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Abstract
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Kira Elizabeth Hughes

Chair of the Supervisory Committee:
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Department of Chemistry

Colloidal semiconductor nanocrystals (NCs) have been a topic of extensive research over
the past few decades, as the materials’ photoluminescence (PL) properties are particularly
interesting for a variety of applications. Emissive materials are only of interest, however, if the
highest PL efficiencies can be attained—something that has yet to be achieved for a variety of
NCs. Low PL efficiencies can often be blamed on unwanted charge-carrier trapping processes that
limit band edge recombination. This thesis describes methods of addressing charge-carrier
trapping, including incorporating an efficient “engineered” trap to control charge-carrier
movement as well as targeted synthetic and spectroscopic studies to eliminate surface trapping in
semiconductor NCs. Chapter 1 provides a general overview of these topics accompanied by

relevant literature studies on both engineered traps and surface trapping in semiconductor NCs.



Chapter 2 presents ultrafast spectroscopic data for Cu™:CdSe/CdS NCs, a system in which copper
serves as an efficient hole trap. The data include time-resolved photoluminescence (TRPL)
spectroscopy to study hole localization at copper after photoexcitation and transient absorption
(TA) spectroscopy to observe transitions involving excited-state Cu?*. Chapter 3 details the
synthesis and spectroscopic results for a series of Ag;.Cu,InS; NCs, a material of interest due to
the spectroscopic similarities of CulnS, NCs to the copper-doped materials. Through creating a
synthetic bridge from AgInS; to CulnS; NCs, we can monitor the PL energy as a function of
increasing copper content. This aims to help support previous assignments that the PL in CulnS;
NCs arises due to a self-trapped exciton. Chapter 4 discusses the importance of electron and hole
trapping in determining the PLQY of InP NCs, a material with inherently low PL efficiencies.
Studying a sample series of InP NCs with five different surface chemistries using both TRPL and
TA allows us to investigate how different surface treatments affect charge-carrier trapping
processes. Together, these studies help elucidate the role charge-carrier trapping plays in
determining the PL efficiencies of colloidal semiconductor nanocrystals and will help us design

targeted synthetic strategies for obtaining materials with 100% PL efficiencies.
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Chapter 1:  Introduction

1.1 Overview

Semiconductor photoluminescence (PL), the radiative recombination of a photoexcited
electron and hole,! is a fundamental process sought for a wide range of applications.? Early
luminescent materials such as copper-containing semiconductors were utilized in oscilloscope
displays for their green color emission.? Imaging applications utilize PL to help track biological
indicators.* Absorption of high energy light by semiconductors can result in low energy emission
that can be paired with traditional silicon photovoltaics (PV) to increase device efficiencies.’® And
recently, semiconductors with varying emission energies have been combined with light emitting
diodes (LEDs)’ to create vivid, color-pure TV displays.® These applications all rely on the behavior
and movement of photoexcited charge carriers and specifically require the highest probability that
the charge-carriers will recombine and emit a photon. High PL efficiency, or PL quantum yield
(PLQY), is attained when factors that inhibit this radiative recombination are limited.

In recent years, luminescence properties have been studied extensively in colloidal

)?-1%_nanometer-scale semiconductors, the size of which can be

semiconductor nanocrystals (NCs
manipulated to influence the material’s optical properties.''® When the NC size is reduced to that
of the material’s exciton Bohr radius, or the radial extent of an electron-hole pair, the NC
experiences quantum confinement such that the bandgap energy can be tuned by changing the NC
size.!!! In this way, a material can be synthesized to absorb and emit throughout the UV, visible,
or NIR. Solution-processability, optical tunability, composition control, ease of synthesis, and the

wide variety of potential applications have helped colloidal NCs gain momentum in the research

community.



1.2 Trapping in Semiconductor Nanocrystals

Upon photoexcitation in semiconductor NCs, an electron is promoted from the NC valence
band (VB) across the bandgap to the conduction band (CB), leaving behind a hole (Scheme 1.1).":12
At the CB minimum and VB maximum, these charge carriers are susceptible to trapping—
localization to orbitals, or trap sites, within the bandgap that are energetically more favorable than
the band edges. Trap sites vary across materials and can be detrimental to the PLQY. Determining
how to identify and eliminate unwanted trap sites and increase PLQY's towards 100%, or unity, is

an area of intense investigation in the colloidal semiconductor NC field.

Scheme 1.1. Photoluminescence in semiconductor NCs.
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When an electron or hole traps, the likelihood of non-radiative recombination increases. Non-
radiative recombination is a phonon-assisted pathway that allows for relaxation of the charge-
carriers back to the ground state without emitting a photon.!? These charge-carrier traps may be
present at the surface or in the core of the NC. Surface traps arise when atoms at the NC surface
are not fully coordinated to capping ligands or otherwise experience extreme localized distortions
due to their chemical environment. Core traps are usually lattice defects, such as vacancies or
interstitial ions. Not all trapping processes lead to non-radiative recombination of the charge-
carriers, however. Trapped carriers that recombine radiatively exhibit “trap PL,” typically a broad

PL feature lower in energy than the excitonic PL. The origin of trap PL varies, but regardless of



the chemical nature of trap sites, unwanted carrier trapping can be detrimental to the efficiency of

the desired luminescent transition.

1.3 Engineered Traps in Semiconductor Nanocrystals

1.3.1. Copper Dopant lons as Traps in Semiconductor Nanocrystals. Rather than leaving trap
site formation to chance, it can be beneficial to “engineer” a trap site to gain control over the
luminescence properties. Engineered traps impart characteristic photophysical changes, some of
which are sought for specific applications. Copper(I) has been heavily researched as an
“engineered” trap site, as it is an efficient hole trap when incorporated as a dopant and also as a
stoichiometric component in a variety of NC lattices.!*> Copper incorporation pre-dates the advent
of NCs, as a synthesis of copper-doped zinc sulfide (ZnS) was discovered in the late-1800s.!
Copper and aluminum co-doped ZnS (Cu*,AlI**:ZnS) phosphors utilize the copper and aluminum
dopant ions as localization centers for charge-carriers that then recombine to give characteristic

“green-Cu” luminescence,!16

named such for the color of the emission. Easy extension of doping
to NC materials has opened the door to investigations of the unique photophysical mechanisms
that arise upon incorporation of an “impurity” center into the NC lattice and has allowed for
exploration into a wide variety of applications. One such application that utilizes copper’s unique
PL signature, which will be discussed shortly, is a luminescent solar concentrator (LSC). LSCs
rely on little-to-no overlap of phosphor absorption and emission (i.e. a large-effective Stokes shift),
and emission energy positioned in an ideal range for pairing with traditional silicon-based PV
devices.> %1

In NC lattices like cadmium selenide (CdSe), cadmium sulfide (CdS), indium phosphide

(InP), ZnS, and copper indium sulfide (CulnS;), copper exists as Cu” with a full 3d shell containing



10 electrons.!® The atomic d orbitals of Cu*-doped materials lie within the bandgap at a fixed
energy level above the VB edge, allowing for tunability of the copper PL energy when the NC
bandgap is changed.!” Upon photoexcitation, the VB hole rapidly localizes at Cu®; copper is
oxidized to Cu?*, a &° atom, and the “MLcgCT” excited state is formed (where the metal is copper,
and the “ligand” is the CB).!® This excited state undergoes a symmetry-breaking Jahn-Teller
distortion accompanied by strong electron-phonon coupling, giving rise to broad PL linewidths
averaging several hundred meV.!'%2% As a result, the characteristic PL of copper-doped and copper-
based NCs then, is broad and red-shifted from the absorption onset. It occurs as the radiative
recombination of the delocalized CB electron with the Cu?*-localized hole, a transition referred to
as a metal-to-ligand charge transfer (MLcgCT) transition.!® Figure 1.1A shows a representative
absorption and PL spectrum for un-doped CdSe NCs along with a scheme depicting the
corresponding excitonic processes. The excitonic PL is narrow and minimally Stokes-shifted from
the absorption, typical of band-edge PL with little vibronic contribution. Figure 1.1B shows an
average absorption and PL spectrum of Cu":CdSe NCs with a scheme depicting the corresponding
processes with copper incorporated into the lattice. The PL spectrum demonstrates the Stokes-shift

and broad linewidths characteristic of the MLcgCT PL in these NCs.
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Figure 1.1. Absorption (solid line, left) and PL (dotted line, right) spectra of CdSe
(A) and Cu*:CdSe (B) NCs with corresponding schematics detailing the absorption
and emission processes for each sample. The transitions numbered in the spectra
correlate with the numbered transitions in the schematics.
In the absorption spectrum of Cu*:CdSe NCs, a low-intensity absorption feature can be seen below
the onset of the first excitonic transition. This corresponds to the below-bandgap absorption from

the Cu* d-orbitals to the CB edge, or the MLcgCT transition, and is also referred to as the copper

“foot.”

1.3.2. Formation and Exploration of the MLcgCT Excited State. Until recently, hole
localization at copper was understood to be “fast,” but the literature lacked a specific time
associated with the trapping process. In fact, one literature report even claimed the presence of
“permanent” holes on copper, meaning copper was present as @ Cu?" in the ground state of the
NC prior to photoexcitation.?! This conclusion was drawn based on the observed increase in copper
PL intensity upon addition of a hole acceptor. In the proposed mechanism, the hole acceptor
extracts the photogenerated VB hole allowing for recombination of the CB electron with the
permanent hole on copper. Additionally, previous attempts at observing hole localization using

time-resolved photoluminescence (TRPL) spectroscopy were complicated by rapid PL losses from



surface trapping. Despite a 2016 report detailing a synthesis to obtain Cu*:CdSe NCs with a PLQY
of ~35%,%? fast trapping was still present, making it nearly impossible to deconvolute the dynamics
and distinguish the various decay components on a sub-ns time-scale. In order to eliminate surface
trapping, shells are typically grown around the cores of NCs to passivate under-coordinated surface
ions. However, copper is a highly mobile cation, and any post-synthetic shelling attempt drives
copper out of the NC lattice.?? Reports of copper-doped NCs that are shelled after doping show
excitonic PL,?! indicating the presence of a subset of NCs that do not contain copper dopants.?? In
order to both address and take advantage of the high dopant mobility, I examined the synthesis of
CdSe/CdS NCs, which were then post-synthetically doped via cation exchange to obtain
Cu*:CdSe/CdS NCs.? The shell on the surface of the NCs helps eliminate surface trapping at early
times and allows for the observation of hole trapping at copper. In this way, implementation of
copper into the NC lattice results in an efficient hole localization method.

In addition to being efficient, hole localization at copper is robust and irreversible, as the
hole does not repopulate the VB after formation of the MLcgCT excited state. A robust, long-lived
MLcBCT excited state allows for transient observation of absorption transitions involving the
copper-localized hole, or the Cu?* species. This had never before been demonstrated in copper-
doped NCs but is consistent with the mechanism described for bulk materials. When bulk
Cu’,AI’*:ZnS is photoexcited, the copper localizes the photoexcited hole while the aluminum
localizes the photoexcited electron.'® Due to the spatial separation of these dopants, the lifetime of
the excited state can be prolonged, which allows for the observation of a low-energy absorption
feature associated with an electronic transition from the VB to the hole on Cu?** (LvgsMCT
transition, where the “ligand” is the VB and the metal is Cu?*). Consistent with the observed VB

to Cu?* transition in bulk crystals, a calculated absorption spectrum?® for Cu?*:Cds3Sess4 NCs also



shows a broad absorption feature with an extinction coefficient of ~2000 M~'cm™! that extends
through the visible down to ~1.0 eV. This transition in Cu?*:Cd33Se34 NCs is akin to the transition
expected in photoexcited Cu*:CdSe NCs after the hole localizes at the copper forming Cu?*, as
shown in Scheme 1.2.

Scheme 1.2. MLcCT Excited State and LygMCT Transitions in Copper-
Doped NCs.
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The robust localization of a hole on copper also sets the stage for further investigation of the
MLcBCT excited state, including behavior in the presence of extra charge-carriers. The Gamelin
group has previously shown that delocalized electrons can be added to the CB of NCs through a
process called photodoping.?*2® Photodoping imparts specific changes to the absorption and PL
spectra as a response to the addition of excess delocalized CB electrons. Even more interesting,
however, is the Auger recombination that happens upon photoexcitation in the presence of an extra
CB electron. Auger recombination has very unique spectroscopic signatures that can be monitored
by TRPL and is the process by which a CB electron and VB hole recombine nonradiatively,
transferring energy to the extra charge-carrier.?” Since the hole is localized at copper in the
MLcBCT excited state of copper-doped NCs and not in the VB, photodoping these materials would
result in a different dependence on the presence of excess CB electrons and therefore rate of Auger

recombination.



