison of experimental and simulated MCPL temperature
and field dependence. Experimental and calculated MCPL polarization ratios in
the low-field regime at 7=2.1, 5, 10, 20, and 40 K. The arrows indicate increasing
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temperature. (a) Experimental MCPL polarization ratios (from Figure 6.3d). (b)
Calculated MCPL polarization ratios based on Boltzmann populations of the
experimental excitonic Zeeman splittings. This model overestimates the
polarization ratio at all temperatures and predicts saturation at much lower fields
than observed experimentally. (c¢) Calculated MCPL polarization ratios based on
the fluctuation model of ref. 56. This model predicts the observed MCPL field and
temperature dependence at high temperatures reasonably well, but deviates from
the data at low temperatures (<10 K) and high magnetic fields, where EMP
saturation is observed experimentally.

To test this iterpretation, the immpact of magnetic fluctuations on the MCPL field
dependence can be modeled as detailed in ref. 56. The average Mn?>" magnetization M induced by
Bo is expressed in terms of the S = 5/2 Brillouin function, as in eqs 6.1 and 6.2, with B = By and
with a different scaling constant (eq 6.3, C2 = xeftNoVgmnus, where No is the cation density and V/

is the QD volume).

M:C2<Sz> (6.3)

The fluctuation-dissipation theorem enables the variance of the Mn?* magnetization

fluctuations ({M?)) to be expressed in terms of M (eq 6.4).38-36

< M2> _ w7 M
dB, (6.4)
Equation 6.5 represents a Gaussian distribution of Mn?* magnetic moments.>>-3%-38 Here,

Mx, My, and M, are the directional components of the magnetization. The distribution is centered

at Mx = My =0 and M, = M(Bo).

1 M +M; +(M, -M(B,))
/2 CXp| — 2
2(m?)

)

For an EMP oriented at an angle ¢ with respect to z, the intensities of LCP and RCP

@(Mx’My’MZ’BO):
(6.5)

emission are given by eqs 6.6a and 6.6b, where IL(@)+ IrR(@) = I(#). The relative intensities of LCP

and RCP emission should also depend on the Boltzmann populations of the EMP Zeeman
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sublevels, but this contribution to the MCPL polarization ratio is not significant because Emp > kT

under our conditions.

1,(#)=(1+cos(g))’ (6.63)

1,(#)=(1—cos(g) (6.6b)
With these intensities and the distribution of EMP alignments given by eq 6.5, the MCPL

polarization ratio can be calculated using eq 6.7.

Al B J.J]‘ dedMysz[IL(¢)_IR(¢)]¢(MX’M)/’MZ’BO)
1 ([ dm v [1,(p)+ 1 (@l M B,)

(6.7)

Figure 6.7c shows Al/l values calculated using this model for different temperatures and
Bo within the linear (low-field) region of dM/dBo. The calculated AZ/I values agree reasonably well
with the experimental data at the three highest temperatures (40, 20, 10 K). Both appear
approximately linearly dependent on Bo and both increase by similar amounts with decreasing
temperature. These trends are understood as follows: Decreasing the temperature increases the
mitial magnetization for a given Bo, simultaneously decreasing the magnetic fluctuations. These
changes lead to anarrower distribution of EMP orientations around the z axis and consequently an
mncreased Al/L

Although it represents a significant improvement over the predicted MCPL in Figure 6.7b,
the fluctuation model fails to reproduce the data at T < ~10 K. Specifically, the model presented
above predicts A/l to continue increasing with decreasing temperature, but the data show
saturation at T < ~10 K. The model also fails when saturation is approached using large Bo. We
note that this model does not account for the effect of anisotropy on EMP orientation, as discussed

below. Thermally activated EMP reorientation has been reported previously for acceptor-bound
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magnetic polarons in bulk Cdo.osMno.0sSe,>® and the presence of an energy barrier to reorientation
could contribute to the observed temperature dependence. It is also probable that some EMP
reorientation by Bo occurs even during EMP formation, as well as on time scales exceeding 7mp.
Nonetheless, the fluctuation model as applied here successfully explains the origin of the weak
MCPL field dependence observed experimentally by accounting for spontanecous off-axis
alignment of EMPs. Further theoretical work is required to describe the full temperature- and field-

dependent behavior displayed by these colloidal EMPs within this model.

6.3.4 Time-Resolved Faraday Rotation

In addition to PL, picosecond spin dynamics in these QDs were probed by TRFR spectroscopy.
Figure 6.8a plots low-temperature TRFR traces for CdSe QDs and two Cdi—xMn:Se QD samples
(x =10.005 and 0.13) collected in a transverse field of By = 0.84 T. Figure 6.8b plots the Fourier
transforms of these three traces with the x axis represented as g = hwr/usBi, where wt is the
frequency at which the spins precess around the transverse field (Larmor frequency). The undoped
CdSe QDs display two precession frequencies characterized by g1 =1.3 and g2 = 1.7, very similar
to data published for undoped CdSe QDs elsewhere.®%-%! In contrast, both sets of Cdi—xMncSe QDs
display only a single precession frequency characterized by g = 2.0. These traces are similar to
those reported for selffassembled Cdi--Mn.Se/Zni--MnSe QDs'¢ and for MnSe quantum wells
within CdSe films,®? in which rapid spin transfer from the host semiconductor to Mn?* within the
first few picoseconds is followed by long-lived coherent Mn?>* spin precession. The g =2.0 signals
in our Cdi—xMn,Se QDs are thus also attributed to Mn?* spin precession.%? Only in large, extremely
lightly doped Cdi—Mn:Se (x < 0.005) do we observe rapid precession of the exchange-coupled
exciton, which shows an apparent g value of ~35 (see Appendix E. ). Even in this limit of low

doping, spin transfer to Mn®>" is complete within ~5 ps. Spin transfer to Mn?" is thus extremely
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rapid in the Cdi—Mn.Se QDs that show EMPs. Analysis of the g = 2.0 oscillation decay in Figure
6.8a yields ensemble spin-dephasing times of 72* ~ 250 and 370 ps for x = 0.005 and 0.13,

respectively,®® comparable to those observed in self-assembled Cdi-+Mn.Se/Zni—Mn.Se QDs (7>*

~ 500 ps).'6
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Figure 6.8. TRFR for varying Mn?* concentrations and pump/probe energies.
(a) Time-resolved Faraday rotation traces for d ~ 3.6 nm CdSe QDs (7T =5 K,
Epump/probe = 2.222 eV), d ~ 3.8 nm Cdo.99sMno.00sSe QDs (7 = 10 K, Epump/probe =
2.216 eV), and d ~ 4.5 nm Cdo.87Mno.13Se QDs (T = 8 K, Epump/probe = 2.114 V),
measured at By = 0.84 T. (b) Fourier transforms of the TRFR traces in panel a,
plotted on an x axis represented by g = hwr/usBir. (¢) Time-resolved Faraday
rotation traces for the Cdo.s7Mno.13Se QDs, measured at 7= 8 K and By = 0.84 T
with different pump/probe energies. (d) Absorption spectrum of the Cdo.s7Mno.135e
QDs at 7= 10 K with the pump/probe energies from panel c indicated.

Figure 6.8c plots TRFR traces for the same colloidal EMP QDs measured at three different
pump/probe energies, illustrated in Figure 6.8d relative to the absorption maximum. The two traces

with pump/probe energies closest to the excitonic maximum, 2.210 and 2.173 eV, mitially display
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the same phase as that measured at 2.155 eV, but their oscillation amplitudes decrease and
subsequently return with the opposite phase within the first ~250 ps, after which they are stable.
Such phase mversion is not observed in the Cdo.99sMno.c0sSe QDs at any pump/probe energy. In
contrast with the undoped CdSe QDs, this TRFR anomaly in the Cdo.s7Mno.13Se QDs is not
explainable i terms of a superposition of two precession frequencies. Instead, Fourier transforms
of these TRFR data show only very broad peaks (see Appendix E. ). To our knowledge, this kind
of dynamical TRFR phase inversion has not been reported previously.

To understand the origin of this anomalous energy-dependent phase inversion, we consider
first the origin of the Faraday rotation signal and its dependence on the photon energy near an
electronic transition. Faraday rotation occurs when plane-polarized light passes through a
magnetized medium. Magnetization along the propagation direction and occupancy of spin-
polarized excited states cause the refractive index of the medium to be different for RCP and LCP
light, shifting the relative phases of the RCP and LCP components of linearly polarized light and
thus rotating the plane of polarization. The rotation angle () is described by eq 6.8, in which E is
the photon energy, c is the speed of light, 7 is the reduced Planck constant, nr and nr are the RCP

and LCP refractive indices in the medium, and L is the optical path length through the sample.%*

E
(nR —n )L

Q="
2hc (6.8)

The energy dependence of the Faraday rotation phase comes from FE(nr — nr). The
difference between nr and nL is caused by magnetization along the optical propagation direction
(z). In the traditional Faraday rotation measurement, a static magnetic field is applied along z
(Faraday geometry). In the TRFR experiment performed here,®* a static transverse magnetic field
is applied. Spins that precess coherently around the transverse field constitute an oscillating
magnetization in the z direction. The TRFR phase is thus related to the CW Faraday rotation sign.®*
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During EMP formation, the electronic transition with energy FEo splits into two transitions
with energies Eo=+ Emp. Inthe TRFR experiment, the combination of a transverse applied field and
circularly polarized excitation causes the Mn’>" spins to align offaxis with respect to the
observation direction, and these two transitions are coupled to different elliptical polarizations of
light. In contrast, the MCD experiment (e.g., Figure 6.3) involves magnetization solely along the
z axis, which results in selection rules coupling the transitions to circularly polarized light.
Nonetheless, coupling to elliptically polarized light still provides a difference in refractive index
for RCP and LCP light that can be measured by the Faraday rotation experiment. The ellipticity,
which depends on the angle of magnetization, thus affects the magnitude of the Faraday rotation
signal but not its energy or time dependence.

Figure 6.9 illustrates the proposed origin of the dynamical TRFR phase mversion
schematically. For reference, Figure 6.9a plots the Cdo.s7Mno.13Se QD absorption spectrum
measured at 0 T from Figure 6.2a. Figure 6.9b(top) illustrates schematically the absorption at the
first exciton at # = 0 under the experimental TRFR conditions, for simplicity simulated using
Lorentzians for the two Zeeman components. Even at the small transverse fields used here, the
Mn?* magnetization is sufficient to cause an excitonic Zeeman splitting of [AEZeeman|~ 10 meV at
10 K. Photoexcitation of a given QD by the pump pulse bleaches the absorption of its lowest-
energy Zeeman component completely because of occupancy of this state (dashed line).
Consequently, the TRFR response detected by the probe pulse (which only probes QDs that have
been excited by the pump pulse) is determined solely by the upper Zeeman branch. Photoexcitation
with circularly polarized light also introduces a small net magnetization component along the z
axis, but the total magnetization remains primarily orthogonal to z. The resulting off-axis QD

magnetization means that absorption by this upper branch is elliptically polarized, and the RCP
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and LCP absorption components that make up the elliptical absorption by this branch are also
illustrated in Figure 6.9b(middle), with arbitrary ellipticity. Finally, Figure 6.9b(bottom) plots the
corresponding ¢ = 0 Faraday rotation response, E(nr — nL), anticipated from this absorption
spectrum. This shape of this signal closely resembles that which is expected in the limit of
magnetization only along z, as n the MCD experiment, because the Faraday rotation is only

sensitive to the z component of the magnetization.
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Figure 6.9. Simulated pump/probe energy dependence of the TRFR phase. (a)
Experimental absorption spectrum of Cdo.s7Mno.13Se QDs at 10 K. (b) Simulated
absorption spectra showing the two transitions, RCP and LCP absorption spectra,
and Faraday rotation, E(nr — nL), spectra for an excitonic transition near ¢= 0, with
|AEZeeman| = 10 meV due to the magnetization from Bi. The dotted vertical line
indicates the average energy (Eo) of the electronic transition. The solid black line is
the absorption spectrum of the upper Zeeman component, while the dashed gray
lme represents the lower Zeeman component, which is bleached. The arrow
indicates a probe energy where phase inversion during EMP formation would be
observed. (¢) Experimental RCP and LCP absorption spectra of Cdo.s7Mno.13Se
QDs measured at 3 K and Bo = 3 T, near magnetic saturation conditions where
|AEZeeman|~ 75 meV. (d) Simulated absorption spectra showing the two transitions,
RCP and LCP absorption spectra, and Faraday rotation, E(nr — nr), spectra for the
same excitonic transition with |AEZeeman| =2 Emp = 80 meV.
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A few hundred picoseconds after photoexcitation (¢ > 7mp), the EMP has formed and the
QD is fully magnetized. At this point, |AEZeeman|= 2Emp~ 80 meV. Forreference, Figure 6.9c plots
RCP and LCP absorption spectra of the Cdo.s7Mno.13Se QDs measured at 7=3 K and Bo=3 T
(JAEZeeman| ~ 75 meV), obtained by deconvolution of the data in Figure 6.3a as detailed in ref. 46.
In the TRFR experiment, the first excitonic transition splits with a similar magnitude, although the
two transitions are instead coupled to elliptically polarized light due to the off-axis magnetization.
Paralleling Figure 6.9b, Figure 6.9d plots simulated excited-state energies, RCP and LCP
absorption spectra, and Faraday rotation response anticipated after EMP formation. Absorption by
the lower excitonic Zeeman branch (dashed) is still bleached because EMP formation is much
faster than excited-state decay in these QDs, and transitions to the upper branch are again
elliptically polarized. Importantly, EMP formation causes the upper Zeeman component to shift to
higher energies, leading the Faraday rotation to change sign at some energies near Eo. The arrows
in Figure 6.9b,d illustrate one such energy at which the Faraday rotation sign is inverted after EMP
formation relative to ¢ =0.

Clearly, the Faraday rotation response must evolve contmnuously as the EMP forms,
resulting in a dynamical phase inversion on the ps time scale precisely as observed experimentally
(Figure 6.8). The mversion dynamics depend on the exact probe energy. For example, the 2.173
eV TRFR phase mverts at shorter times (~100 ps) than the 2.210 eV TRFR phase (~200 ps),
presumably because the former is closer to the sign crossover energy. Inversion at2.173 eV also
occurs over a shorter time window (two oscillations vs several) because of the greater rate of EMP
energy change at shorter times after the excitation pulse. Although contributions from overlapping
absorption features lead to a complicated relationship between the precise energies and TRFR

phase nversion dynamics, the schematic in Figure 6.9 captures the essence of the effect. The
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observation of a dynamical TRFR phase mversion during EMP formation is an important
verification of spin precession associated with the EMPs themselves. Once formed, the EMPs

precess at the Mn?* Larmor frequency with long coherence times under the influence of Bi.

6.4 Discussion

6.4.1 Anisotropy and EMP Orientation

Figure 6.1 represents EMP formation for only one single magnetization coordinate, ¢. In
spherically symmetric QDs, this diagram must be expanded to include all possible magnetization
coordinates in three-dimensional space, where it would appear as a conical intersection with
cylindrical symmetry. At By = 0, EMPs typically form rapidly along the direction of net Mn*"
magnetic moment at the instant of photoexcitation (or of carrier localization in extended DMSs),
determined by random thermal magnetization fluctuations. Bo can align the EMPs, but saturation
of the MCPL A/l/l occurs at much larger Bo than expected based on Boltzmann population
distributions within the excitonic spin states and the giant excitonic Zeeman splittings measured
by MCD spectroscopy. The anomalously small values of A/, particularly at low fields, are
explained by invoking off-axis EMP formation induced by thermal magnetization fluctuations and
slow (relative to PL) EMP reorientation by the external field.>®->® Even in the isotropic (spherical)
limit, EMP reorientation by By is expected to be slower than zmp by a factor of (Emp/2kT)"?.56
The discrepancy between the experimental data and the fluctuation model predictions at
low temperatures (Figure 6.7¢) indicates that EMP orientation is not entirely dictated by Mn**
magnetization at the time of photoexcitation. The difference is attributed to exciton anisotropies,
which are not represented in the fluctuation model. Hole effective-mass anisotropies are evident

from the anisotropic EMP stabilization energies in 2D DMS quantum wells®> and BMP
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stabilization energies in bulk hexagonal Cdi—~Mn:Se,”® and they are lkely exacerbated by
additional shape anisotropies in strongly confined nanocrystals.®¢-67 Such anisotropy gives the
exciton a preferred orientation that contributes to the EMP energy gradient dE/d(Ss), thus
introducing an additional force that directs EMP orientation.®® Spin-diffusion bottlenecks®® and
phase transitions to spin-glass states’? have also been discussed in relation to similar anomalous
temperature dependence of the MCPL polarization ratio in epitaxial EMPs.

Figure 6.10a depicts upper and lower excitonic Zeeman surfaces for the simplest deviation
from the isotropic limit, namely an axially anisotropic EMP, illustrating the appearance of an
energy barrier to magnetization rotation. More complex warping of this energy landscape can be
anticipated in the colloidal DMS QDs examined here, arising from their wurtzite lattice structures,
local surface dipoles, or low-symmetry shapes and faceting. In the ensemble, these colloidal DMS

QDs show a powder distribution of their individual anisotropies.
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Figure 6.10. Multidimensional magnetic coordinate diagram. (a)
Multidimensional magnetic-coordinate diagram describing the excitonic Zeeman
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splitting of a low-symmetry (axial) Cdi-xMn.Se QD. The potential energy surface
is warped by anisotropic effects, which mntroduce barriers to EMP rotation in an
external magnetic field. Concentric contour lines represent increments of (Sy) = 1/2.
(b) Illustration of the effect of increasing Bo (left to right) on EMP formation on the
lower Zeeman potential energy surface. The black circles indicate the initial Mn?*
magnetization (M(Bo)), the thin arrows indicate various EMP formation
trajectories, and the thick arrows indicate the net EMP projection onto the
laboratory z axis, which parallels Bo.