1.3.3. Stoichiometric Copper lons in Semiconductor Nanocrystals. CulnS; NCs have been
widely studied as a non-toxic alternative to Cd-based chalcogenide NCs, specifically for
incorporation into LSCs,® but the photophysical mechanism of these Cu*-based materials has
remained somewhat elusive. There are many reports invoking donor-acceptor pair (DAP) emission
as the mechanism responsible for luminescence,?®3! similar to that of bulk CulnS,, which has been
ascribed to lattice vacancies and antisite defects.!® Excitonic and narrow luminescence can be
observed for bulk crystals,*> however, while the characteristic CuInS, NC luminescence is broad
and red-shifted from the absorption.!* Direct comparison with Cu™:CdSe and Cu*:InP NCs!'®
indicates that lattice defects are not responsible for the CulnS> luminescence at all. All observed
spectroscopic characteristics such as Stokes shifts, PL linewidths, and lifetimes of the ternary
material are nearly indistinguishable from those of the doped NCs, exemplified by the absorption

and PL spectra in Figure 1.2 for Cu™:CdSe, Cu”:InP, and CulnS; NCs.
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Figure 1.2. Absorption (solid lines, left) and PL (dotted lines, right) spectra of
Cu":CdSe (A), Cu”:InP (B), and CulnS, (C) NCs. All three samples show broad
and red-shifted PL, characteristic of hole localization at copper after
photoexcitation. Figure adapted from ref. 18.
Therefore, the Gamelin group proposed an alternate hypothesis of exciton self-trapping was
proposed to explain the luminescence mechanism of CulnS; NCs.!'® In a self-trapped exciton, a

lattice copper localizes the photogenerated hole, a favorable process due to strong electron-phonon

coupling that induces a large reorganization energy of the lattice around the oxidized copper.'®



Exciton self-trapping has also been demonstrated in AgCl, where silver exists as a d'° cation as
well and undergoes a Jahn-Teller distortion upon photoexcitation and hole localization.’® As a
result, CulnS; NCs are often referred to as “heavily copper-doped” NCs due to the spectroscopic
indistinguishability from the doped materials.

To gain information about the luminescent excited state and exciton self-trapping process in
CulnS2 NCs, the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) contributions for a series of alloyed Cu-In-Zn-S NCs were calculated using
DFT.>* An alloyed material provides a bridge between the copper-doped species and the pure
CulnS: structure with which to study the electronic landscape of the NCs. Calculations indicate
that as soon as copper is incorporated into Zn34S34 to form Zn32(Cu,In)iS34, the HOMO localizes
around the copper dopant and remains so throughout the entire composition series to Cui7Ini7Ssa,
as shown in Figure 1.3. Despite a small contraction after initial incorporation of indium, the LUMO

remains largely delocalized across the NC volume throughout the alloyed series.
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Figure 1.3. HOMO (left) and LUMO (right) DFT calculations for a series of alloyed
Zn (grey)-Cu (blue)-In (red)-S (yellow) NCs from Zn34S34 to CulnS; shown in order
of increasing copper and indium content. The HOMO remains localized after
addition of copper, while the LUMO is delocalized. Figure adapted from ref. 34.



These observations further support the assignment that CulnS, NC PL arises as the
recombination of a delocalized CB electron and a copper-localized hole while also disputing the
previous assignment of recombination between a CB electron and a defect-localized hole.*
Therefore, even though copper is present in stoichiometric amounts, it can still serve as an efficient
localization center for photoexcited holes without the need to invoke defects in the luminescence
mechanism. Computations such as these are powerful and help set the path for experimental
investigation of the self-trapping mechanism. Monitoring spectroscopic markers such as PL energy
as the copper concentration is increased from dopant to stoichiometric quantities in a series of
alloyed ternary NC samples, then, can provide extra support for efficient hole localization in

CulnS; NCs.

1.4 Intrinsic Traps in Semiconductor Nanocrystals

1.4.1. Surfaces of Indium Phosphide Semiconductor Nanocrystals. Semiconductor NC
surfaces can greatly influence the material’s photophysical properties due to their high surface-to-
volume ratios.’® NC surfaces are commonly passivated with long-chain organic ligands that
coordinate to surface cations and anions. While these ligand-covered surfaces afford the NC
colloidal stability, ligands do not always bind at all of the available surface atoms, leading to
uncoordinated or under-coordinated ions that can act as charge-carrier trap sites.>” When an
electron or hole traps at the surface, the likelihood of non-radiative recombination increases,
decreasing the radiative excitonic PL of the NC and lowering the PLQY.

InP NCs are highly susceptible to surface trapping but are of great interest to researchers as
they are a proven less toxic alternative to the traditional lead (Pb)- and Cd-chalcogenide NCs.!?

However, before widespread penetration of InP NCs into everyday products can occur, a multitude

10



of problems must be overcome. Directly out of synthesis, InP NCs exhibit low (~1%) PLQY's and
broad trap luminescence, in stark contrast to CdSe NCs, which can have with narrow linewidths
and PLQYs of ~20-30% directly out of synthesis.**-* Figure 1.4 shows typical absorption and PL
spectra for as-synthesized InP NCs with schematics illustrating the absorption, band-edge, and trap

PL processes.
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Figure 1.4. Absorption (left) and PL (right) spectra of InP NCs with schematics
detailing the observed absorption and emission processes. The black arrows point
to the corresponding transitions.

Numerous research groups have been working to increase the PLQY of InP NCs, and a
variety of methods have been employed, all of which aim to passivate the surface of the NCs and
reduce trap site density. Adding multiple layers, alloying, or using a combination of different
semiconductor materials eliminates traps and increases PLQY's. Shell growth is a popular, albeit
time and material intensive method of eliminating traps on NC surfaces, and the highest PLQY's
of InP NCs thus far have been obtained through this method; the highest to-date was reported in
early 2019 for InP/ZnSe/ZnS NCs at 95% PLQY.*’ Close competitors are InP/GaP/ZnS NCs with
85% PLQY*! and InP/ZnSe.Si-/ZnS NCs with 80% PLQY.*

Another common way of eliminating traps on the surface of InP NCs is through surface-

etching with HF acid.**° While this slightly reduces the NC size, it also removes under-
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coordinated surface ions and forms In—F bonds.>! Despite the highly toxic nature of HF, this post-
synthetic treatment is likely a close second to shell growth as a preferred method to increase
PLQYs. That said, a recent report detailed a microwave synthesis method using fluorinated ionic
liquids (ILs) to obtain InP NCs with 30% PLQY directly out of synthesis without the use of HF.>?
Microwave syntheses appear to be gaining momentum->* due to the ease with which NCs can be
fabricated and the higher PLQYs attained directly out of synthesis.>?

The Cossairt group has also shown that a simple post-synthetic surface annealing with Lewis
acids can increase the PLQY of InP NCs.> Addition of Cd- and Zn-carboxylate results in sub-
monolayer surface coverage, but the increase in PLQY rivals some shelled samples at ~50%.
Through transmission electron microscopy (TEM), inductively-coupled plasma optical emission
spectrometry (ICP-OES), and X-ray absorption spectroscopy (XAS) methods, it was demonstrated
that the Cd?>* and Zn?" ions displace In*" ions at the NC surface. So rather than attempting to either
grow shell layers on top of the surface or just completely etch it away, the traps can be eliminated,
and the NC size can be retained. Interestingly, despite the consistency in NC size, it was observed
that these surface treatments could still alter the NC absorption and emission energies, as seen in
Figure 1.5, something that has only been reported a couple of times before for InP NCs>® and has

great implications for display technologies.
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Figure 1.5. Absorption (left) and PL (right) spectra of InP NCs (A) and the same
NCs after post-synthetic surface annealing with Zn-carboxylate (16 = 4% PLQY)
(B) and Cd-carboxylate (30 = 11% PLQY) (C). The dashed red line corresponds to
the first excitonic transition of the un-treated InP NCs in A, showing a clear blue-
shift or red-shift when the NCs are treated with Zn>" or Cd**, respectively. The
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luminescence of each NC sample is shown in the inset photos. Figure adapted from
ref. 55.

1.4.2. Charge-Carrier Trapping Implications on the PLQY of Indium Phosphide
Nanocrystals. The aforementioned reports detail increases in NC PLQY. However, work to
systematically analyze how changes in surface chemistry affect the mechanism by which charge-
carrier trapping is reduced and the PLQY is increased are limited. As a result, low PLQY's have
been attributed to both electron trapping*>>’-% at under-coordinated indium sites (a.k.a.
phosphorus vacancies)>® and/or hole trapping**#8-4 at under-coordinated phosphorus sites.® While
researchers have obtained InP NCs with PLQYs close to 100%, it is still paramount we understand
the exact microscopic changes that occur as surface traps are eliminated. This understanding will
allow for creation of more targeted synthetic routes with which to obtain the highest-quality NCs.

One comprehensive report analyzed defect emission in both as-synthesized and HF-etched
InP NCs using optically detected magnetic resonance (ODMR) spectroscopy.’® Data showed a
broadened resonance due to hyperfine coupling with indium nuclei. This led the authors to
conclude that the defect emission is due to recombination of a VB hole with an electron trapped at
an under-coordinated indium site. Another more recent work*® invoked hole trapping as the sole
determining factor of PLQY's in InP NCs. This conclusion was based on data from a combination
of TRPL and transient absorption (TA) spectroscopy. A fast decay in the TRPL (~600 ps timescale)
absent from the TA bleach recovery dynamics indicates fast hole trapping in the un-treated InP
NC sample that disappears upon growth of a ZnS shell. Also, due to lack of correlation between
the sample PLQY and TA bleach recovery dynamics, the authors specifically state that electron

trapping is non-existent.
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This being said, reports detailing the relative amounts of either electron or hole trapping
processes may not apply to all InP NCs. There are many routes to make InP NCs, all with different
synthetic conditions, precursors, and ligands. It is then reasonable to assume that the surfaces, and
therefore trap-state densities of the resulting NCs are as different as the synthetic pathways taken
to obtain them. However, we would expect the mechanism by which electron and hole trapping is
eliminated, as well as the signatures of each to be the same. Charge-carrier trapping is a dynamic
process; therefore, it makes sense to use time-resolved spectroscopy to study the photophysics of
these materials. Interestingly, few reports have analyzed the full decay dynamics of multiple
different InP NC samples. Only through vigorous analysis of the PL in samples with varying
surface chemistries can we learn about the overall impact of surface chemistry modification on the

PLQY of InP NCs.

1.4.3. Excitonic Fine Structure of Indium Phosphide Nanocrystals. While recent work has
mainly focused on increasing InP NC PLQY, a few reports have examined the excitonic fine
structure of these materials using low-temperature TRPL experiments.®!-*> The PL dynamics of
as-synthesized InP NCs are dominated by non-radiative recombination resulting in fast-initial
decays, which complicates analysis of time-resolved data necessary to study excitonic fine
structure. These fast decays can be eliminated upon shelling the NC, however, which has led to
the observation of bright-dark (B-D) splitting features in shelled samples.®!-62

It has been shown that the lowest energy excited state in InP NCs is a dark state.’! Radiative
emission originates from this dark state at low temperatures. A brighter state lies higher in energy,

from which recombination occurs at higher temperatures.®? At low temperatures, the B-D splitting

manifests itself as a biexponential decay, as can be seen in Figure 1.6. The fast, initial decay is due
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to emission from the bright state prior to thermalization into the dark state. The slower component
of the biexponential is the emission from a thermal equilibrium between the formally-forbidden
dark state and the upper bright state. As the temperature is increased, the fast-initial decay

disappears, and the slower component gets faster.
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Figure 1.6. TRPL decay dynamics collected as a function of temperature for
InP/ZnS NCs. At low temperatures (4 K, black), there is a fast-initial decay
followed by a slower component. As the temperature increases (black to maroon),
the fast-initial decay disappears, and the overall lifetime decreases. Inset: the same
decay dynamics shown out to only 30 ns. Figure adapted from ref. 61.

As evident by the observation of B-D splitting, high-quality samples afford us the opportunity to

study and begin to manipulate the photophysics of InP NCs to further elucidate the electronic

structure of this important class of materials.