Figure 6.10b summarizes the effect of Bo on EMP evolution in a QD with axial anisotropy
oriented randomly relative to the laboratory zaxis. Fora fully formed EMP, (S¢)=5/2 in all cases,
but (S;) varies due to the distrbution of EMP directions ¢ relative to the observation axis z. When
Bo =0, (S;) =0 at t = 0, and random magnetic fluctuations ensure that EMPs form in random
directions in the ensemble of QDs. This scenario yields no net EMP alignment along the
experimental z axis, as required by the simultaneous observation of magnetic saturation (Figure
6.2c) and A/l = 0 (Figure 6.3d). When Bo # 0, a nonzero (S:) at ¢ = 0 displaces the mitial
photoexcitation away from the center of the potential energy surface, yielding ensemble EMP
formation with a net projection along z, and hence A//l # 0 (Figure 6.3d). Magnetic fluctuations
still cause EMPs to form misaligned with z. These off-axis EMPs emit light that is elliptically
polarized along z, making AZ/I <1.0. The small values of A//I at ntermediate fields thus indicate
that EMP reorientation occurs on a longer time scale than emission, so that off-axis EMPs are
effectively “stuck” in misalignment. Bo prealigns the Mn?>* spins before photoexcitation,
accelerating EMP formation and increasing A//I, with only a small decrease n the CW-PL energy.
At large Bo and low temperature, (S:) =—5/2 prior to photoexcitation, and the ensemble of EMPs
reaches its maximal alignment along z with its minimal formation time (Figure 6.4d). In this limit,
some EMPs are still not fully aligned with Bo, leading to (Al/l)max ~ 0.8 instead of 1.0. The

dependence of Al/I on By in Figure 6.3d thus arises primarily from orientation of the mnitial EMP
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formation along the observation axis, z, not from subsequent reorientation of the EMPs after
formation. Overall, we conclude that EMP orientation in these colloidal DMS QDs is influenced
by (i) Bo, (i) magnetic fluctuations, and (iii)) an mtrinsic factor most likely stemming from

anisotropy.

6.4.2 Dynamical TRFR Phase Inversion

In addition to EMP orientation by Bo, the observation of TRFR signals from the same
Cdo.s7Mno.13Se QDs indicates that these EMPs can be at least partially oriented by resonant
circularly polarized excitation, because optical magnetization along the observation axis is
required for detection of a TRFR signal. The high Mn?* concentrations and exciton confinement
result in rapid spin transfer to Mn?*. A particularly striking observation is the dynamical phase
mversion in the TRFR responses of these QDs, which is associated with the spontaneous shifting
of the excitonic absorption during EMP formation. This inversion indicates that exciton and Mn?*
spins in the EMP are precessing together with g = 2. Instead of precessing with |geft| ~ 1180, the
exciton spin remains aligned with the Mn?* spins as they precess more slowly, because the two are

very strongly coupled to one another and the Mn?* precession is rate-limiting.

6.5 Summary

Strong excitonic magnetic polarons are observed i colloidal Cdi—MnSe QDs prepared by
nanocrystal diffusion doping. The picosecond formation and precession dynamics of EMPs in
colloidal Cdo.s7Mno.13Se QDs have been measured using a combination of TR-PL, TR-MCPL, and
TRFR spectroscopies. The results have been analyzed in conjunction with the corresponding CW -
absorption, CW-MCD, and CW-MCPL data. The analysis shows that EMPs form on the

picosecond time scale following photoexcitation, with magnetization along directions determined

171



primarily by random Mn?>" magnetization fluctuations prior to photoexcitation. These fluctuations
can be mostly suppressed by an external magnetic field, which then yields EMPs that are
predominantly oriented along our laboratory viewing axis. The external magnetic field is not
effective at reorienting the EMPs once they have formed in other directions, however, implicating
rotational barriers in the EMP potential energy surface. TRFR measurements reveal very rapid (<5
ps) spin transfer from excitons to Mn®" ions, followed by long-lived Mn?" spin precession. A
dynamical TRFR phase inversion is observed when excitonic absorption shifts relative to the
pump/probe energy during EMP formation, confirming the origin of these TRFR signals i the
EMPs themselves. The observation of TRFR signals from EMPs indicates both partial optical EMP
orientation by resonant circularly polarized photoexcitation as well as coherent EMP precession
in the transverse magnetic field. Overall, these observations highlight the extraordinary physical
properties embodied by colloidal diffusion-doped Cdi-xMn:Se QDs. These results enhance the
fundamental understanding of EMP formation and spin manipulation i colloidal DMS
nanostructures and could further the development of spintronic devices and technologies based on

these unique materials.

6.6 Methods

6.6.1 Synthesis and Characterization

Colloidal wurtzite Cdi-~Mn.Se quantum dots were prepared by nanocrystal diffusion doping.?>
Briefly, in a typical synthesis, CdSe nanocrystals (~0.13 mmol in terms of CdSe units) were dried
and added to 0.17 g (2.2 mmol) of selenium powder, 1 mL of 1-octadecene (ODE), and 1 mL of
tributylphosphine i a septum-capped 5 mL round-bottom flask i a nitrogen-atmosphere
glovebox. Separately, 12 g of ODE, 0.5 g of stearic acid, and 1.0 g of hexadecylamine were added

to a 100 mL three-neck round-bottom flask. Following heating of the latter solution for 60 min at
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100 °C under vacuum, 0.03 g (0.10 mmol) of Mn(OAc)2-4H2O 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 mjected rapidly.
This reaction mixture was held at 300 °C for 4-24 h. 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. In select samples, a < 1 monolayer ZnSe shell was added using literature methods.”!
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; PerkinElmer). 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 NanoTech User Facility.

6.6.2 Physical Measurements

All variable-temperature experiments were performed on fims of NCs in poly(lauryl
methacrylate-co-ethylene glycol dimethacrylate) prepared according to literature methods’? and
sandwiched between c-plane sapphire plates (for TRFR) or quartz disks (all other measurements).

Temperature-dependent  absorption spectra were collected wusmg a Cary 500
spectrophotometer (Varian) and closed-cycle helum cryostat. For CW-PL experiments, the
nanocrystals were excited by a 405 nm laser diode. Photoluminescence data were collected using
a 0.5 m monochromator (150 g/mm grating blazed at 500 nm) and a liquid-nitrogen-cooled CCD.
For time-resolved PL experiments, the nanocrystals were excited by the frequency-doubled output
of a mode-locked Tisapphire laser (400 nm, ~150 f§ pulse width). The 76 MHz output of the

Tisapphire laser was reduced to 10 kHz using a pulse picker. Photoluminescence was collected
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using a streak camera (instrument response ~26 ps) mounted on a 0.5 m monochromator (50 g/mm
grating blazed at 600 nm).

For MCD and MCPL measurements, samples were mounted in a superconducting
magneto-optical cryostat with a variable-temperature sample compartment (Cryo-Industries SMC-
1659 OVT or Oxford SM-2) oriented in the Faraday geometry. Before measurement, samples were
checked for depolarization using the circular dichroism signal of a chiral molecule placed before
and after the sample. All samples reported here showed depolarization of less than 10% at liquid
helum temperatures. MCD and magneto-absorption spectra were collected using an Aviv 40DS
spectropolarimeter. MCD intensities are reported as differential absorbance: A4 = AL — Ar, where
AL and Ar refer to the absorption of LCP and RCP photons according to the sign convention
outlined in Piepho and Schatz.”? Excitonic Zeeman splittings (AEZeeman) were calculated from these
data following literature methods.!%-46

For all MCPL experiments, photoluminescence was collected along the magnetic-field axis
and passed through a liquid-crystal variable retardation plate set to A/4 at the emission maximum
and subsequently a linear polarizer to separate left (LCP) and right (RCP) circularly polarized
components. For CW-MCPLexperiments, the excitation and collection were the same as described
above for zero-field CW-PL, except that PL was collected through a multimode fiber coupled to
the monochromator. For time-resolved MCPL experiments, the excitation and collection were
otherwise the same as described above for zero-field TR-PL. MCPL polarization ratios are
reported as Al/l =(IL — Ir)/(IL + Ir), where /L and Ir refer to the intensity of LCP and RCP emission
according to the sign convention outlined in Piepho and Schatz.”3

For time-resolved Faraday rotation (TRFR) spectroscopy, the pump and probe pulses were

generated from the same Tisapphire laser (76 MHz, ~150 fs pulse width) and the excitation energy
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was tuned using an optical parametric oscillator with intracavity second-harmonic generation. The
pump and probe beams were separated with a beam splitter and the probe was delayed with a
mechanical translation stage. The pump polarization was modulated between LCP and RCP by a
PEM operating at 50 kHz. Both spot sizes were ~100 um and the average pump and probe powers
were always < 30 mW. The polarization of the probe beam after passing through the sample was
measured using a Wollaston prism and matched silicon photodiode bridge. The sample was
mounted i an optical cryostat and a transverse magnetic field of 0.84 T was applied using

permanent magnets.
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Appendix A. Supporting Information for Chapter 2

Table A.1. Convergence of optimization calculations.Calculated forces and
displacements for the ground-state geometry optimization of the Cu™:Cd33Sess
structure, using the default threshold set by Gaussian and a higher threshold

(keyword opt=tight).

Default threshold Higher threshold (opt=tight)
Value (est. Value Value (est. Value
Threshold  2nd deriv.)  (calc. 2nd  Threshold  2nd deriv.)  (calc. 2nd
deriv.) deriv.)