1.5 Summary and Conclusions

In summary, understanding and controlling the energetic landscape of semiconductor NCs
is crucial to obtaining samples with high PLQYs. Non-radiative recombination is detrimental to a
NC’s PL efficiency, and unwanted trap states can drastically inhibit luminescence. One way this

issue has been addressed is through the use of “engineered” trap sites within the NC core. An
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engineered trap site, like copper(l), results in efficient charge-carrier localization, minimizing

surface trapping and subsequent non-radiative charge-carrier recombination. Another way to

reduce non-radiative recombination is by developing targeted synthetic strategies to eliminate

surface electron and hole trapping. Only through careful study of how different surface chemistries

affect the PL mechanism can we create routes to obtain high-quality samples. Overall, there is still

much to gain from studying the luminescence mechanism of semiconductor NCs from the

standpoints of both applications and fundamental materials research.
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2.1 Overview

Colloidal Cu*-doped CdSe/CdS core/shell semiconductor nanocrystals (NCs) are investigated in
their as-prepared and degenerately n-doped forms using time-resolved photoluminescence and
transient-absorption spectroscopies. Photoluminescence from Cu:CdSe/CdS NCs is dominated by
recombination of delocalized conduction-band (CB) electrons with copper-localized holes. In
addition to prominent bleaching of the first excitonic absorption feature, transient-absorption
measurements show bleaching of the sub-bandgap copper-to-CB charge-transfer (MLcgCT)
absorption band and also reveal a photoinduced mid-gap valence-band (VB)-to-copper charge
transfer (LvsMCT) absorption band that extends into the near-infrared, as predicted by recent
computations. The photoluminescence of these NCs is substantially diminished upon introduction
of excess CB electrons via photodoping. Time-resolved photoluminescence measurements reveal
that the MLceCT excited state is still formed upon photoexcitation of the n-doped Cu*:CdSe/CdS
NCs, but its luminescence is quenched by a fast (picosecond) three-carrier trap-assisted Auger

recombination process involving two CB electrons and one copper-bound hole.
2.2 Introduction

Copper-doped semiconductors have played a central role in the history of phosphors for

lighting and display technologies.! The classic green phosphor Cu*-doped ZnS has been studied
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in great detail and represents a paradigmatic example of donor-acceptor pair (DAP) emission in
the solid state.!3 In this bulk material, excitation of the host semiconductor to generate band-like
charge carriers is followed by rapid and deep hole localization around copper and shallow electron
binding to donors near the conduction-band (CB) edge. Radiative recombination of those electrons
with the deeply trapped holes generates broad emission at energies well below the onset of the
host's absorption.

In recent years, luminescent colloidal copper-doped semiconductor nanocrystals*!? (NCs)

have been attracting attention for applications such as light-emitting diodes,!!"!2 bio-labels, !4

or
luminescent solar concentrators (LSCs).!>!® Although the specific photoluminescence (PL)
mechanism of copper-doped NCs is still sometimes debated, a great deal of evidence now points
to the photophysical sequence outlined in Scheme 2.1.* Here, NC photoexcitation is followed by
rapid hole capture by copper and subsequent slow recombination of this trapped hole with a
delocalized CB-like electron. The electron in this process is subject to quantum confinement,
affording attractive PL tunability through NC size or composition. This PL is characteristically
broad, not simply because of inhomogeneous effects (e.g., size distributions, copper radial
distributions, etc.), but also because of strong electron-phonon coupling in the luminescent excited
state that accompanies hole localization. Computational studies on Cu":CdSe NCs have shown
that this hole localizes almost entirely within a highly covalent [CuSe4] cluster, causing this
cluster's geometry to reorganize substantially via Cu-Se bond-length contractions and a Jahn-

Teller low-symmetry deformation.!” These distortions manifest themselves as Franck-Condon

progressions that broaden the homogeneous PL bandshape.
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Scheme 2.1. Proposed Sequence of Events Responsible for the Photoluminescence of
Cu*-Doped CdSe NCs.

\@
@ Cu+/e+
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@
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The rich chemical tunability and solution compatibility of this class of materials has driven
research into luminescent copper-containing NCs of numerous compositions, shapes, and sizes.*
For LSCs in particular, the large luminescence Stokes shifts displayed by copper-doped NCs lead
to extremely low reabsorption losses,!® even below those of other leading visible-light-absorbing
nanocrystal LSC phosphors such as CulnS; or CdSe/CdS NCs.!* '8 With recent improvements in
photoluminescence quantum yields (PL QYs), reaching nearly 100% in Cu’-doped CdSe
nanoplatelets,'® these materials show great promise for solution-processed optoelectronics.

An interesting chemical challenge in investigating copper-doped NCs is the high diffusivity
of Cu* in semiconductor lattices. On one hand, high diffusivity is powerful because NCs like CdSe
can be post-synthetically doped with rapidly diffusion cations like copper or silver via partial
cation exchange.!*?2 The same high diffusivity can also be detrimental, however, because these
dopants are easily lost again during sample purification or processing. For example, reliable
shelling procedures for Cu’-doped NCs would be attractive for many reasons, including surface
passivation, heterostructure formation, and stabilization of n-doped configurations,?} but we have
observed that shelling Cu™:CdSe NCs with CdS causes loss of MLcgCT PL and recovery of the
NC band-edge PL because of copper loss. Amines, which are commonly used in many shelling

procedures and also as NC surface-capping ligands, were found to extract copper from doped CdSe
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NCs, even at room temperature.?! Copper's high diffusivity thus complicates traditional routes for
shelling copper-doped NCs, inhibiting spectroscopic and photophysical studies of Cu*:CdSe/CdS
core/shell NCs as well as investigation of stable n-doped Cu™:CdSe/CdS NCs.

Here, we report the successful incorporation of copper directly into pre-formed CdSe/CdS
core/shell NCs by post-synthetic partial cation exchange, circumventing the above challenges. The
resulting NCs were examined through a series of spectroscopic and photochemical experiments to
probe their electronic structure and photodynamics. Using a combination of transient-absorption
(TA) and time-resolved PL (TRPL) spectroscopies, we have probed the critical processes of hole
capture by Cu’ and subsequent electron-hole recombination, both spectrally and temporally. TA
measurements show signatures not only of the photogenerated electrons, as for most undoped NCs,
but also of the photogenerated holes in the luminescent excited state via appearance of a new
photoinduced mid-gap valence-band (VB)-to-copper charge-transfer (LvsMCT) absorption band.
We further examine the effect of photochemical n-doping on the photophysical properties of these
Cu":CdSe/CdS core/shell NCs. These experiments show that excess delocalized CB electrons
quench the characteristic copper-based PL by a picosecond three-particle trap-assisted Auger
recombination mechanism, with implications for current-driven processes such as
electroluminescence involving copper-containing semiconductor nanocrystals. Clear examples of
trap-assisted Auger recombination in colloidal semiconductor NCs are relatively rare, and this
observation points to opportunities for investigation of trap-assisted Auger processes using copper
as a designer hole trap. Overall, these results clarify the microscopic photophysical processes that
lead to both luminescence and carrier-mediated luminescence quenching in this class of
nanomaterials, and may help to accelerate further development of such materials for application

in future optoelectronic, sensing, or solar technologies.
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2.3 Results and Analysis

2.3.1. Synthesis and General Characterization. Figure 2.1 presents TEM images of a
representative series of core CdSe NCs, CdSe/CdS NCs grown from these cores, and
Cu™:CdSe/CdS NCs prepared by post-synthetic doping of these same core/shell NCs. The core
CdSe NCs have an average diameter of 4.4 = 0.3 nm. The NC diameter increases to 5.2 = 0.4 nm
upon addition of a CdS shell. These NCs remain the same size upon copper doping. The average
amount of copper incorporated into these Cu*:CdSe/CdS NCs was determined by ICP-AES to be
4.5% (total cations), which corresponds to roughly 65 copper ions per NC. The TEM images show

no evidence of side-product formation.

ww  Cdse/cdsfls .« CutCdSe/cdS

Figure 2.1. TEM images of a series of related nanocrystals. (A) CdSe NCs synthesized by
hot injection. (B) The same NCs after growth of a thin (<2 ML) shell of CdS, i.e., CdSe/CdS
NCs. (C) The same CdSe/CdS NCs after doping with copper, i.e., Cu":CdSe/CdS NCs.

2.3.2. Absorption and Photoluminescence. Figure 2.2A shows electronic absorption and

steady-state PL spectra of the CdSe, CdSe/CdS, and Cu*:CdSe/CdS NCs from Figure 2.1. The first
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excitonic absorption maximum red-shifts by about 60 meV with the addition of the thin CdS shell
(<2 monolayers). The absorption spectrum remains largely unchanged upon copper doping, but a
small amount of new copper MLcgCT absorption is detectable below the first NC excitonic
maximum, as detailed previously.® 2! The luminescence spectra of the CdSe and CdSe/CdS NCs
are both dominated by excitonic PL. Copper incorporation changes this PL dramatically, yielding
broad emission with a large effective Stokes shift of ~700 meV (between first excitonic absorption
and PL maxima), assigned as the copper MLcgCT luminescence illustrated in Scheme 2.1. There
is negligible excitonic PL from these Cu*:CdSe/CdS NCs, consistent with doping of all NCs and
rapid hole capture by copper. Figure 2.2B plots PL decay curves measured for the same CdSe,
CdSe/CdS, and Cu*:CdSe/CdS NCs. The PL decay time increases dramatically upon doping with
copper, now having an average time constant of 1.4 + 0.1 us (vide infra). These spectroscopic data
are consistent with observations for other copper-doped semiconductor NCs*® 1 and establish

these materials as suitable for more in-depth spectroscopic studies.
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Figure 2.2. (A) Room-temperature absorption (solid) and PL (dotted) spectra of the CdSe
(blue), CdSe/CdS (green), and Cu™:CdSe/CdS (red) NCs from Figure 2.1, in toluene. A
large effective Stokes shift and PL broadening are seen upon incorporation of copper into
the NCs. There is negligible excitonic PL in the copper-doped NCs. (B) Room-temperature
PL decay dynamics of the same CdSe (blue), CdSe/CdS (green), and Cu*:CdSe/CdS (red)
NCs.

Figure 2.3 presents room-temperature time-resolved PL (TRPL) data collected for the
Cu":CdSe/CdS NCs of Figures 2.1 and 2.2, but now focusing on the sub-nanosecond timescale.
Although essentially absent from the steady-state PL spectrum (Figure 2.2A), excitonic PL is
detected by TRPL at short times following the excitation pulse. The blue curve in Figure 2.3A
plots the TRPL dynamics measured for this excitonic PL (580—-605 nm). The red curve in Figure

2.3A plots the TRPL dynamics measured for the copper-based MLcgCT PL (775-825 nm) of the
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same sample. Note that the long MLcgCT PL lifetime (Figure 2.2B) means a small PL rate and
hence few photons on these sub-nanosecond timescales. The dashed grey curve in Figure 2.3A
shows the instrument response function (IRF, ~25 ps). The excitonic PL largely tracks the IRF,
with only a slightly slower decay after photoexcitation, indicating that this PL is primarily present
only during photoexcitation. The exciton lifetime is thus shortened from ~6 ns to ~25 ps upon
introduction of Cu” into these CdSe/CdS NCs. In contrast with the excitonic PL, the MLcgCT PL
intensity only grows during the IRF, and it decays slowly after excitation is terminated. Both the

slow rise and the slow decay reflect the long lifetime of the luminescent MLcaCT excited state.
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Figure 2.3. Data from room-temperature TRPL measurements of Cu*:CdSe/CdS NCs. (A)
TRPL dynamics of Cu":CdSe/CdS NCs. The blue curve shows the dynamics of the
excitonic PL (580—605 nm), and the red curve shows the copper MLcgCT PL dynamics
(775825 nm). The black dashed curve shows the instrument response function (IRF). The
excitonic PL largely tracks the instrument response function, but the MLcgCT PL grows
in throughout the IRF. Fitting the IRF to a Gaussian function gives a response time of ~25
ps. (B) Gated TRPL spectra of Cu":CdSe/CdS NCs integrated for time windows between
0-20 ps (top), 30-120 ps (middle), and 800-900 ps (bottom). At early times, excitonic PL
is present and MLcgCT PL is absent. As time evolves, the excitonic PL disappears and the
MLcgCT PL appears.

Figure 2.3B presents three gated TRPL spectra of these Cu™:CdSe/CdS NCs, representing
the emission at different delay times following the photoexcitation pulse. The top curve represents

integration between 0 and 20 ps (i.e., during the IRF) and shows essentially only excitonic PL. The
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middle curve represents integration between 30 and 120 ps and shows the emergence of copper
MLcsCT PL alongside a small amount of excitonic PL. The bottom curve, integrated between 800
and 900 ps, shows exclusively MLcgCT PL, with no evident excitonic PL anymore. Together, the
data in Figure 2.3A,B support the conclusion of very fast (~25 ps) energy relaxation from the
excitonic state to the mid-gap MLceCT excited state in these Cu™:CdSe/CdS NCs, i.e., rapid hole
capture by copper as illustrated in Scheme 2.1.

2.3.3. Transient Absorption Spectroscopy of Cu*:CdSe/CdS NCs. Figure 2.4 plots
absorption and TA spectra of the Cu*:CdSe/CdS NCs described in Figure 2.1. The TA spectrum
is dominated by a pronounced bleach of the first excitonic absorption band. An additional small
negative feature with an asymmetric shape is observed on the red side of this exciton bleach,
centered at ~610 nm. The TA spectra of undoped CdSe and CdSe/CdS NCs typically show only a
small positive (photoinduced) signal just below the first exciton (see Appendix A), reflecting
Coulombically shifted biexciton or negative-trion absorption.?*2* These and other Cu*-doped NCs
display weak MLcgCT absorption in this region (Figure 2.2).5 2! We thus assign the negative TA
signal at ~610 nm in Figure 2.4 to the bleach of sub-bandgap MLcgCT absorption. The
photoinduced absorption from multi-carrier excitonic configurations is superimposed upon this
bleach, and together they give rise to the local maximum at ~605 nm in the TA spectrum. Very
similar TA spectra are observed for all Cu":CdSe/CdS NCs examined in this study, as well as for
Cu":CdS NCs examined here (see Appendix A). In some instances, we observe that the local
maximum (~605 nm in Figure 2.4) has a positive value of AOD, supporting the interpretation

presented above.
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Figure 2.4. Room-temperature absorption spectrum (top) and transient absorption (TA)
spectrum (bottom) of the Cu*:CdSe/CdS NCs from Figure 2.1. Inset: TA spectrum between
650 and 850 nm magnified 40x to highlight the appearance of broad photoinduced
absorption tailing into the near-infrared.

The inset to Figure 2.4 plots the same TA data between 650 and 850 nm but with magnified
amplitudes. Weak photoinduced mid-gap absorption is observed in this region, extending into the
near-IR beyond our instrumental range. This feature is reminiscent of the photoinduced mid-gap
absorption observed in bulk Cu*-doped ZnS phosphors, which has been assigned to LygMCT
absorption made possible by capture of the photogenerated hole by a Cu® dopant.> We therefore
assign this photoinduced mid-gap absorption to LysMCT transitions that promote VB electrons
into the copper-localized holes in the luminescent excited states of these Cu™:CdSe/CdS NCs. The
amplitude of this photoinduced TA can be analyzed quantitatively by comparison to the exciton
bleach. The extinction coefficient at the first excitonic absorption maximum of these NCs was
estimated by absorption spectroscopy to be ~2.1 x 10° M-lem™!. This absorption is bleached by
~50% upon occupation of the 1S. CB orbital by one photogenerated electron,?® such that the per-

electron (bleach) extinction coefficient at the first excitonic maximum is ~1.0 x 10° M~'cm™'. From

this value and the relative exciton and mid-gap TA amplitudes, we can thus estimate the per-hole
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extinction coefficient of the photoinduced mid-gap absorption to be ~2000 M'ecm™! between 750
and 850 nm. This value is very similar to the one predicted by density functional theory (DFT) for
LvsMCT transitions in Cu**-doped CdSe NCs (~1000 < & < ~2000 M~'cm™),!” supporting our

assignment of this low-energy photoinduced absorption to LysMCT transitions.
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Figure 2.5. TRPL decay (top) and TA (middle, bottom) dynamics for Cu™:CdSe/CdS NCs.
The TRPL dynamics are integrated between 760 and 820 nm. The TA dynamics show the
bleach recovery of the first exciton (bottom, integrated between 565 and 590 nm) and the
photoinduced absorption feature at low energy (middle, integrated between 675 and 765
nm). The black dashed line shows the TA dynamics for the excitonic bleach superimposed
on top of the dynamics for the photoinduced feature demonstrating that the two decays
have very similar dynamics. Bi-exponential fitting yields an average time constant of 1.4
+ 0.1 ps for these processes.

Figure 2.5 plots TA dynamics measured for the exciton bleach and photoinduced mid-gap
absorption seen in Figure 2.4, along with MLcgCT PL decay dynamics of the same NCs. Whereas
the PL reports on the subset of electron-hole pairs that recombine radiatively, the exciton TA

bleach reports almost exclusively on the population of CB electrons in CdSe NCs, because of the
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high valence-band degeneracy.?’? In contrast, the mid-gap LysMCT TA reports solely on the
population of copper-bound holes. All three signals in Figure 2.5 show the same kinetics within
experimental uncertainty, as emphasized by superimposing the (inverted) exciton bleach-recovery
data upon the photoinduced absorption decay in the middle panel of Figure 2.5. Fitting these
dynamics to a bi-exponential function yields an average time constant of 1.4 + 0.1 ps, applicable
to all three curves. The TA exciton-bleach data show a very small additional component at longer
times that is not present in the PL data. We assign this component to CB electrons whose associated
photogenerated holes were captured not by copper but by competing hole traps, for example at the
NC surfaces. Overall, these time-resolved spectroscopic data show distinct signatures of
delocalized CB electrons and deeply trapped holes, and both populations decay at essentially the
same rate as the MLcgCT luminescence. These observations provide insights into the individual
microscopic components (CB electron, localized hole) of the photophysical mechanism
summarized in Scheme 2.1.

It is interesting to note that the PL and TA kinetics observed in these Cu":CdSe/CdS
core/shell NCs are ~3x slower than the PL decay kinetics measured previously for similar Cu’-
doped CdSe NCs without CdS shells.® These longer lifetimes were observed in all of the Cu’-
doped core/shell samples examined here. This difference is not correlated with any commensurate
increase in PL QY in the Cu*:CdSe/CdS core/shell NCs, indicating that this lifetime difference
does not relate simply to suppression of slow non-radiative decay channels. Instead, we tentatively
interpret this longer MLcaCT lifetime as reflecting the effect of sulfide coordination to copper in
these NCs. This hypothesis stems from our observation of even longer time constants (~2.3 ps) in
the PL decay and TA recovery dynamics of Cu™:CdS NCs (see Appendix A), all of which are again

correlated. The Cu” MLceCT excited state may have a smaller radiative decay rate in sulfides than
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selenides because of the smaller covalency of the former. We speculate that the multi-exponential
dynamics described above may reflect mixed sulfide/selenide coordination environments, but it is
unclear at this time whether Cu™ ions are distributed statistically within these Cu*:CdSe/CdS NCs
or whether Cu"’ preferentially seeks sulfide coordination, preventing a more quantitative analysis
of this observation.

2.3.4. Photodoping and Spectroscopy of n-doped Cu*:CdSe/CdS NCs. In addition to
investigating the spectroscopy of as-prepared Cu":CdSe/CdS NCs, we were also interested in
exploring the spectroscopy of photochemically n-doped Cu™:CdSe/CdS NCs to examine the effects
that extra electrons may have on the above photodynamics. Such photodoping experiments may
also relate to assertions that the mid-gap luminescence of copper-doped NCs actually requires Cu?*

as the active defect,’ 3933

rather than Cu” as illustrated in Scheme 2.1. Successful degenerate n-
doping should shift the Fermi level sufficiently negative to eliminate any possibility of Cu?",
providing a different perspective on the viability of this alternative mechanistic interpretation. To
explore these concepts, samples of CdSe/CdS and Cu*:CdSe/CdS NCs were photodoped under
identical conditions using Li[EtsBH] as the terminal reductant, following methods we have
detailed previously.?* 3436 For these experiments, the Cu™:CdSe/CdS NCs were prepared with less
copper than used in Figures 2.2-5, such that a small subset of undoped NCs remained, allowing
both the copper-based MLcgCT PL of doped NCs and the excitonic PL of undoped NCs to be
monitored simultaneously under identical conditions.

Figure 2.6 summarizes absorption and PL data collected during photodoping of these two
NC samples. Figure 2.6A shows a series of absorption spectra collected at different stages of

CdSe/CdS NC photodoping. Absorption at the first excitonic maximum decreases, ultimately

reaching ~40% of its original value, which corresponds to addition of an average of 1.25 CB
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electrons per NC (n) = 1.25) at maximum photodoping.?* 26:3* Figure 2.6B shows a concomitant
decrease in excitonic PL intensity during photodoping. There is a small red-shift of both the
absorption and PL maxima upon photodoping (<15 meV at (n) = 1.25), as described previously
for trions in CdSe-based NCs.** 3738 Similarly, Figure 2.6C shows absorption spectra collected
during photodoping of the Cu™:CdSe/CdS NCs. Like in Figure 2.6A, absorption at the first
excitonic maximum decreases during photodoping, this time stopping at ~50% of its original value
({n) =1.0). Figure 2.6D plots PL spectra of these NCs collected during photodoping. The excitonic
and MLcgCT PL intensities both decrease during photodoping, but the MLcgCT PL intensity

decreases by a greater percentage.
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Figure 2.6. Photodoping of CdSe/CdS (green) and Cu':CdSe/CdS (red) NCs using
Li[EtsBH] as the sacrificial reductant. (A) Absorption spectra of CdSe/CdS NCs collected
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during photodoping. The first excitonic absorption feature bleaches as electrons are added
to the CB. These data are consistent with an average number of excess CB electrons per
NC of (n) = 1.25 at maximum photodoping. (B) PL spectra of CdSe/CdS NCs collected
during photodoping. Accumulation of CB electrons reduces the excitonic PL intensity. (C)
Absorption spectra of Cu":CdSe/CdS NCs collected during photodoping. The first
excitonic absorption feature bleaches with added electrons, as in the undoped core/shell
NCs. These data are consistent with an average number of excess CB electrons per NC of
(n) = 1.0 at maximum photodoping. (D) PL spectra of Cu":CdSe/CdS NCs collected during
photodoping. This sample was deliberately prepared with a small subset of undoped NCs
to allow both copper-based MLcgCT and excitonic PL to be monitored simultaneously. As
excess CB electrons are added to the NCs, both PL intensities decrease but the MLcgCT
PL decreases by a greater percentage.

Figure 2.7A quantifies the spectral changes observed in Figure 2.6, plotting these changes
vs photodoping time for both the doped and undoped NCs. As described previously,? 34
photodoping of CdSe-based NCs is facile and rapid, and the spectral changes for the CdSe/CdS
NCs here plateau after only ~5 min of continuous above-bandgap irradiation. In contrast,
photodoping of the Cu™:CdSe/CdS NCs takes much longer under identical conditions, reaching
steady state only after ~100 min or more. This much slower photodoping of the Cu™:CdSe/CdS
NCs reflects a diminished quantum efficiency for hole capture at the NC surfaces after copper
doping. Following Scheme 2.1, hole quenching that leads to successful photodoping must now

compete with rapid (~25 ps, Figure 2.3) hole capture by Cu", decreasing the photodoping rates in

Cu*:CdSe/CdS NCs relative to the control CdSe/CdS NCs.
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Figure 2.7. (A) Summary of the photodoping data shown in Figure 2.6. Green diamonds
represent CdSe/CdS NC data, red squares represent Cu":CdSe/CdS NC data, empty
symbols represent normalized absorbance of the first excitonic feature, and solid symbols
represent normalized PL intensity. The dotted curves are guides to the eye. (B) The data
from panel A, replotted as I/lp vs (n). The green diamonds represent the normalized
CdSe/CdS NC excitonic PL intensities, and the red squares represent the normalized

Cu*:CdSe/CdS NC MLcBCT PL intensities. Normalized excitonic PL intensities from the
Cu™:CdSe/CdS NC data are also plotted (black symbols). The solid lines show linear fits

to the data. Each plot is normalized to the extrapolated value at (n) = 0.

Figure 2.7B replots the photodoping data from Figure 2.7A as I/ly vs {n), where (n) is
determined from the first-exciton absorption bleach. Data are included for the excitonic PL of the
CdSe/CdS NC sample, and for both the MLcgCT and excitonic PL of the Cu™:CdSe/CdS NC
sample. The solid lines show linear fits to the data for each PL feature. The slopes of the two
excitonic PL data sets are essentially indistinguishable, both —0.49 + 0.04, but the MLcgCT data

set has a steeper slope of ~ —0.92. Beyond demonstrating a much greater sensitivity of MLcgCT

PL to extra CB electrons, the data in Figure 2.7B confirm that the excitonic PL observed in the
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ensemble of Cu™:CdSe/CdS NCs derives from a subset of undoped CdSe/CdS NCs. From these
data, one CB electron reduces the excitonic PL of the undoped CdSe/CdS NCs by about 50%, but
almost completely eliminates the MLcgCT PL of the Cu*:CdSe/CdS NCs.

Various processes could conceivably cause this reduction in MLcgCT PL upon n-doping,
from redox changes of the copper ions themselves to modification of the NC surface traps. To
clarify the origins of this reduced PL, we performed TRPL measurements on the sub-nanosecond
timescale. Figure 2.8A plots absorption and steady-state PL spectra collected before and after
photodoping of these Cu™:CdSe/CdS NCs to (n) = 0.8. At this photodoping level, the NC ensemble
contains a mixture of NCs with zero and one excess CB electron, and the ensemble CW PL
intensity is reduced by ~75%. Figure 2.8B shows sub-nanosecond TRPL decay curves measured
for the MLcgCT PL of these NCs before and after this photodoping. As mentioned above, the long
MLcBCT excited-state lifetime (7~ 1.4 = 0.1 us) means that few photons are emitted over sub-
nanosecond time windows, but sufficient signal-to-noise could be achieved with long integration.
Relative to the Cu:CdSe/CdS NCs, the n-doped Cu:CdSe/CdS NCs show increased PL intensities
immediately after the excitation pulse, followed by more rapid PL decay over the first ~500 ps
before converging to the same slow decay rates of the Cu":CdSe/CdS NCs without excess CB
electrons. When these photodoped NCs are exposed to air, their excess CB electrons are removed
and the original absorption spectra, PL spectra, and PL dynamics recover almost quantitatively
(see Appendix A), confirming that these spectroscopic changes are indeed caused by the excess

electrons.
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Figure 2.8. (A) Absorption (solid) and PL (dotted) spectra of Cu*:CdSe/CdS NCs collected
before (red) and after (blue) photodoping to an average of (n) = 0.8, as demonstrated by
the bleach in the absorption of the first excitonic transition and the decrease in MLcCT
PL intensity. (B) TRPL dynamics measured on a 1 ns window. The MLcgCT PL intensity
from the photodoped NCs (blue) increases in intensity at short times and has a faster decay
than the MLcgCT PL intensity of the NCs before photodoping (red).
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The TRPL data in Figure 2.8B for the n-doped Cu":CdSe/CdS NCs are characteristic of
trions in NCs, in which an excess carrier (a CB electron in this case) generates increased PL at
short times because of an increased probability of radiative recombination, but it also causes faster
excited-state nonradiative decay via new Auger-recombination pathways, diminishing the overall
PL intensity. Analysis of the fast decay in Figure 2.8B yields a time constant of ~260 ps for this
Auger process, which is similar to the negative trion Auger time constants observed for excitonic
PL in undoped CdSe/CdS QDs,?* 340 except in this case it is detected while monitoring MLcgCT
PL intensity. The data in Figures 2.6 and 2.7 demonstrate that n-doping reduces MLcgCT PL
intensities not by suppressing formation of the luminescent MLcsCT excited state, but instead by

quenching this excited-state population affer it has been formed. Moreover, these data demonstrate
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that trion Auger recombination more effectively reduces MLceCT luminescence than excitonic
luminescence; because the two Auger rate constants are comparable, this difference primarily

reflects the slow MLcgCT radiative decay.