Max. force 0.000450  0.000073 0.000212  0.000015 0.000009  0.000212
RMS force 0.000300  0.000008 0.000033 0.000010  0.000001 0.000035

displl\af[gé(r.nent 0.001800 0.001453 0.049797 0.000060 0.000021 0.049841
disp%?nent 0.001200 0.000165 0.006584  0.000040 0.000003 0.006552

The optimization calculation uses estimated second derivatives and indicates that the structure has
converged, but calculating the second derivative indicates that a true stationary point has not been
reached. Changing the thresholds used in the optimization calculation appears to improve the
obtained values, but the geometry does not change significantly and the second derivative
calculation shows that a stationary point still has not been reached. Because changing the
optimization thresholds does not significantly change the resulting energy or geometry, and
because the forces are small in all cases, we conclude that the potential energy surface is very flat
mn this region and the calculated energy and geometry are very close to the true minimum. These
results could potentially be improved by calculating the second derivatives at every step of the
optimization (using keyword opt=CalcFC in Gaussian), but this approach is too computationally
expensive to be practical, especially for the larger NC structures and the excited-state optimization
calculations. Therefore, the results reported here are for structures that are converged according to

the default threshold with estimated second derivatives.
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Figure A.1. Binned density-of-states plots. Calculated densities of states (DOS)
for (a) Cds34Sess, (b) Cu?":Cds3Sess, and (¢) Cu':Cd33Sess NCs. The total DOS is
shown in solid gray, while the partial DOS is shown as red lines for Cd (44, 5s, 5p),
blue lines for Se (4s, 4p), and green lnes for Cu (3d, 4s, 4p). The Cu(3d) character
in the doped NCs is further highlighted in solid green. For the Cu?*-doped NC,
which has an open-shell configuration, the o and f DOS are represented by positive
and negative values, respectively. These densities of states provide an alternative
representation of the molecular-orbital energies shown in Figure 2.1.
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Table A.2. Compositions of selected mid-gap molecular orbitals. Calculated
atomic orbital contributions (as percentages) to selected copper-based molecular
orbitals in Cu?":Cd33Se34, Cu":Cds3Ses4, and Cu":Cd76Se77 NCs.

Cu?":Cd33Sess Cu":Cds3zSess Cu":Cd76Sers

Atomic orbital LUMO HOMO HOMO
Cu(3d) 384 50.2 45.6
Cu(4s) 0.0 0.0 0.0
Cu(4p) 3.4 2.7 2.8
Cd(4d) 0.9 0.9 1.0
Cd(5s) 2.9 2.1 2.1
Cd(5p) 43 42 43
Se(4s) 1.1 0.9 0.9
Se(dp) 47.6 38.4 42.8
H(1s) 1.6 0.8 0.4

Total Cu 41.8 52.8 484
Total Cd 8.1 7.2 7.5
Total Se 48.6 39.2 43.7

All of these molecular orbitals have primarily Cu(3d) and Se(4p) character. The LUMO of the
Cw?*-doped NC is similar to the HOMO of the Cu*-doped NC (as shown in Figure 2.1 and
discussed in Chapter 2). The Se(4p) contribution to the HOMO of the Cu*-doped NCs increases

with increasing NC size, consistent with the trend in binding energy discussed in Chapter 2.
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Figure A.2. Comparison of ground- and excited-state bond lengths. Calculated
bond lengths for all Cu—Se and Cd—Se bonds in the ground state of an undoped
Cd77Se77 NC (black circles) and the ground state (red squares) and the lowest-
energy 'MLcBCT excited state (green triangles) of a Cu™:Cd76Se77 NC.

In the undoped NC and the ground state of the Cu™-doped NC, the symmetry around the first cation
site (the site occupied by the Cu™ dopant) is very close to tetrahedral, while the symmetry is clearly
broken in the excited state due to the Jahn—Teller distortion. Replacing Cd?* with Cu’ causes a
large contraction of the lattice around the dopant; these bond length changes are larger than the
bond length changes between the ground state and the excited state. The distortion associated with
Cu" doping and the distortion associated with the MLcBCT excited state are both centered around

the dopant and cause minimal changes in Cd—Se bond lengths elsewhere m the lattice.
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Figure A.3. Comparison of bond lengths for a ground-state Cu?*-doped NC
and an excited-state Cu’-doped NC. Calculated bond lengths for all Cu—Se and
Cd—Se bonds in the ground state of an undoped CdssSess NC (black circles), the
ground state of a Cu’":Cd33Sess NC (blue diamonds), and the lowest-energy
'MLcBCT excited state of a Cu™:Cd33Sesz4 NC (green triangles).

In both the ground state of the Cu?*-doped NC (Table A.3) and the excited state of the Cu*-doped
NC (Table A.4), the Cu?>" character of the dopant results in a net contraction and asymmetric
Jahn—Teller distortion around the dopant site. The other Cd—Se bond lengths i these distorted

states are also similar.

Table A.3. Local geometry around the dopant site. Calculated ground-state
geometry (Cd—Se or Cu—Se bond lengths, Se—Cd—Se or Se—Cu—Se bond angles,
and dihedral angles) around the first cation site (the site occupied by the Cu dopant
in the doped NCs) for Cd34Se34, Cu?":Cd33Se34, and Cu:Cds3Sess NCs. Atom 1 is
the cation (Cd*", Cu?*, or Cu') and atoms 2—35 are the adjacent Se?~ anions.

Undoped Cw?*-doped  Cu'-doped

ri2 (A) 2.738 2.561 2.579
13 (A) 2.738 2.561 2.579
114 (A) 2.743 2.480 2.580
115 (A) 2.742 2.484 2.579
0213 109.8 111.2 109.8
0214 109.4 110.9 109.3
0215 109.6 112.0 109.7
0314 109.4 110.9 109.3
0315 109.6 112.0 109.7
0415 109.6 99.3 109.1
Dsa23 70.6 72.8 70.6

Ds234 70.4 63.5 70.4

Ds342 70.6 72.8 70.6
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Figure A.4. Excited-state distortions for a 34-cation NC. Excited-state bond
length changes for all Cu—Se and Cd—Se bonds in the Cu*:Cd33Ses34 NC, for the first
three 'MLcBCT (blue + symbols) and first three SMLceCT (red x symbols) excited
states. Each singlet—triplet pair is shown on a different y-axis.

These results are similar to those shown in Figure 2.5 for the Cu™:Cd76Se77 NC, with the distortion
centered around the Cu" dopant and the Cu—Se bond changes reflecting a totally symmetric

contraction and asymmetric Jahn—Teller distortion.

ML.sCT A ML.zCT B MLgCT C
-0.044 A +0.022 A +0.021 A
+0.021 A +0.030 A -0.043 A +0.030 A +0.022 A -0.038 A
/Cu\\‘ Cu ~— Cuw,
-0.044 A -0.044A\ -0.045A\

Figure A.S. Excited-state bond length changes at Cu. Calculated changes in
Cu—Se bond lengths for the first three '"MLcBCT excited states of a Cu™:Cd76Se7
NC. All three excited states involve a totally symmetric contraction and a
Jahn—Teller distortion with T> symmetry, but each state has a different Jahn—Teller
axis.
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r12 (A)
113 (A)
r14 (A)
115 (A)
0213
0214
0215
0314
0315
0415
Ds423
Ds234
Ds342

r12 (A)
r13 (A)
r14 (A)
115 (A)
0213
0214
0215
0314
0315
0415
Ds423
Ds234
Ds342

Table A.4. Excited-state distortion for the 34-cation NC. Calculated ground-
state geometry and complete list of excited-state distortions around Cu® (Cu—Se
bond lengths, Se—Cu—Se bond angles, and dihedral angles) for the first six excited
states of a Cu":Cd33Ses3s NC with the Cu™ located at the center of the NC.

Ground 'MLceCT *MLceCT 'MLcCT SMLcCT 'MLeCT  3MLceCT

state A A B B C C
2.579 -0.052 -0.051 -0.030 -0.020 0.021 0.022
2.579 -0.052 -0.051 -0.030 -0.020 0.021 0.022
2.580 0.014 0.015 -0.066 -0.082 -0.081 -0.085
2.579 0.027 0.029 0.021 0.032 -0.074 -0.066
109.8 -5.5 -5.2 10.6 7.7 1.1 1.2
109.3 2.0 2.1 -5.0 -4.5 1.9 1.5
109.7 1.6 1.5 -2.0 1.0 1.6 2.0
109.3 2.0 2.1 -5.0 -4.5 1.9 1.5
109.7 1.6 1.5 -2.0 1.0 1.6 2.0
109.1 -1.6 -1.9 3.5 -1.3 -8.6 -8.5
70.6 1.7 1.7 0.0 -2.8 2.0 1.8
70.4 -2.1 -2.1 1.7 6.3 -6.2 -6.3
70.6 1.7 1.7 0.0 -2.8 2.0 1.8

Table A.S. Excited-state distortion for the 77-cation NC. Calculated ground-
state geometry and complete list of excited-state distortions around Cu® (Cu—Se
bond lengths, Se—Cu—Se bond angles, and dihedral angles) for the first six excited
states of a Cu":Cd76Se77 NC with the Cu’ located at the center of the NC. The bond
length changes for the '"MLcCT excited states are illustrated in Figure A.5.