2.4 Discussion

Although the PL dynamics of copper-doped semiconductor NCs have been described in
many publications, their TA spectra and dynamics contain a large amount of mechanistic
information but have not yet been thoroughly explored. Exciton TA data from InAs NCs doped
with interstitial copper as shallow donors have been reported,*' but those samples apparently
represent a very different electronic structure from the luminescent copper-doped NCs investigated
here. Transient X-ray absorption data for copper-doped CdS NCs have been reported!? that support
the photophysical mechanism described by Scheme 2.1, showing both copper oxidation and the
appearance of new pre-edge 1s = 3d transitions at the copper K edge. While this manuscript was
under review, a report was published*? that discusses exciton TA dynamics of copper-doped CdSe
NCs at times < 1 ns. This report does not address the photoinduced mid-gap charge-transfer
absorption described here. Mid-gap features in the TA spectra of luminescent copper-doped NCs
have not been reported.

As described in the introduction, one signature of the metastable Cu®*-like intermediate
formed upon localization of a photogenerated hole in bulk Cu*:ZnS!- is the appearance of a new,
broad low-energy electronic absorption band associated with promotion of VB electrons to the
photogenerated copper-localized hole, i.e., LvsMCT transitions. This band extends as low as ~1.3
eV in ZnS, and is predicted by DFT to extend to even lower energies in Se?-based lattices because

of the smaller Se* electronegativity and hence shallower VB edges.!” To our knowledge, this
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LveMCT band has not been identified in other copper-doped semiconductor NCs. Even samples
described as preferentially doped with Cu?* rather than Cu” have not shown this anticipated mid-
gap absorption.”- 3% 33 43-44 We assign the broad, photoinduced mid-gap absorption as arising from
these predicted LvsMCT transitions. The appearance of this mid-gap LvsMCT absorption in the
TA measurement is summarized in Scheme 2.2 (left). Importantly, the appearance of this LysMCT
absorption as a photoinduced signal confirms the hole-trapping step of the PL mechanism in
Scheme 2.1, and hence also the Cu” starting oxidation state of the copper ions involved in the PL
of these NCs. Decay of this photoinduced TA signal coincides with the exciton bleach recovery,
also consistent with the PL mechanism of Scheme 2.1. The LvsMCT per-copper extinction
coefficient of ~2000 M~'cm™! at wavelengths between 700 and 850 nm is consistent with
predictions made by DFT.!” The analogous photoinduced absorption is also observed in Cu*-doped
CdS NCs (Appendix A), supporting this interpretation. Because the photoinduced mid-gap
LvsMCT absorption is specifically associated with photogenerated holes, and because the exciton
bleach TA signal is dominated by photogenerated electrons, these results demonstrate that
photogenerated electrons and holes can both be monitored independently in these samples, which
may prove attractive for future studies of photochemical processes such as photoinduced

interfacial charge injection or photocatalysis using copper-doped NCs.
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Scheme 2.2. (Left) Depiction of the Transient-Absorption Experiment, Showing
Pump Excitation, Hole Trapping at Copper to Form the Luminescent MLcgCT
Excited State, and the Appearance of New (Photoinduced) LvsMCT Absorption.
(Right) Depiction of the Trap-Assisted Auger Recombination Process that Reduces
MLcBCT Luminescence in n-doped Cu*:CdSe/CdS NCs.
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These results also contribute to our understanding of the relationship between copper-
doped and copper-based semiconductor NCs. Recent experiments have highlighted strong
spectroscopic similarities between copper-doped semiconductor NCs and ternary CulnE> (E =S,
Se) NCs.% 3% The TA data presented here represent an additional way in which these two classes
of NCs are spectroscopically quite similar. CulnS> and related ternary NCs have been studied
extensively by TA,*7 and they always show a broad photoinduced mid-gap absorption band
tailing into the near-IR. The similarity of that TA feature to the photoinduced LvsMCT absorption
of bulk Cu'-doped ZnS (ref. 3), and to that of the Cu"-doped CdSe/CdS and CdS NCs reported
here, strongly supports the description of CulnS; NCs as behaving like heavily Cu'-doped

semiconductor NCs,*® in which photoexcitation is followed by hole localization at one or a small
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number of lattice Cu* ions (exciton self-trapping), analogous to the mechanism depicted in Scheme
2.1 in the dilute-Cu" limit.

Finally, two major effects of Cu” doping were observed in the photochemical n-doping and
spectroscopy of the resulting n-doped NCs. First, the Cu™:CdSe/CdS NCs accumulate CB electrons
much slower than the same NCs in the absence of copper. This result reflects the fact that the
copper dopants compete with the surface hole quenchers for capture of photogenerated holes
(Scheme 2.1). Second, n-doping reduces the MLcgCT PL intensities of Cu*:CdSe/CdS NCs more
than it reduces the excitonic PL intensities of undoped CdSe/CdS NCs, and our TRPL
investigations show that the MLcgCT PL intensity is attenuated specifically by a picosecond non-
radiative trion Auger recombination process. The data indicate that photoexcitation of n-doped
Cu":CdSe/CdS NCs still generates the same emissive MLcgCT excited state with similar
efficiency as seen prior to n doping. Intriguingly, these unusual trions involve two delocalized CB
electrons and one copper-bound hole, making this process formally a "trap-assisted" Auger
recombination, as illustrated in Scheme 2.2 (right). This Auger process is remarkably fast (7= 260
ps) given that one of the three carriers is highly localized. In fact, its time constant is comparable
to those of negative trions in undoped CdSe/CdS and related NCs,? 340 where all participating
carriers are delocalized. This time constant is also similar to the time constants measured for trap-
assisted Auger recombination in n-doped ZnO NCs (e.g., ~270 ps for d ~ 6.6 nm n-ZnO NCs),*
which involves two CB electrons and one surface-trapped hole. The rapidity of these trap-assisted
Auger recombination processes may reflect facile momentum conservation when trapped-carriers
are involved. These results contribute to the growing evidence of fast multi-carrier trap-assisted

48-51

Auger dynamics in NCs, and raise the possibility that such processes may have been

underappreciated in favor of core delocalized trion Auger when interpreting the effect of, for
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example, NC photoionization and surface trapping in photoluminescence blinking. From a
practical standpoint, the rapid Auger recombination process observed here can also be expected to
cause efficiency droop at lower current densities in electroluminescence devices based on copper-
doped NCs (or, by extension, CulnS; NCs) than found in analogous undoped NCs, due primarily
to the longer PL lifetimes of the former, and this consideration may ultimately define the

performance ceiling for copper-based NC emitters in devices of this type.

2.5 Summary and Conclusions

In summary, we have investigated the synthesis, spectroscopy, photodoping, and
photodynamics of Cu*-doped CdSe/CdS core/shell NCs. We have used a post-synthetic doping
strategy to insert copper into pre-formed CdSe/CdS core/shell NCs, yielding Cu*:CdSe/CdS
core/shell NCs that exhibit strong MLcCT luminescence and little or no excitonic luminescence,
an indication that essentially every NC contains copper. Spectroscopic and photochemical
experiments on these Cu":CdSe/CdS NCs have revealed previously unexplored aspects of their
electronic structure and photophysical properties relevant to their potential application in various
technologies. In particular, TA measurements show new photoinduced LvsMCT absorption in the
luminescent excited state, reflecting low-energy electronic transitions triggered by hole trapping
at the copper dopants. This TA feature allows decay of the photogenerated holes to be probed in
parallel with that of the delocalized CB electrons during the lifetime of the luminescent
Cu":CdSe/CdS NC excited state because of their different energies; this capability may prove
advantageous for future photochemical investigations of copper-doped semiconductor NCs.

Photochemical n-doping of Cu*-doped NCs has also been examined. Cu” dopants compete

with the sacrificial reductant for capture of the photogenerated holes, making photodoping roughly

44



an order of magnitude slower for the doped NCs relative to analogous undoped NCs. The mid-gap
PL of Cu":CdSe/CdS NCs is also greatly reduced upon addition of excess delocalized CB
electrons. Fast TRPL measurements show that the same luminescent MLcgCT excited state is still
formed in n-doped Cu*:CdSe/CdS NCs, but this excited state is quenched by a picosecond three-
carrier trap-assisted Auger recombination process. Overall, the results presented here advance our
understanding of the photophysical properties of this important class of luminescent nanomaterials
and extend such studies to include measurements of their response to changes in excess carrier
density, with potential ramifications for the use of copper-containing luminescent NCs in future

optoelectronic, photochemical, or solar-energy-conversion technologies.

2.6 Experimental Methods
2.6.1. Synthesis and Photodoping. CdSe NC cores and CdSe/CdS core/shell NCs were

5253 For the synthesis of the

synthesized by procedures adapted from previous literature reports.
CdSe NC cores, a cadmium precursor solution (1.12 mmol CdO, 1 g oleylamine (OA), and 12 g
octadecene (ODE)) was degassed at 105 °C for ~1 h, after which it was heated to 280 °C under
nitrogen. Once the solution turned clear and colorless (indicating cadmium oleate formation), it
was cooled to 100 °C and placed under vacuum for ~30 min. The flask was filled with nitrogen,
and 2 g hexadecylamine (HDA) and 2 g trioctylphosphine oxide (TOPO, 99%) were added. The
solution was placed under vacuum for ~10 min. The temperature of the flask was raised to 300 °C,
and a selenium precursor (2.4 mmol Se and ~4 mL trioctylphosphine (TOP); sonicated) was
rapidly injected. The reaction was allowed to proceed for 30 s, after which it was cooled. At ~80

°C, ~4 mL toluene was added to the flask. CdSe NCs were washed with ethanol and small amounts

of methanol and re-suspended in toluene.
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For the shelling synthesis, both cadmium and sulfur precursors needed to be prepared. For
the cadmium shell precursor, 1.6 mmol CdO, 2 g OA, and 6 g ODE were degassed at 110 °C for
~1 h, after which the solution was heated to 300 °C under nitrogen. Once the solution turned clear
and colorless, the temperature was reduced to 100 °C, at which point the flask was cooled back to
room temperature under vacuum. For the sulfur shell precursor, 4 mmol octanethiol and 15 g ODE
were purged with nitrogen for a minimum of one hour. The shelling reaction flask was prepared
with 0.2 mmol dried CdSe cores, 4 g ODE and 2 g HDA. This flask was heated to 50 °C in order
to melt HDA (under nitrogen), and then was placed under vacuum. The temperature was increased
to 100 °C and degassed for ~1 h. The shelling precursors were added to the flask under nitrogen at
200 °C, and the temperature was ramped to 300 °C after the start of addition of precursors. The
shelling was stopped and the heat was removed after 30 min. ~4 mL toluene was added when the
solution reached 80 °C upon cooling. CdSe/CdS NCs were washed four times with ethanol and
methanol and re-suspended in toluene.

The synthesis of Cu™:CdSe/CdS core/shell NCs was adapted from a previous literature
report.2! 0.055 mmol Cul (90% Cu*:Cd?*" ratio) in 9.9 g ODE was purged with nitrogen for 20
minutes before addition of 0.067 mmol TOP to make a copper precursor solution. The solution
was sonicated until all Cul dissolved. The doping synthesis is as follows: 0.06 mmol Cd*" of
CdSe/CdS NCs were dried and re-suspended in 3.35 g ODE and 0.1 mL OA. The solution
temperature was raised to 60 °C, and three ~10 min pump-purge cycles were performed. The
solution was heated to 235 °C under nitrogen. 1.4 mL of the copper solution (10% Cu':Cd*") was
quickly injected into the flask and allowed to react for 10 minutes. The flask was then rapidly
cooled to room temperature. Cu*:CdSe/CdS NCs were washed with 3:1 ethanol:acetone, resulting

in an oily pellet. The sample was precipitated using acetone, and the resulting solid pellet was
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dried and re-suspended in toluene. Typical PL quantum yields for the Cu”:CdSe/CdS NC samples
examined here were on the order of 10%.