Ground 'MLceCT 3MLcCT 'MLeCT 3MLeeCT  'MLeeCT  3MLeCT

state A A B B C C
2.576 -0.044 -0.018 0.022 0.020 0.021 0.021
2.576 0.021 -0.016 -0.043 -0.044 0.022 0.021
2.570 -0.044 -0.012 -0.044 0.000 -0.045 -0.042
2.569 0.030 -0.009 0.030 0.005 -0.038 -0.043
109.3 2.9 6.4 2.5 -0.1 0.2 0.2
109.4 -5.2 -2.8 0.9 1.4 0.9 1.7
109.4 2.0 -2.8 -04 1.2 1.9 1.1
109.4 0.5 -2.7 -5.2 -2.5 1.9 1.7
109.4 -0.4 -2.7 2.2 -2.4 0.9 1.0
109.8 0.2 5.0 0.0 2.2 -5.9 -5.8
70.5 -1.2 -3.0 1.8 -1.5 0.9 1.2
70.6 1.1 5.7 0.8 1.7 -4.5 -4.4
70.5 1.5 -3.0 -1.2 0.4 1.9 1.3
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Table A.6. Excited-state energies for the 34-cation NC. Calculated excited-state
energies, measured relative to the ground state energy, before and after excited-
state geometry relaxation, for the first six excited states of a Cu™:Cd33Sesz4 NC with
the Cu' located at the center of the NC. The nuclear reorganization energy is also
shown. These energies are illustrated in Figure 2.3b.

'MLceCT A
'MLceCT B
MLcCT C
SMLceCT A
SMLceCT B
3SMLcBCT C

Energy with frozen

Energy with relaxed

Reorganization energy

geometry (eV) geometry (eV) (eV)
2.699 2.463 0.236
2.728 2.426 0.302
2.748 2.409 0.339
2.649 2.427 0.222
2.675 2.389 0.286
2.703 2.386 0.317

Table A.7. Excited-state energies for the 77-cation NC. Calculated excited-state
energies, measured relative to the ground state energy, before and after excited-
state geometry relaxation, for the first six excited states of a Cu™:Cd76Se77 NC with
the Cu' located at the center of the NC. The nuclear reorganization energy is also
shown. These energies are illustrated in Figure 2.3c.

'MLceCT A
'MLcCT B
IMLcsCT C
SMLceCT A
SMLceCT B
SMLceCT C

Energy with frozen Energy with relaxed Reorganization
geometry (eV) geometry (eV) energy (eV)
2414 2.221 0.193
2.416 2.227 0.189
2.423 2.216 0.207
2.380 2.188 0.192
2.381 2.205 0.176
2.391 2.200 0.191
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Appendix B. Supporting Information for Chapter 3
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Figure B.1. Variable-temperature PL spectra of Ag*:CdSe NCs. (a) Variable-
temperature photoluminescence (PL) spectra of the d = 3.5 nm Ag"CdSe
nanocrystals (NCs) shown in Figure 3.1. (b) Temperature dependence of the PL
peak energy (red circles) and full-width at halfmaximum (fwhm; blue triangles) of
the same Ag"CdSe NCs. With decreasing temperature, the PL shifts to higher
energy, similar to the temperature dependence observed in Cu™:CdSe NCs. With

decreasing temperature, the PL also narrows, consistent with a vibronic
contribution to the band shape.
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Figure B.2. Binned density-of-states plots for Cu*:CdSe and Ag*:CdSe NCs.
Calculated densities of states (DOS) for (a) Cu":Cdi33Sei34 and (b) Ag":Cdi33Se134
NCs. The total DOS is shown i gray, while the partial DOS is shown as red lines
for Cd?>", blue lines for Se?”, solid green for Cu', and solid purple for Ag'. Inset:
close-up of the mid-gap and VB DOS, indicated by the boxed region of the main
figure, with the Se?” partial DOS shown as solid blue. These densities of states
provide an alternative representation of the same molecular-orbital energies shown

in Figure 3.3.
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Figure B.3. Molecular-orbital energies for different sizes of Cu™:CdSe and
Ag*:CdSe NCs. Calculated molecular-orbital (MO) energies for (a) Cu":CdSe and
(b) Agm:CdSe NCs of different sizes. Fractional atomic-orbital contributions are
shown as red dots for Cd?*, blue dots for Se?", green (Cu') or purple (Ag") dots for
the total dopant orbital contribution, and green (Cu®) or purple (Ag") lines for the
dopant d orbital contributions. MO energies for 34-cation (d = 1.6 nm), 77-cation

(d = 2.1 nm), and 134-cation (d = 3.0 nm, also included in Figure 3.3) NCs are
shown.

Table B.1. NC Size Dependence of Calculated Mid-Gap Molecular Orbital
Properties.

Average absolute
energy of #> mid-gap

Average energy difference
between #2 mid-gap MOs

Average metal d orbital
contribution to #2 mid-

MOs (eV) and VB edge (eV) gap MOs (%)
#catons Cu"CdSe Ag'CdSe Cu"CdSe Ag"CdSe Cu"CdSe Ag"CdSe
34 -5.88 -6.37 1.09 0.64 52.2 16.4
77 -5.88 -6.23 0.97 0.64 47.0 14.8
134 -5.85 -6.17 0.89 0.59 45.1 14.1

From Figure B.3 and Table B.1, changing the NC size (and the energy of the VB edge) can
affect the metal d orbital contributions to the mid-gap MOs, their absolute energies, and their

energies relative to the valence-band (VB) edge (acceptor depth).
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Table B.2. NC Size Dependence of Calculated Excited-State Energies.

Energy of the lowest Energy of the lowest Reorganization energy
singlet excited state, singlet excited state, (eV)
frozen geometry (eV) relaxed geometry (eV)
#catons Cu"CdSe Ag'CdSe Cu"CdSe Ag"CdSe Cu"CdSe Ag"CdSe
34 2.71 3.12 2.48 2.83 0.24 0.29
77 241 2.76 2.23 2.53 0.18 0.22

The energy of the luminescent excited state im Cu™:CdSe NCs is consistently lower than
the energy of the luminescent excited state in Ag™:CdSe NCs, for both 34-cation and 77-cation

NCs and in both the frozen ground-state and relaxed excited-state geometries.

Cu*:CdSe electron Ag*:CdSe electron
b ) e’ | , *’ ,
’ ‘4 ,,o F " ‘J Jo
. e a9 . e, g &,
a.l ‘ J’ Ja & 'J ' l' -]
.d .J ’ 4 4 od .J ’ <
9, 9 9 .. ® o o 9 e 9
e o o ¢ » ° e o o L
S @ e e o o 2 ‘e °
¢ ¢ 9 b ° v vrLe
o o M Y T
& .J ‘b 4 .d 4. a4
s " g
Cu*:CdSe hole Ag*:CdSe hole

Figure B.4. Natural transition orbitals for 34-cation NCs. (a) Electron and (b)
hole natural transition orbitals for the lowest-energy singlet transitions of
Cu":Cd33Ses4 and Ag":Cd33Sess NCs, showing the electron and hole wavefunctions
in the excited state. Isosurface values were chosen to enclose 70% of the total
electron or hole wavefunction density. These wavefunctions are qualitatively
similar to those shown in Figure 3.6 for the larger Cu":Cd76Se77 and Ag":Cd76Se77
NCs.
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Figure B.S5. Ground- and excited-state bond lengths for 34-cation NCs.
Comparison of computed M—Se bond lengths for the ground states (closed circles)
and lowest-energy singlet excited states (open triangles) of (a) Cu":Cd33Sess and
(b) Ag"Cds3Sess NCs, plotted vs distance from the dopant. Insets: first-
coordination-sphere bond-length changes at the dopants for the same NCs upon
excitation to the same lowest-energy singlet excited states. These ground- and
excited-state geometries are qualitatively similar to those shown in Figure 3.7 for
the larger Cu":Cd76Se77 and Ag":Cd76Se77 NCs.
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Figure B.6. Molecular orbitals of interstitially doped NCs. Calculated MO
energies for (a) undoped Cd77Se77 and (b-¢) interstitially doped Ag":Cd77Se77 NCs.
The atomic-orbital contributions are shown as red dots for Cd?*, blue dots for Se?",
purple dots for the total Ag" orbital contribution, and purple lines for the Ag" d-
orbital contributions. MO energies are shown for NCs with Ag"™ in both tetrahedral
and octahedral mterstitial sites of the znc-blende CdSe lattice. For both
mterstitially doped NCs, the CB edge shifts to slightly lower energy, with a 10-15%
contribution from the Ag(5s) atomic orbitals. Interstitial Ag* doping does not result

n mid-gap acceptor states and is therefore not expected to activate mid-gap
luminescence in i-Ag"™-doped NCs.
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Figure B.7. Mid-gap MO energies in ground-state and excited-state geometry.
Energies of the dopant-induced mid-gap MOs of (a) Cu":Cd76Se77 and (b)
Ag":Cd76Se77 NCsrelative to the VB edge, in the approximately tetrahedral ground -
state and broken-symmetry relaxed excited-state geometries (as shown i Figure
3.7). In the ground-state geometry, the three mid-gap MOs are very nearly
degenerate, as expected for 72 orbitals of the tetrahedral cation site. In the excited
state, a Jahn-Teller distortion breaks this degeneracy, preferentially stabilizing one
t> MO relative to the other two. Similar excited-state splittings are observed for
both Cu*- and Ag'-doped CdSe NCs.
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Appendix C. Supporting Information for Chapter 4

Figure C.1. HOMOs of Cu',In**:ZnS NCs with increasing Cu' and In’*
concentrations. Highest occupied molecular orbital (HOMO) wavefunction
surfaces for 77-cation ZnS NCswith (a) 1 Cu' and 1 In**; (b) 2 Cu' and 2 In**; (c)
3 Cu" and 3 In’*; and (d) 4 Cu" and 4 In*" dopants. Cu' atoms are shown in green,
IP’* in red, Zn>* in gray, and S*>~ in yellow. All surfaces are visualized at 80%
density (i.e., 80% probability that an electron occupying this orbital is inside the

pictured surface).

This figure shows the complete structures of the NCs whose HOMOs are shown in Figure 4.3.
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Figure C.2. LUMOs of Cu",In**:ZnS NCs with increasing Cu® and In®*
concentrations. Lowest unoccupied molecular orbital (LUMO) wavefunction

surfaces for 77-cation ZnS NCs with (a) 1 Cu® and 1 In**; (b) 2 Cu' and 2 In®"; (c)
3 Cu' and 3 In**; and (d) 4 Cu" and 4 In** dopants. Cu' atoms are shown in green,
In’* in red, Zn>* in gray, and S?>” in yellow. All surfaces are visualized at 80%

wavefunction density.

This figure shows the complete structures of the NCs whose HOMOs are shown in Figure C.1 and
Figure 4.3. With increasing In’* concentration, the LUMO becomes contracted around the In*

dopants, but it is still much more delocalized than the HOMO. The LUMO of CulnS2 NCs also

appears fully delocalized (Figure 4.2f).
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Figure C.3. LUMOs of Cu'In**:ZnS NCs with increasing Cu® and In*
concentrations. Atomic-orbital contributions to the LUMO for 77-cation ZnS NCs
with (a) 1 Cu" and 1 In**; (b) 2 Cu" and 2 In**; (¢) 3 Cu' and 3 In**; and (d) 4 Cu"
and 4 In’* dopants. Contributions from each individual atom are shown separately
(S*: yellow, Zn**: gray, In**red, Cu': green).

These LUMOs are illustrated n Figure C.2, and the HOMOs of the same NCs are depicted in
Figure 4.3 and Figure C.1. Although the different In** dopants contribute unequally to the LUMO,
each NC’s LUMO includes significant contributions from many more atoms, and is much more

delocalized, than its corresponding HOMO in Figure 4.3.
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0 0

Figure C.4. LUMOs of oxidized Cu*:ZnS NCs with increasing Cu*
concentration. LUMO surfaces and atomic-orbital contributions for oxidized 77-
cation ZnS NCs with (a) 1 Cu' and 1 In**; (b) 2 Cu" and 2 In**; (¢) 3 Cu' and 3
In’*; and (d) 4 Cu' and 4 In*" dopants. Top: LUMO surfaces visualized at 80%
density, showing only the 8 cation sites doped with Cu® or In** and their adjacent
S2~ anions. Cu" are shown in green, In’" in red, Zn’* in gray, and S?>” in yellow.
Bottom: Atomic-orbital contributions (%) to the same LUMOs. Contributions from
each individual atom are shown separately (Cu': green, S?: yellow, In** and Zn>*
contributions to these orbitals are negligible).

To determme whether the HOMOs shown in Chapter 4 are a good representation for the
wavefunction of a hole added to the NC, electronic-structure calculations were performed on
oxidized NCs (+1 charge) in their relaxed ground-state. For each NC, this oxidation represents the
removal of an electron from the HOMO shown in Figure 4.3, followed by nuclear reorganization.
Figure C.4 illustrates the LUMOs of the oxidized NCs, representing the wavefunction of the hole
added upon oxidation. These wavefunctions are very similar to those shown in Figure 4.3. The
primary difference is that this MO has slightly more S?- character (less Cu" character) than the
HOMOs m Figure 4.3. Addition of the hole does not result in any change mn localization or

breaking of symmetry within the Cu” cluster where the HOMO is already localized.
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Figure C.5. HOMOs of 77-cation ZnS NCs containing Cu* trimers. HOMO
surfaces and atomic-orbital contributions for 77-cation ZnS NCs containing Cu*
trimers. (a) and (b) represent NCs with different trimer configurations. Top:
schematic illustrations of the Cu" trimer configurations. Middle: HOMO surfaces
visualized at 80% density, showing the same atoms as above. Bottom: Breakdowns
of atomic-orbital contributions (%) for the same HOMOs. Contributions from each
individual atom are shown separately (Cu': green, S?7: yellow, Zn?* contributions
to these orbitals are negligible). The numbers next to these plots correspond to the
numbered Cu' ions in the trimer configurations above.

This figure is an extension of Figure 4.4, showing two more trimer configurations. Neither ofthese
configurations occur in the chalcopyrite lattice (except when a Cum antisite defect is present). The
trimer in Figure C.5a has the same symmetry as the trimer in Figure 4.4c, but all three Cu* share
the same S?-anion. The trimer in Figure C.5b has an open configuration, but all three Cu* are in

the same plane. These results further support the conclusion that higher-symmetry Cu’ clusters
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and greater connectivity between Cu' facilitate delocalization of the HOMO, while the Cu*

configurations that occur in the defect-free chalcopyrite lattice are not conducive to delocalization..
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Figure C.6. Mid-gap Cu-based MOs of the same Cu3Zn74S77 NC as in Figure
4.4a. (a) Atomic-orbital contributions to all fiteen Cu(3d)-based MOs, showing
contrbutions from each individual atom in the NC. Contributions from Cu* are
shown in green, Zn*" in gray, and S? in yellow. The three different shades of green
represent the three different Cu™ atoms. MOs are arranged by increasing energy
from left to right; the HOMO is on the far right. (b) Schematic illustration of the
relative positions of the three Cu* cations. (¢) Ternary plot showing the relative
contributions of each Cu* to the fiffteen Cu(3d)-based MOs. Each point represents
one of the fiffteen MOs shown in (a). The color of each point represents the energy
of that MO and is also shown in (a). Pomts located near the vertices of the triangle
represent MOs which are highly localized on a single Cu®, while points near the
center represent MOs with even contributions from all three Cu*. The X represents
the center of the triangle, and the arrow indicates the HOMO.

202



Atomic orbital contribution (%)

o
o

40

20

60

a 100 - b S\C3u ;U/S
== ] !\CZL!/é
4 %
Cu3
Cu2
Cu1
00000 00 )

Figure C.7. Mid-gap Cu-based MOs of the same Cu3Zn74S77 NC as in Figure
4.4b. (a) Atomic-orbital contributions to all fifteen Cu(3d)-based MOs, showing
contributions from each individual atom in the NC. Contributions from Cu® are
shown in green, Zn*" in gray, and S? in yellow. The three different shades of green
represent the three different Cu™ atoms. MOs are arranged by increasing energy
from left to right; the HOMO is on the far right. (b) Schematic illustration of the
relative positions of the three Cu* cations. (¢) Ternary plot showing the relative
contributions of each Cu* to the fifteen Cu(3d)-based MOs. Each point represents
one of the fiffteen MOs shown in (a). The color of each point represents the energy
of that MO and is also shown in (a). Points located near the vertices of the triangle
represent MOs which are highly localized on a single Cu*, while points near the
center represent MOs with even contributions from all three Cu*. The X represents
the center of the triangle, and the arrow indicates the HOMO.
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Figure C.8. Mid-gap Cu-based MOs of the same Cu3Zn74S77 NC as in Figure
4.4c. (a) Atomic-orbital contributions to all fifteen Cu(3d)-based MOs, showing
contributions from each individual atom in the NC. Contributions from Cu® are
shown in green, Zn*" in gray, and S? in yellow. The three different shades of green
represent the three different Cu™ atoms. MOs are arranged by increasing energy
from left to right; the HOMO is on the far right. (b) Schematic illustration of the
relative positions of the three Cu* cations. (¢) Ternary plot showing the relative
contributions of each Cu* to the fifteen Cu(3d)-based MOs. Each point represents
one of the fiffteen MOs shown in (a). The color of each point represents the energy
of that MO and is also shown in (a). Points located near the vertices of the triangle
represent MOs which are highly localized on a single Cu*, while points near the
center represent MOs with even contributions from all three Cu*. The X represents
the center of the triangle, and the arrow indicates the HOMO.

Together, Figure C.6, Figure C.7, and Figure C.8 show that even when the Cu(3d)-based
HOMO is clearly localized, some of the other Cu(3d)-based MOs are more delocalized. In Figure
C.6 and Figure C.7, the six lowest-energy Cu(3d)-based MOs involve the e subset of the Cu(3d)
atomic orbitals, which have weaker interactions with the tetrahedrally coordinated S~ anions (also
evident in the smaller contributions of S?~to these MOs). The nine highest-energy MOs, involving
the 7> subset of the Cu(3d) atomic orbitals, have stronger antibbonding interactions with the S*

anions and are pushed higher i energy. The lowest-energy #2-based MOs are the most delocalized.
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Although delocalized Cu(3d)-based states can exist, even in lower-symmetry Cu’ trimer
configurations, the HOMOs are consistently more localized. Due to the weak electronic coupling
between Cu(3d) orbitals, symmetry-breaking can have a significant impact on the energy of

localized MOs.

Figure C.9. HOMOs of CulnS; and CulnS,/ZnS core/shell NCs. HOMO
surfaces for (a-b) two different 34-cation CulnS: NCs and (¢) a CulnS2/ZnS
core/shell NC with 134 total cations (18 Cu*, 17 In**, 99 Zn?*, corresponding to 1
monolayer of ZnS). Surfaces are visualized at 80% density. The NC i (b) is the
same structure as in Figure 4.2f and Figure 4.6, shown from a different angle.
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Figure C.10. Valence-band MO energies and selected MO surfaces for a 34-
cation CulnS; NC. In this plot, each vertical line represents one calculated
molecular orbital. The atomic-orbital contributions from different types of atoms
are shown as percentages in green for Cu', red for In**, and yellow for S?>~. The X
symbols indicate the energies of the MOs whose surfaces are shown. All MO
surfaces are visualized at 80% density. In this calculation, the valence band has

distinct Cu'-based and S?>"-based bands, separated by a ~1 eV gap, as also seen in
Figure 4.1.