NC photodoping was performed according to methods detailed previously.!®2%2327 NCs
were dried and resuspended in anhydrous toluene in a nitrogen-filled glovebox. Briefly, NCs were
diluted in anhydrous toluene with ~100 equiv Li[Ets:BH] and sealed with a Teflon stopper in a
fluorescence cuvette equipped with a magnetic stir bar. The NCs were excited with a 405 nm laser
(P = 0.5 mW) focused onto the cuvette, while the solution was continuously stirred in the
absorption spectrophotometer. Absorption and PL spectra were collected in situ during
illumination. For Auger measurements, only ~50 equiv Li[EtsBH] were added to limit (n) to values
<1, and TRPL measurements were also performed under continuous stirring. Our prior work has
demonstrated that this photodoping involves a non-photochemical NC surface reduction by
Li[Et;BH] followed by capture of photogenerated holes by these reduced surface moieties.®

2.6.2. Physical Measurements. Absorption spectra were collected at room temperature on
a Cary 5000 spectrophotometer (Varian). For continuous-wave (CW) PL measurements, colloidal
NCs were excited using a 405 nm laser diode, and the spectra were collected using an OceanOptics
2000+ spectrometer. Transmission electron microscope (TEM) images were obtained using a FEI
Tecnai G2 F20 operating at 200 kV, and size distribution analysis was performed on 300 individual
NCs per sample. Concentrations of copper and cadmium were determined by analysis of dried
nanocrystals digested in ultrapure nitric acid (EMD Chemicals) using inductively coupled plasma
atomic emission spectrometry (ICP-AES; Perkin-Elmer). PL quantum yields were measured using
an External Quantum Efficiency Measurement System with a Hamamatsu Integrating Sphere
(C9920-12) and a Hamamatsu high-sensitivity photonic multi-channel analyzer (C10027-01). PL

dynamics (hole trapping and Auger studies) were measured by exciting the colloidal NCs at room
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temperature with the frequency-doubled output of a Ti:Sapphire laser (405 nm, 150 fs pulse, power

~390 pW, repetition rate either 200 kHz or 250 kHz). PL decay curves were recorded using a

monochromator and streak camera with an instrument response time of ~25 ps. Parallel TA and

TRPL measurements were performed using an Ekspla Nd:YAG laser operating at a 25 Hz

repetition rate. Samples were pumped with the third harmonic of the 1064 nm fundamental, using

an excitation energy of ~100 uJ/pulse. For TA, a 150W CW Xe lamp was used as the white-light

probe. The pump and probe beams intersected the colloidal sample at a 90° angle. TA spectra and

dynamics were collected using a monochromator and streak camera with an instrument response

of ~20 ps.
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3.1 Overview
A series of Agi-.Cu,InSz nanocrystals (NCs) spanning from 0 < x < ~1 was synthesized by partial
cation exchange to identify copper’s contributions to the electronic structure and spectroscopic
properties of these NCs. Discrete mid-gap states appear above the valence band (VB) upon doping
AgInS; NCs with Cu* (small x). Density function theory (DFT) calculations confirm that these
mid-gap states are associated with the 3d valence orbitals of the Cu® impurities. With increasing
x, these impurity d levels gradually evolve to become the VB edge of CulnS> NCs, but the highest-
occupied orbital’s description does not change significantly across the entire range of x. In contrast,
with this gradual evolution, Agi-.Cu,InS> NC photoluminescence shifts rapidly with initial
additions of Cu” (small x) but then becomes independent of x beyond x > ~0.20, all the way up to
CulnS; (x = 1.00). Data analysis indicates small but detectable hole delocalization in the
luminescence excited state of CulnS; NCs, estimated by Monte Carlo simulations to involve at
most about four copper ions. These results reinforce the description of CulnS2 NCs as “heavily
copper-doped NCs,” in which photogenerated holes are rapidly localized in copper 3d-based

orbitals, and they provide unique insights into the properties of self-trapped excitons in these

materials.
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3.2 Introduction

Ternary colloidal I-III-VI, nanocrystals (NCs) of copper and silver (e.g., CulnS,, AgInS,, etc.)
have attracted broad attention as Cd/Pb-free nanophosphors and have stimulated interest in new
applications enabled by their solution processability, high photoluminescence quantum yields (PL
QYs), and size-tunable band-gap energies, such as full-spectrum lighting, luminescent solar
concentration, and quantum dot (QD) photovoltaics.!"!° Despite high interest, the complex defect
chemistries and structural disorder of I-III-VI> NCs still present major challenges to understanding
and controlling their physical properties. In particular, the microscopic PL. mechanisms active in
these ternary NCs are still debated. Here, we report combined synthetic, spectroscopic, and
computational studies aimed at addressing the unique photophysical properties of luminescent I-
III-VI> NCs, focusing particularly on identifying the contributions of copper to the luminescence
of Agi-CuInS; NCs in the range ~0 <x < ~1.

An interesting development in recent years has been the recognition that CulnS; and copper-
doped II-VI or III-V semiconductor NCs share nearly identical spectroscopic properties,'!"1?
suggesting closely related PL. mechanisms. For copper-doped semiconductor NCs, a great deal of
evidence now points to a photophysical sequence in which NC photoexcitation leads to rapid hole
capture by Cu’, followed by slow radiative recombination of this deeply trapped hole with the
delocalized CB-like electron.® The electron in this scheme is subject to quantum confinement,
affording tunability of this "free-to-bound" PL energy through NC size tuning or composition
alloying. This mechanism in Cu’-doped NCs has been demonstrated spectroscopically and by
density functional theory (DFT),!?"! and it also closely parallels the mechanism established in the
classic G-Cu phosphor, Cu*-doped ZnS (bulk).* 17 Photogenerated holes also localize around

the Ag" impurity ions of Ag"-doped II-VI NCs, yielding many of the same spectroscopic
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characteristics found in analogous Cu*-doped NCs, but the much larger second ionization energy
of Ag" compared to Cu* results in inverted bonding and consequently hole wavefunctions that are
dominated by silver-bound anion p orbitals rather than by the Ag(4d) orbitals themselves.!?

For CulnS; and AgInS: NCs, the photoluminescence mechanisms are much less clear, and
multiple plausible interpretations have been proposed.!”* ® Most descriptions of CulnS, NC PL
invoke the well-known Donor-Acceptor-Pair (DAP) recombination mechanism established for
bulk CulnS,. Various proposals describe carrier localization at lattice vacancies, anti-site defects,
or rare point defects.> % ' 18 Direct comparison® suggests that CulnS, NC PL actually has little in
common with bulk CulnS; PL, however. Saturation of the band-edge TA bleach at relatively low
excitation densities (only ~2 excitations/NC)!*-?* was interpreted as suggesting that at least one of
the two charge carriers in the luminescent excited state occupies a delocalized quantized level,
consistent with the size dependence of the PL energy. The small degeneracy of this quantized level
points to electron delocalization, and the large Stokes shift then suggests deep hole trapping, with
various specific hole-trapping point defects considered as possibilities.> > 1!

In an alternative mechanism, it has been suggested that holes rapidly localize at one or a few
lattice Cu* ions in an exciton self-trapping process,® 2 driven by localization forces including d-
band potential fluctuations and a positive feedback between hole contraction and nuclear
reorganization. In this mechanism, PL derived from radiative "free-to-bound" recombination of a
self-trapped hole with a delocalized CB electron is characterized by a large Stokes shift and
vibronically broadened bandshape, directly analogous to the PL of Cu-doped semiconductor NCs
and bulk Cu*-doped phosphors.'? DFT studies of CulnS; and related NCs have described a strong
propensity for hole localization even in the ordered chalcopyrite lattice structure, associated with

the combination of poor d-band electronic coupling and electrostatic fluctuations.?! By analogy to
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CulnS; NCs, the PL of AgInS> NCs is also frequently explained as DAP recombination,?*?* and
has also recently been proposed? to involve exciton self-trapping.

We hypothesized that careful examination of a well-controlled series of Agi—Cu,InS; (0 <x <
1) NCs would offer a unique opportunity to isolate the impact of just the monovalent cation (Ag"
or Cu"), thereby clarifying the specific role that this cation plays in the PL of such NCs. Given the
structural similarity of CulnS> and AgInS:; NCs, it should be possible to prepare alloyed
Ag1--CuInS> NCs at any value of x between 0.00 and 1.00 by direct chemical means. Indeed, solid
solutions of bulk Agi.Cu.nSe, show essentially no segregation effects.?6-*” Furthermore,
Agi—CudnS; NCs across this series should all possess many of the same native vacancy,
interstitial, anti-site, or other point defects invoked when discussing the PL of CulnS; and AgInS»
NCs, facilitating identification of the effects due specifically to copper. Micro- and nanocrystalline
Ag1--CuInS> have already been examined for solar photocatalysis and photovoltaics, where
alloying with CulnS; has proven useful for narrowing the AgInS, energy gap to access more solar

28-29 and several studies have also described red-shifted PL upon incorporation of Cu* into

photons,
AgInS; NCs.?%32 Prior studies of Agi—Cu,InS; NCs have primarily explored the dilute Cu* regime
(x <~0.25), however, and their goals did not require controlling for NC size or shape variations
that can also shift absorption and PL energies.

In the present study, partial Ag"-to-Cu’ cation exchange was used to prepare a homologous
series of alloyed Agi—Cu,InS; NCs that spans from x =0 to x ~ 1, all derived from the same parent
AgInS> NCs (Scheme 3.1, see Methods for experimental details). A hallmark of NC cation-
exchange chemistry is its preservation of the anion sub-lattice, such that the NCs retain their

33-37

general size and shape during the transformation. A collection of optical spectroscopic

methods was then used to probe the evolution of NC electronic structure across this composition
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series. The experimental results are supplemented by DFT calculations that aid the data
interpretation. Experimentally, the Agi—.Cu.InS> NC PL energy is found to decrease rapidly upon
addition of even small amounts of Cu® (small x), confirming direct participation of copper in the
NC PL mechanism. DFT results show that dilute Cu® doping introduces discrete mid-gap Cu(3d)
orbitals above the AgInS, NC valence band (VB) edge, similar to Cu™-doped II-VI and III-V NCs,
and consistent with hole trapping by copper in the luminescent excited states of these Cu*-doped
AgInS> NCs. Surprisingly, the Agi—<Cu.InS; NC PL energy converges to the PL energy of CulnS;
NCs at relatively small values of x (~0.20), remaining independent of x at larger values. This result
is interpreted as reflecting detectable but very limited delocalization of photogenerated holes in
the luminescent excited states of Agi-»Cu,InS2 NCs. Comparison of the data with Monte Carlo
simulations suggests that photogenerated holes are trapped within small clusters of copper ions (n
<~4)in Agi-,Cu,InS; NCs, even in the limit of x = 1.00 (CulnS.). These results establish copper's
role as a deep hole trap in both Cu*-doped and I-III-VI; NCs, and in particular support a self-

trapped-exciton description of the luminescent excited state of CulnS; NCs.

3.3 Results, Analysis, and Discussion

Scheme 3.1. Synthesis of AgInS; NCs and Their Conversion to Ag;—Cu,InS; NCs (~0

<x <~1) by Partial Cation Exchange.

purified and
dried

—_  — -
10 min
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Figure 3.1A presents room-temperature absorption and continuous-wave (CW) PL spectra of
representative AgInS, and CulnS; NCs with diameters of ~4 nm (synthesized independently, see
Methods). Both NC samples show similar spectroscopic features: an absorption spectrum having
a shoulder near its onset but lacking a clear maximum, and a broad, Stokes-shifted luminescence
band. The absorption onset and PL maximum both occur at lower energies for the CulnS; NCs
than for the AgInS> NCs. These results are consistent with analogous absorption and PL data

reported previously for CulnS; and AgInS, NCs. 19> 22-23,25, 38-39
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Figure 3.1. (A) Absorption and PL spectra of colloidal AgInS; NCs (blue) and CulnS;
NCs (red) of similar sizes (d ~ 4 nm), suspended in toluene. (B) Absorption (top left), PL
(top right), and TA (integrated between 0 and 300 ns, bottom) spectra of colloidal
Ag1--Cu:InS> NCs prepared by partial cation exchange from the same starting d = 3.9 nm
AgInS; NCs. The blue traces show data for x = 0.00 (QY = 44%), the green traces show
data for x ~0.04 (QY =41%), and the red traces show data for x ~ 0.20 (QY = 32%). Inset:
TA and PL decay dynamics associated with the x ~ 0.04 NCs shown in the main panel. The
photoinduced absorption decay (green line, ~750 nm), the negative of the TA bleach
recovery (dark green dots, ~500 nm), and the PL decay (dashed black line, 665-790 nm)
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all show similar dynamics with a time constant of ~400 ns, consistent with all three

measurements probing decay of the same luminescent excited state. All measurements

were performed on NCs in toluene at room temperature.