Although the HOMO is clearly localized, some of the deeper VB MOs (HOMO-S5,
HOMO-15, HOMO-30) are more delocalized. This result is consistent with the calculations
presented above for Cu™ trimers in Cu*-doped NCs (Figure C.6, Figure C.7, and Figure C.8), in
which the HOMO is localized while some of the deeper Cu(3d)-based MOs are more delocalized.
The deepest orbitals in the Cu*-based part of the valence band, however, are very localized
(HOMO—-60, HOMO—84). These orbitals are made up of the e subset of the Cu(3d) atomic orbitals,
which do not have the correct symmetry to interact with the tetrahedrally coordinated S?~ anions.
The highest-energy MOs in the Cu(3d)-based band are pushed up in energy by their stronger
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antbonding interactions with the S?>~ anions.! Finally, the MOs in the S(3p)-based part of the
valence band tend to be more delocalized, indicating that the S(3p) atomic orbitals facilitate
delocalization more effectively than the Cu(3d) atomic orbitals. The S(3p)-based band is analogous

to the valence band of a II-VI semiconductor (see also Figure 4.1).

1. Jaffe, J. E.; Zunger, A. Theory of the band-gap anomaly in ABC: chalcopyrite
semiconductors. Phys. Rev. B 1984, 29, 1882-1906.
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Appendix D. Supporting Information for Chapter 5

D.1 Experimental Methods

D.1.1  Synthesis of CulnS; quantum dots.

CulnS2 quantum dots were synthesized by a previously reported method! adapted from the
literature.> A mixture of indium acetate (0.292 g, 1 mmol), copper iodide (0.190 g, 1 mmol), and
dodecanethiol (5 mL) was degassed using nitrogen at room temperature. The reaction mixture was
heated to 110 °C under nitrogen and held for 10 min before heating to 230 °C. The reaction was
held for 10 min at this temperature, then cooled rapidly to <60 °C. Quantum dots were purified
with several cycles of precipitation with ethanol and centrifugation followed by resuspension in
toluene. Powder X-ray diffraction shows that these CulnS: quantum dots have the chalcopyrite

crystal phase.!

D.1.2  Synthesis of CdSe quantum dots.

CdSe quantum dots were prepared as detailed previously? by a method adapted from the literature.
Briefly, 0.19 g of selenium powder and 4 mL of trioctylphosphine were mixed in a nitrogen-
atmosphere glovebox. Separately, 0.152 g of CdO, 1.01 g of oleic acid, and 16 g of ODE were
degassed under vacuum at 100 °C. The solution was then heated to 270 °C under nitrogen until it
turned from red to clear and colorless. The solution was cooled to 100 °C, whereupon 2.01 g of
hexadecylamine and 2.02 g of trioctylphosphine oxide were added against nitrogen overpressure.
The solution was degassed under vacuum at 100 °C for 30 minutes and then heated to 300 °C
under nitrogen atmosphere. After reaching 300 °C, the solution containing selenium was rapidly

mjected with vigorous stirring. The resulting quantum dots were allowed to grow for 10 minutes.
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The solution was then rapidly cooled to <60 °C. Quantum dots were purified with several cycles

of precipitation with ethanol and centrifugation followed by resuspension in toluene.

D.1.3 General characterization.

Samples were characterized by UV-Vis absorption spectroscopy and ensemble photoluminescence
(see Figure D.1). Absorption spectra of quantum dots suspended in toluene at room temperature
were measured using an Agient Cary 5000 spectrometer. Photoluminescence spectra were
collected using continuous-wave 405 nm photoexcitation. The photoluminescence was passed
through a 420 nm long-pass filter, focused into a monochromator (0.5 m, 150 g/mm grating blazed
at 500 nm), and collected on a liquid-N2-cooled charge-coupled device (CCD). CulnS2 quantum
dot sizes were determined by transmission electron microscopy, and CdSe quantum dot sizes were
determined from absorption spectra following a previously reported method.> All
photoluminescence measurements were performed on drop-coated films of quantum dots
sandwiched between quartz disks and mounted mn a closed-cycle helum cryostat held at a

temperature of 20 K.

D.1.4  Short-pulse vs square-wave photoexcitation.

Square-wave excitation pulses were generated by a 405 nm diode laser modulated using a square
pulse waveform output from a function generator at a 5 Hz repetition rate. The fluence at the
sample was 8 mW/cn? during the pulse. Short-pulse excitation was provided by a N2-pumped dye
laser tuned to 405 nm using o-NPO dye, with 5 ns pulse duration. The fluence at the sample was
30 w/cn?. Photoluminescence decay traces were measured near the peak emission maximum for
each sample, integrating over a spectral bandwidth of < 3 nm. In both experiments, the

photoluminescence was passed through a 420 nm long-pass filter and focused mto a
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monochromator (0.5 m, 150 g/mm grating blazed at 500 nm) equipped with a PMT. The signal

was processed using a multichannel scaler and recorded using a custom LabView program.

D.1.5  Excitation pulse-width dependence.

The same samples described above were excited using a 405 nm diode laser modulated with a
square pulse waveform output from a function generator. Excitation pulse durations (ON) were
varied between 50 ps and 100 ms and inter-pulse (OFF) durations were kept constant (100 ms).
The excitation area was 0.3 cm? for all measurements. Excitation power (measured during the ON
phase) was varied between 2, 4, and 8 mW, corresponding to fluences of 6.7, 13.3, and 26.7
mW/cn??, respectively. Photoluminescence decay traces were measured near the peak emission
maximum for each sample, integrating over a spectral bandwidth of <3 nm. The detection scheme
was identical to the one described above. The total measurement time, including all excitation
powers and pulse widths, was ~2 days of continuous illumination for the CulnS> sample and ~3

days for the CdSe sample.
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D.2 Supplemental Data
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Figure D.1. Absorption and PL spectra of CulnS; and CdSe NCs. Room-
temperature electronic absorption and 20 K photoluminescence spectra of (A) d =
3.9 nm CulnS2 quantum dots and (B) d= 3.3 nm CdSe quantum dots. Luminescence
spectra are corrected for instrument response.
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Figure D.2. Delayed luminescence decay curves for CulnS; NCs. (A) Delayed
luminescence decay dynamics measured with different excitation pulse widths for
d = 3.9 nm CulnS; quantum dots (50 ps (black) to 100 ms (purple) excitation
pulses). Traces are normalized to therr prompt luminescence intensities. (B)
Dynamics of delayed luminescence measured using 2 (black), 4 (red), and 8 mW
(blue) excitation powers for the same CulnS> quantum dots with a 5 ms excitation
pulse. Traces are normalized to the prompt luminescence intensity. All data
collected at 20 K. The same data are shown on logarithmic axes in Figure 5.2.
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Figure D.3. Delayed luminescence decay curves for CdSe NCs. (A) Delayed
luminescence decay dynamics measured with different excitation pulse widths for
d=3.3nm CdSe quantum dots (50 ps (black), 100 ps (dark blue), and 25 ms (light
blue) excitation pulses). Traces are normalized to their prompt luminescence
mtensities. (B) Dynamics of delayed luminescence measured using 2 (black), 4
(red), and 8 mW (blue) excitation powers for the same CdSe quantum dots with a
100 ps excitation pulse. Traces are normalized to the prompt luminescence
mtensity. All data collected at 20 K. The same data are shown on logarithmic axes
mn Figure 5.3.
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Figure D.4. Delayed luminescence decay dynamics for 4x increase in power
and 5x increase in pulse width. Dynamics of delayed luminescence for (black)
excitation pulse width = 100 ps, excitation power =2 mW, (blue) excitation pulse
width = 500 ps, excitation power = 2 mW, and (red) excitation pulse width = 100
us, excitation power = 8 mW. Traces are normalized to the prompt luminescence
mtensity and are shown on both logarithmic (A) and linear (B) axes. The power-
law slopes measured from 100 pusto 1 ms are: (black) 1.15, (blue) 0.68, (red) 1.23.
The power-law slope drops by nearly one half when increasing the pulse width 5x
but is almost unchanged when increasing the pulse power 4x. These data
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demonstrate that the delayed luminescence decay dynamics are much more
sensitive to excitation pulse width than to excitation pulse power for a similar total
number of photons per pulse.
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Figure D.5. Pulse width dependence normalized at the longest pulse width. (A,
B) Nae/Npr plotted as a function of the excitation pulse width for (A) CulnS:2
quantum dots and (B) CdSe quantum dots. These curves represent the same data as
presented in Figure 5.2C and Figure 5.3C,normalized by their value at the longest
pulse width. Three different excitation powers are shown for each sample: 2 mW
(black circles), 4 mW (red triangles), 8 mW (blue crosses). All data collected at 20
K.
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Figure D.6. Simulated photoluminescence decay curves. All simulated decay
curves shown here are presented with the following parameters, except where
indicated: kexc =20 S'l, ktrap =1000 S'l, kdetrap =40 S-l, kpL=5-10° S_l, kA,trap = kA,tn'on
=101, pulse width = 100 ms. Black curves in all panels are simulated with this
unchanged set of parameters. Arrows indicate the direction of increasing parameter
values. (A) Decay curves simulated with varying pulse width (1 ms, 10 ms, 100
ms). (B) Decay curves simulated with varying excitation power (2, 4, 8 mW) by
varying kexc (20, 39, 78 s7!). (C) Decay curves simulated with varying Kirap (500,
1000, 2000 s'!). (D) Decay curves simulated with varying kdetrap (20, 40, 80 s1).

These curves display two distinct time regimes for prompt and delayed luminescence, unlike the
experimental decay curves in Figure 5.1, Figure 5.2A, and Figure 5.3A. This difference is due to
the model’s reliance on single rate constants for the trapping and detrapping processes, which does
not capture the distributed kinetics that characterize the experiment. Overall, however, these
simulations reproduce the pulse-width dependence of the magnitude of delayed luminescence and

further illustrate the effect of changing other conditions and parameters.
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Figure D.7. Simulated pulse-width dependence determined from integration
of PL and from excited state populations. Simulated pulse-width dependence of
Ndel/Npr, comparing the determination of Ngel/Npr from integration of luminescence
decay curves (eq 5.1 and 5.2) and directly from the charge-separated state and
emissive excited state populations at the end of the excitation pulse, [CS]/[ES]. The
following parameters were used for all simulations: kexec= 20 s°!, ktrap= 1000 s,
kdetrap = 40 71, kpL = 5-10° s7!, ka trap = katrion= 1010 s'1. (A) Simulated Ndel/Npr
determmed from [CS]/[ES] at the end of the excitation pulse (black solid line), and
using eq 5.1 and 5.2 with simulated luminescence decay curves, with 1 = 200 ps
and varying 7 (red dotted line: 72 = 100 ms; blue dashed line: 72 = 75 ms; green
dashed line: 72 =5 ms). (B) Curves from panel A, normalized to the value of Nael/Npr
at 100 ms. All four curves lie on top of one another.

Increasing the integration window causes the simulated Nael/Npr to approach [CS]/[ES], but
changing the mtegration window has no effect on the curvature of the pulse-width dependence of
the simulated Ndel/Npr, in contrast with the experimental results shown in Figure 5.2D and Figure
5.3D. Both of these findings originate from the model’s use of single rather than distributed rate

constants for ktrap and Kdetrap.
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Figure D.8. Comparison of model with different Auger processes included.
Simulated pulse-width dependence of Nael/Npr, llustrating the effect of different
nonradiative processes on the power dependence of Nael/Npr. All parameters are
fixed except ka,irapand kA, trion, With ktrap = 1000 87!, kdetrap = 40 871, kpr = 5-10° 571,
Excitation powers are 2 mW (kexec= 20 s7!, black solid line), 4 mW (kexc= 39 s,
red dotted line), and 8 mW (kexc =78 s°!, blue dashed line). (A) Result from a three-
state model, related to the model described n Chapter 5 but without the doubly
excited state and its associated processes (excitation from the charge-separated
state, trion Auger, and trap-assisted Auger). (B) Result from the four-state model
described in Chapter 5 with the trion Auger process only: ka trap=0 and kA trion=
10191, (C) Result from the four-state model described in Chapter 5 with the trap-
assisted Auger process only: ka,rap= 10'9s" and ka trion = 0. (D) Result from the
four-state model described in Chapter 5 with both trap-assisted and trion Auger
processes: katrap = 10'0 s and ka trion = 10'% s°!, as in Figure 5.4E.

The three-state model cannot account for the observed power dependence of Ndel/Npr in this
excitation power regime, and the trion Auger process alone also does not yield an observable power

dependence of Nael/Np:. Instead, the trap-assisted Auger process is necessary for this power
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dependence, effectively providing an additional power-dependent pathway for detrapping from the
charge-separated state to the emissive excited state. The trion Auger process influences the overall
efficiency of this mechanism by providing an alternative pathway for decay of the doubly excited
state, but inclusion of the trap-assisted Auger process in the model is necessary to reproduce the

experimentally observed power dependence of Nael/Npr.
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Figure D.9. Comparison of experimental long-pulse decay curve with sum of
offset short-pulse decay curves. Folowing ref 6, the luminescence decay data
measured after a 50 ms pulse (2 mW, blue) are compared with those simulated by
summing 1000 decay curves measured from a 50 ps pulse (also 2 mW, red), each
shiffted by 50 ps. The experimental decay curve is clearly different from the
simulated curve. This difference is attributed to quantum dot multi-excitation.
Specifically, the data pomnt to Auger processes that require both (i) extremely slow
accumulation of metastable populations (Nder), which is accounted for in both the
experimental and the simulated data, and (ii) a second photoexcitation of a quantum
dot that is already i its metastable charge-separated excited state. The latter occurs
with long excitation pulses but does not occur with short excitation pulses, so
simulating the decay resulting from a long excitation pulse by adding staggered
decay curves from many short excitation pulses cannot reproduce this aspect of the
data.
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Appendix E. Supporting Information for Chapter 6
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Figure E.1. XRD of Cdys7Mny 3Se QDs. X-ray diffraction (XRD) data for
colloidal Cdo.s7Mno.13Se QDs (d ~ 4.5 nm). The diffraction pattern matches the
reference wurtzite pattern (black lnes) well.
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Figure E.2. Temperature dependence of absorption and PL energies. (a)
Temperature dependence of the CW-absorption and CW-PL peak energies for the
spectra in Figure 6.2a. The absorption maximum blueshifts with decreasing
temperature following Varshni behavior. The PL maximum follows the same
behavior but then redshifts below ~60 K. (b) Temperature dependence of the Stokes
shift. The solid line is a fit to the Brillouin function ofeq E.1 using g=2.0 and S =
5/2, which gives Befr= 17 T and Eoffset =36 meV. This energy offset was subtracted
to give the EMP energies plotted in Figure 6.2c.
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Equation E.1. The data in Figure E.2b were fit to a modified Brillouin function (Eq 6.1 with a
constant offSet energy, Eoffset) to obtain the EMP energy from the Stokes shift data.

1 1 (2S + 1) vkt By 1 vkt By
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Figure E.3. Field dependence of CW PL peak energy. Field dependence of the
CW-PL peak energy at 7= 2.1, 5, 10, 20, and 40 K. With increasing field Bo, the
PL peak energy shifts by <~3.5 meV. This result indicates that most of the CW PL
emission comes from a state that is fully magnetized, with the Mn?>" spins aligned
by the EMP.
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Figure E.4. PL decay curves. PL decay curves (solid red lines) for d ~ 4.5 nm
Cdo.s7Mno.13Se QDs at 7= 10 K. The PL lifetime is multiexponential and is fit here
to a biexponential decay (dashed black lines) with components characterized by i
=4.2ns and 72 = 16.7 ns.
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Figure E.S. Streak-camera PL image. Streak-camera image of the PL from d ~
4.5 nm Cdo.s7Mno.13Se QDs over a 10 ns window at 7= 10 K. The black line traces
the PL peak energy. The time-dependent redshift has a fast component (~300 ps)
attrbuted to EMP formation, and a slow component attributed to EMP
reorientation.
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Figure E.6. TRFR trace showing fast oscillation. Time-resolved Faraday rotation
trace for d ~ 5.8 nm Cdo.995Mno.005Se QDs at 7= 6 K. The oscillation at 7= 0to 4
ps is attributed to the precession of an exchange-coupled exciton with |g| ~ 35.
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Figure E.7. TRFR trace showing Mn?* precession beyond 1 ns. Time-resolved
Faraday rotation traces for Cdo.s7Mno.13Se QDs (d ~ 4.5 nm) from Figure 6.8c,
plotted out to 7 =2 ns. The coherent Mn?* precession persists for well over 1 ns.
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Figure E.8. Fourier transforms of TRFR traces showing dynamic phase
inversion. Fourier transform plots of the TRFR traces in Figure 6.8c, plotted on an
x axis represented by g = hwi/usBir. At all pump energies, the Mn?* precession
occurs at g= 2.0 and no other distinct precessions are observed. Fourier transforms
of TRFR traces showing dynamic phase inversion appear very broad, whereas those
of TRFR traces without dynamic phase inversion appear sharp.
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Figure E.9. Absorption spectra showing pump/probe energy dependence of
TRFR phases. Absorption spectra with pump/probe energy dependence of the
TRFR phase at t = 0 and ¢ = 800 ps for Cdo.s7Mno.13Se QDs (d ~ 4.5 nm). The
spectrum representing the ¢ = 800 ps TRFR phases is vertically offset for clarity.
The red circles and blue triangles indicate the two different phases of the oscillating
TRFR signal. For several pump/probe energies near the absorption peak (£ >2.164
eV), the phase inverts dynamically between 7 = 0 and ¢ = 800 ps. At lower
pump/probe energies, no dynamical phase mnversion is observed. At very low
pump/probe energies (£ <2.114 eV), the opposite phase is observed, again with no
dynamical phase inversion. The different phase in this low-energy region is
tentatively attributed to the effects of off-resonant measurement.
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Equation S2. The scaling constant C2 in eq 6.3 can be expressed in terms of experimentally
measured quantities related to the EMP, although eq 6.3 describes the magnetization by the
external field, not by the EMP. For the data m Chapter 6, Emp =44 meV at saturation and Befr =17
T in eq E.2, determined by the fitting shown in Figure 6.2c.
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