Figure 3.1B summarizes absorption, PL, and transient-absorption (TA) spectroscopic results
obtained for a series of Agi-«Cu.InS; NCs with different x values ranging from 0.00 to 0.20, all
prepared from the same starting d = 3.9 nm AgInS> NCs by partial cation exchange (Scheme 3.1).
The PL quantum yields of these NCs are all similar, ranging from 32 to 44%. Like in Figure 3.1A
(AgInS> and CulnS;, or x = 0 and 1), increasing x decreases the absorption onset and PL energies.
All three samples also show similar TA spectra featuring a broad bleach at the absorption edge
and weak photoinduced absorption at lower energy, within the gap. As described above, the bleach
is attributable to the presence of delocalized CB electrons, and recent TA studies***! of
Cu":CdSe/CdS and CulnS; NCs have attributed a similar mid-gap photoinduced absorption signal
to electronic transitions involving filling of copper-localized photogenerated holes, consistent with
experimental photoinduced absorption measurements in bulk Cu*:ZnS crystals'® and theoretical
predictions for absorption in Cu?>*:CdSe QDs.'* The PL involves decay of both the electron and
the hole. We note that similar TA data have also been interpreted to suggest that the luminescence
of CulnS2/ZnS NCs results from deep electron trapping rather than deep hole trapping, based in
part on the observation that the photoinduced absorption dynamics are insensitive to a low-energy
“dump” pulse.'® In the present data, however, both the TA bleach and the photoinduced absorption
show the same dynamics as the PL decay (inset, 7 ~ 400 ns), consistent with all three of these
observables probing the same luminescent excited state.

Figure 3.2 plots absorption (normalized) and differential-absorption spectra collected for a
much larger series of Agi—«CunS> NCs with different values of x, again all obtained from the

same d = 3.9 = 0.4 nm AgInS, NCs by partial cation exchange with Cu’. The average size and the
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size distribution remain essentially the same after copper incorporation (see Appendix B). Figure
3.2A also presents normalized room-temperature PL spectra of these NCs. The arrows in Figure
3.2A indicate the trends with increasing x. As x increases, there is an apparent redshift of the
absorption onset, but the differential absorption spectra in Figure 3.2B suggest that this change is
better described as growth of distinct new absorption at a fixed energy (~2.2 eV) within the original
AgInS; NC absorption gap. The amplitude of this new absorption scales with x. Concomitantly,

the PL band redshifts at small x, but appears to become independent of x at larger values of x.

Absorbance (norm.)
(‘wuou) /(1!sue1U| 1d

35 3.0 25 2.0 1.5

Energy (eV)
Figure 3.2. (A) Normalized absorption and PL spectra, and (B) differential absorption

spectra of a series of Agi—Cu,InS> NCs with 0 <x <0.9. All data were collected at room

temperature with the NCs in toluene. As x increases, new absorption grows in at ~2.2 eV,

causing an apparent redshift of the absorption edge. The PL band maximum redshifts with
increasing x. The absorption spectra are normalized at 3.54 eV.

The changes in the absorption spectrum with increasing x are attributed to introduction of
discrete new mid-gap states upon incorporation of Cu into the AgInS, NC lattice. This
interpretation is supported by DFT calculations on model AgInS> NCs. Figure 3.3 presents the
near-gap molecular-orbital (MO) energies computed for several 34-cation Agi—Cu,InS, NCs

having values of x = 0.00, 0.18, 0.47, and 1.00. The CB edge is set to 0 eV for all NCs to facilitate

comparison. When x = 0.00 (AgInS>), the VB edge is defined by a highest-occupied MO (HOMO)
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having ~66% S?*(3p)-orbital character, with the remainder dominated by Ag*(4d)-orbital character
in an antibonding phase relationship with the S*(3p) orbitals. The corresponding bonding
combination of Ag*(4d) and S*>(3p) orbitals occurs much deeper in energy. The CB edge is defined
by a lowest-unoccupied MO (LUMO) that has ~50% In**(5s) character, with ~30% Ag*(5s)
character and ~15% S*(3p) character. These results agree well with those computed for bulk

AgInS,. 4244
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Figure 3.3. Molecular-orbital energies and atomic-orbital compositions of Agi-.Cu,InS;
NCs ((Agi-xCuy)17In17S34, d ~1.6 nm, x = 0.00, 0.18, 0.47, 1.00) calculated by DFT. The
specific clusters are indicated in each panel. Energies are referenced to the CB edge.

Substituting a few Cu” ions into the AgInS,; NC lattice introduces a discrete set of localized
copper-centered orbitals just above the AgInS, VB edge. Increasing the copper content from x =
0.18 to 0.47 increases the number of these copper-based mid-gap orbitals but does not alter their
energies substantially, consistent with the spectroscopic observation of growing mid-gap
absorption with increasing x (Figure 3.2B). As x is increased toward 1.00, these mid-gap orbitals
evolve to become the VB edge of CulnS; NCs. For all copper-containing compositions, the HOMO
has ~50-60% Cu*(3d) character and substantial S*(3p) covalency. Across this series of

Agi1-<CusInS; NCs, there is negligible change in the In** and S?* contributions to the CB edge, and
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just the Ag*(5s) orbital contributions are replaced by Cu*(4s) contributions. Note that the mid-gap
Cu” orbitals that appear in the dilute limit closely resemble the near-band-edge orbitals of the
CulnS> NCs in both energy and composition, but simply occur with a much smaller density in the
dilute-Cu* limit. Overall, these results demonstrate that the spectroscopically active orbitals of
CulnS, NCs are almost identical to those of Cu*-doped AgInS> NCs.

Although the experimental evolution of the absorption spectrum going from AgInS; to CulnS;
NCs appears readily explained by these DFT results, the trend in the PL data for the same series is
more complex. Figure 3.4 summarizes the PL data from Figure 3.2 by plotting the PL energy shift
vs x. This plot shows that the PL energy decreases with addition of Cu* until x ~ 0.20, but then
becomes independent of x between x = ~0.20 and 1.00. Increasing x in Agi—Cu,InS; NCs thus
does not simply shift the PL to lower energies in proportion to x, as observed for example in Cd;-
xZn,Se alloy NCs (with minor bowing), where delocalized excitons experience the average crystal
composition. The PL data also do not follow the trend expected in the scenario of hole localization
at individual Cu" ions, however. In this scenario, only very small values of x (< ~0.03) would be
required to completely shift the PL to its new energy. Such a scenario is observed in Mn**-doped
I1-VI NCs, for example, where a single Mn?" dopant is sufficient to completely shift the PL of a
given NC to its new value, and increasing x has only a small additional effect. In contrast, the PL
data in Figure 3.4A show that much larger values of x are required to reach the PL endpoint in the
Ag1--CuInS> NC series, despite the fact that the PL energy shifts rapidly even at very small x. At
x = 0.20, where the PL energy becomes independent of x, the average NC possesses ~60 Cu” ions
(see SI). We conclude that the PL characteristics of CulnS, NCs are already fully achieved at Cu*
levels far below x = 1.00, but also that isolated Cu” impurity ions are not sufficient to make the PL

of Agi.Cu,InSz NCs resemble that of CulnS; NCs.

61



—. 08+ average composition
w ngle-site *«, &~ (fully delocalized)
o 064" trapning
LU MR S
S ~~
= "
uy 04 AN
" Ag1-xCuxInS2 NC
<« .
S PL
OO— ___________ ~~
T T T T -2
0.0 0.2 0.4 0.6 058 1.0
X
1.0 (
o 0.8
(©)
Z
%5 0.6
5
= 04
3]
©
—
L o2
N =1 N=23 N=24 N=5
0.0 T T | |
0.0 0.2 0.4 0.6 0.8 1.0

x in Agy_,Cu,InS,

Figure 3.4. (A) Plot of PL energy shift (circles) vs x for the Agi—Cu,InS; NCs of Figure
3.2. The PL energy rapidly redshifts with small additions of copper until x ~ 0.20, beyond
which it becomes independent of copper concentration. The black line is a guide to the eye.
The blue dashed line shows the anticipated dependence of the PL energy on x for the
scenario in which the hole in the luminescent excited state is completely localized on a
single copper ion. The purple dashed line shows the anticipated dependence of the PL
energy on x for the scenario in which the luminescent excited state is fully delocalized and
experiences the average NC composition. (B) Statistics describing the probabilities of
minimum Cu" cluster sizes in Agi—Cu,InS> NCs, computed by Monte Carlo methods for
d = 4.05 nm NCs with ordered chalcopyrite lattice structures and plotted as a function of
x. The curves illustrate the fraction of NCs possessing at least monomers (N > 1, red),
nearest-neighbor dimers (N > 2, yellow), and clusters with 3 (N> 3, green), 4 (N > 4, blue),
or 5 (N> 5, purple) of nearest-neighbor Cu” ions. At x = 0.2, nearly all NCs possess at least
one cluster with N =4 Cu" ions or larger.

It is conceivable that the results in Figure 3.4A could simply reflect the rare formation of some
specific mid-gap trap state upon copper alloying, such as discussed in previous literature,> % ! and
that this trap is present in every NC above x ~ 0.20. This interpretation is excluded by the

observation that the PL spectra at intermediate compositions (~0.10) are not describable as linear
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combinations of the endpoint PL spectra (see SI). These data are thus inconsistent with the PL of
Agi..Cu,InS; NCs coming from a specific rare defect.

Instead, we interpret the data in Figure 3.4A to suggest that holes localized at single copper
dopants in the dilute Cu" limit (x ~ 0) can relax to lower energies by delocalizing over a larger
number of copper impurity ions as x is increased, provided there exists sufficient inter-copper
electronic coupling. Such electronic coupling involves the copper 3d valence orbitals and is limited
to nearest-neighbor interactions, i.e., hole delocalization requires nearest-neighbor copper ions. To
analyze this scenario, the statistical distributions of Cu” ions within the Ag;—,Cu,InS; NCs of
Figures 3.2 and 3.4A were analyzed as a function of x using Monte Carlo methods. Figure 3.4B
plots the fraction of NCs possessing at least monomers (N > 1), nearest-neighbor dimers (N > 2),
trimers (N > 3), tetramers (N > 4), and larger clusters (NV > 5) of nearest-neighbor Cu* ions as a
function of x, computed for model d = 4.05 nm NCs with ordered chalcopyrite lattice structures.
From these results, the fraction of NCs possessing at least one Cu” dopant increases very rapidly
at small x such that no undoped NCs remain beyond x ~ 0.03. Likewise, the fraction of NCs
possessing at least one Cu-Cu” nearest-neighbor interaction grows very rapidly and reaches unity
at x ~ 0.12. Both of these curves reach unity at values of x where the experimental PL energy still
depends on x (Figure 3.4A), indicating that the PL energy is not determined by formation of either
Cu” monomers or Cu-Cu" dimers within the NCs. Instead, the experimental NC PL energy only
becomes independent of x at x > ~0.20, where the majority of NCs possess clusters of at least 3
and possibly at least 4 nearest-neighbor Cu* ions. It is impossible to identify any specific cluster
that represents the limit of maximum hole delocalization, in part because multiple configurations
exist for clusters of N > 3, but that complication does not preclude drawing the strong conclusion

from this analysis that a small number of neighboring Cu" ions is necessary and sufficient to
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maximally stabilize the luminescent excited state in Ag;-»Cu.InS> NCs. Because the PL spectrum
is the same at x = 1.00 (CulnS;) as it is at x = ~ 0.25, the data presented here also provide
compelling support for hole localization within small clusters of lattice Cu” ions in CulnS; NCs.
Hole localization over small copper clusters within CulnS> NCs has also recently been predicted
by DFT studies of the VB electronic structures of Zny(i.x(Cu,In),S2 NCs,?! where the combination
of weak copper d-band electronic coupling, electrostatic fluctuations, and electron-nuclear
coupling was proposed to cause hole self-trapping even in point-defect-free ordered chalcopyrite
NCs.

We note that the analysis of Figure 3.4B assumes random alloying of Cu®™ and Ag" in these
Agi—+Cu,nS> NCs. It is conceivable that thermodynamic forces could cause some degree of Cu”
and Ag" segregation within the NCs; in such a scenario, copper clusters would form more rapidly
with x than plotted in Figure 3.4B, and slightly larger clusters would exist at any given x than
predicted from the statistical analysis, but the same overall conclusion that holes delocalize over
relatively small numbers of Cu” ions in Ag;—Cu,InS, NCs would still be reached. Overall, these
results and analysis reinforce the description of CulnS; NCs as “heavily copper-doped NCs,” being
more similar in electronic structure to dilutely Cu’-doped NCs than to undoped II-VI or other

semiconductor NCs that involve highly dispersive VBs.

3.4 Summary and Conclusions

In summary, the synthesis of a series of Agi-.CusInS; NCs (0 < x < 1) by cation exchange
starting from a single stock of AgInS> NCs has allowed the effects of copper on the absorption and
PL spectroscopic properties of these NCs to be investigated systematically with minimal

perturbation of other structural or compositional variables. These experiments reveal key aspects
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of the electronic structures of Agi—.Cu,InS;, including CulnS, NCs. Specifically, the results
presented here demonstrate that addition of Cu” into AgInS; NCs introduces discrete new mid-gap
Cu(3d) orbitals just above the Agi—«Cu,InS> VB edge. These new orbitals in the dilute Cu® limit
(x ~ 0.00) are very similar to the orbitals at the VB edge of CulnSz NCs (x = 1.00). The NC PL
energies show a striking trend of decreasing in energy with increasing x until ~0.20, beyond which
they remain independent of x all the way up to x = 1.00. The absence of any x dependence of the
PL energy between x = 0.20 and 1.00 indicates limited hole delocalization in such NCs, including
in CulnS> NCs (x = 1.00), and this result in turn implies weak inter-Cu* electronic coupling relative
to localization forces such as electron-nuclear coupling and electrostatic heterogeneity. Statistical
modeling and analysis of the experimental data suggest hole delocalization over only around 3 or
4 copper ions in the luminescent excited state of Agi—Cu,InS; NCs with x > ~0.20, including
CulnS; NCs, rather than over the entire NC volume. These findings are consistent with exciton
self-trapping in CulnS, NCs.> !% 2! The results and analysis presented here advance our
fundamental understanding of the electronic structures and excited-state properties of luminescent
copper-doped and copper-based semiconductor NCs and help to inform the development of future

photonic or energy-conversion technologies that employ such materials.

3.5 Experimental Methods

3.5.1. Chemicals. Sulfur powder (99.98%), indium (III) acetate (99.99%), 1-dodecanethiol
(DDT; <98%), copper (1) iodide (Cul; 98%)), oleic acid (OA; 90%), and 1-octadecene (ODE; 90%)
were purchased from Aldrich. Silver acetate (99%) and trioctylphosphine (TOP; 97%) were
purchased from STREM. All chemicals were used as received.

3.5.2. Nanocrystal Synthesis and Partial Cation Exchange. Silver indium sulfide NCs were

synthesized according to the following procedure, which was adapted from a previous literature
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report.?? To start, silver acetate (0.53 mmol), indium acetate (0.51 mmol), and DDT (83.3 mmol)
were combined in a flask and stirred under nitrogen at 150 °C for one hour. A separate, sulfur
solution (sulfur (1.1 mmol), DDT (5.6 g), and OA (1.6 g)) was sonicated until all sulfur had
dissolved (~30 min) and then purged with nitrogen for ~30 min. The sulfur precursor solution was
then rapidly injected into the flask containing the silver, indium, and DDT precursors. The reaction
was allowed to proceed for 10 minutes, at which point the flask was rapidly cooled. OA (~1 mL)
was added to the flask at ~40 °C, after which point the flask continued to cool to room temperature.
The NCs were washed twice with ethanol, methanol, and acetone, and then resuspended in hexanes
and OA. The NCs were washed a third time with methanol and resuspended in toluene.

All Ag-.CuInS; NCs were synthesized based on a procedure adapted from a previous
synthetic method,* and the concentration of copper and TOP in the copper precursor solution was
varied to obtain NCs with different values of x. A representative synthesis is as follows: briefly,
pre-formed AgInS; NCs were dried and resuspended (with sonication) in 1.2 mL DDT. 3.0 mL
ODE and 0.1 mL OA were added to the NC solution. The flask was heated to 60 °C, and three
pump-purge cycles (20 min/cycle) were performed. A separate copper solution was also prepared
for which 0.04 mmol Cul was dissolved in 12 mL ODE, and the solution was purged for ~30 min.
0.02 mL of TOP (0.045 mmol) was added, and the solution was sonicated for ~60 min. 0.55 mL
of the copper precursor solution was then swiftly injected into the flask containing the AgInS»
NCs, and the reaction was allowed to proceed for 10 minutes. The flask was then quickly cooled
to room temperature. The NCs were washed twice with ethanol and methanol, resuspending in
toluene in between. The final product was resuspended in toluene. Concentrations of silver and

copper in the NCs were determined by analysis of dried NCs digested in ultrapure nitric acid (EMD
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Chemicals) using inductively coupled plasma atomic emission spectrometry (ICP-AES;
PerkinElmer).

3.5.3. Spectroscopic Measurements. Absorption spectra of the NCs were collected in toluene
at room temperature using a Cary 5000 spectrophotometer (Varian). Continuous-wave (CW)
photoluminescence (PL) spectra measurements were performed by exciting the colloidal NCs with
a 405 nm laser diode and collecting the spectra using an OceanOptics 2000+ spectrometer.
Transmission electron microscope (TEM) images were obtained using a FEI Tecnai G2 F20
operating at 200 kV, and size distribution analysis was performed on 115 individual NCs per
sample. PL quantum yields were determined using an External Quantum Efficiency Measurement
System with a Hamamatsu Integrating Sphere (C9920-12) and a Hamamatsu high-sensitivity
photonic multichannel analyzer (C10027-01). Transient-absorption measurements were performed
using an Ekspla Nd:YAG laser operating at a 25 Hz repetition rate. NCs were excited using the
third harmonic of the 1064 nm fundamental with an excitation energy of ~100 pJ/pulse while
stirring. A 150W CW Xe lamp was used as the white-light probe source. The pump and probe
beams intersected at a 90° angle. The dynamics and spectra were collected using a monochromator
and streak camera with an instrument response of ~20 ps.

3.5.4. Density Functional Theory Calculations. DFT calculations were performed using
Gaussian 09*¢ with the PBEO hybrid DFT functional*’*® and the Los Alamos double-( pseudocore
potential and corresponding basis set, with explicit basis functions used to describe the S(3s, 3p),
In(5s, 5p), Cu(3d, 4s, 4p) and Ag(4d, 5s, 5p) atomic orbitals.**->° This method has previously been
applied to other doped NCs, including Cu*:CdSe and Ag*:CdSe NCs.!* 312 Small, roughly
spherical NCs with 34 total cations (Cu*, Ag*, and In*") and 34 anions were constructed in the

ordered chalcopyrite crystal structure; all NC geometries were optimized before other electronic-
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structure calculations were performed. Dangling bonds on uncompensated surface ions were
passivated by pseudo-hydrogen atoms with fractional charges (+1.25 for In**, +1.75 for Cu* and
Ag”, and +0.5 for §%).33-3

3.5.5. Monte Carlo Calculations. A spherical AgInS, NC (d =4.05 nm, 310 Ag" cations)
was constructed from the bulk AgInS; crystal structure. For each possible Cu” dopant
concentration with Cu” substituting for Ag* (x = 0/310, 1/310, 2/310 ... 310/310), 1000 NCs were
simulated. Because not all NCs in the experiment have identical numbers of dopants at a given
ensemble dopant concentration, the actual number of dopants in each NC was selected from a
Poissonian distribution around the average number of dopants at the given concentration.
Dopants were randomly assigned to Ag" cation sites, and the number and type of dopant clusters
in each NC were determined. The data in Figure 3.4 represents the fraction of NCs (out of the
1000 simulated NCs) at each concentration that have at least one cluster of the specified size or

larger.
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4.1 Overview

Indium Phosphide (InP) semiconductor nanocrystals (NCs) provide a promising alternative to
traditional heavy-metal-based materials, and implementation of InP NCs into consumer products
is rapidly increasing. However, as-synthesized InP NCs have very low photoluminescence
quantum yields (PLQY). While empirical methods have led to NCs with near-unity PLQYs, a
fundamental understanding of how specific synthetic and post-synthetic protocols alter the
electronic landscape of InP NCs is lacking. Using a combination of room temperature and low
temperature time-resolved spectroscopies, we studied a series of homologous InP NCs prepared
from InP clusters to elucidate how specific charge-carrier trapping processes are affected when
different surface treatments are performed. From the data we observe signatures of bright-dark
excitonic splitting in our samples with only sub-monolayer coverage of select additives (divalent
Lewis acids and fluoride)—a phenomenon that has only been previously demonstrated with thick-
shelled samples. We also conclude that the PLQY increases observed for our samples occur
through elimination of surface traps that specifically localize photoexcited electrons. However,
hole trapping still exists. Together, these synthetic and spectroscopic results help move us one step
closer to understanding how the experiments we perform in the wet lab directly affect the
photophysical mechanisms of our materials so as to engineer targeted synthetic strategies to obtain

InP NCs with the highest possible PLQYs.
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4.2 Introduction

Colloidal semiconductor nanocrystals (NCs) are the subject of intense research for
application in a variety of technologies including solar energy conversion, biological imaging, and
solid-state lighting.! A hallmark of colloidal NCs is the tunability of absorption and
photoluminescence (PL) energies as well as their ability to emit with narrow PL linewidths—both
of which make such NCs attractive as downconversion phosphors for wide-color-gamut displays.?
As incorporation of these materials into consumer products increases, however, environmental
concerns over heavy-metal-based NCs have refocused research toward less toxic materials. Indium
phosphide (InP) NCs are a proven alternative to traditional cadmium- and lead-based chalcogenide
NCs. InP NCs are less toxic than traditional cadmium selenide (CdSe) NCs,** reducing
environmental and health concerns. Their larger Bohr radius compared to CdSe also allows
absorption and PL energies to be tuned across a wider spectral window,’> which is of interest for
display technologies. Despite these advantages, chemical issues still persist that must be addressed
before InP becomes the material of choice for widespread industrial phosphor applications. In
particular, as-synthesized InP NCs generally exhibit low (~1%) photoluminescence quantum
yields (PLQYs), broad PL linewidths, and substantial trap luminescence because of numerous
surface defects that introduce deep charge-carrier trap states.® Furthermore, even with substantial
modification of the NC cores, they cover the desired color gamut less effectively and with lower
internal quantum efficiencies than more-toxic CdSe NC emitters.

To improve the performance of colloidal InP NCs, it is necessary to develop synthetic
procedures that can control their photophysics and suppress undesired carrier trapping.
Unfortunately, little is known about the microscopic identities of carrier traps in InP NCs.”"!° There

is even little consensus about the relative importance of electron vs hole trapping in determining
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the PLQY's of InP NCs; low PLQY's have been attributed to electron trapping at under-coordinated
indium sites (a.k.a., phosphorus vacancies),” ° but also to hole trapping at under-coordinated
phosphorus sites.® ! High PLQY's have mainly been obtained by growing thick or gradient shells
onto InP NC surfaces.!*!* For example, a 95% PLQY was recently reported for InP/ZnSe/ZnS
NCs.!3 Some reports have described increased InP NC PLQYs after etching with HF to remove

surface traps.!>-18

From ultrafast spectroscopic studies of as-synthesized, HF-treated, and ZnS-
shelled InP NCs, one study noted a lack of correlation between PLQY and transient absorption
(TA) bleach recovery, pointing to a lack of electron trapping.'® The presence of a rapid PL decay
component (on a ~600 ps window) that was absent from the TA dynamics indicated rapid hole
trapping, and growth of a ZnS shell was shown to eliminate this hole trapping.'® Electron trapping
at under-coordinated indium sites was concluded from optically detected magnetic resonance
(ODMR) data showing a resonance broadened by hyperfine interactions with indium nuclei.’
Clearly, a deeper fundamental understanding of the influence of surface chemistry on the PL of
colloidal InP NCs will help to improve the quality and reliability of these materials for next-
generation display and spectral-conversion technologies.

Here, we describe spectroscopic studies of a series of five homologous InP NC samples
that collectively allow a systematic investigation into the effects of different surface chemistries
on charge-carrier trapping, and hence on InP NC PLQYs. As-synthesized InP NCs made from InP
clusters have indium-rich surfaces!” and show low (~1%) PLQYs, consistent with under-
coordinated surface indium ions acting as electron traps. Post-synthetic reaction with metal-
carboxylates induces surface cation exchange!® and vastly increases the PLQY (up to ~50%).

Synthesizing the InP NCs in the presence of fluorinated ionic liquids yields surface In—F bonds!’

and increases the PLQY up to 20%, successfully replicating the results of HF etching.?’ Shell
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growth also increases the PLQY.!?"!% 2! Variable-temperature (VT) PL and TA measurements
reveal that the PLQY increases observed across this series of NC samples stems primarily from
elimination of surface electron traps. Even with essentially complete suppression of electron
trapping, the PLQY reaches only ~50%, and hole trapping is still observed. These results
demonstrate that the PLQY's of these InP NCs depend quite substantially on both electron and hole
trapping. Notably, VTPL measurements of InP NCs with sub-monolayer chemical modifications
reveal clear signatures of exciton fine-structure splittings that in the past have only been observed
after high-quality shell growth, highlighting the efficacy of such targeted surface modifications for
reducing nonradiative carrier recombination losses in InP NCs. These findings advance our
understanding of surface traps in colloidal InP NCs and contribute to the development of well-
defined chemical tools for suppressing carrier trapping in these technologically important

materials.

4.3 Methods

4.3.1. General Considerations. All glassware was dried in a 160 °C oven overnight prior
to use. All reactions, unless otherwise noted, were performed under an inert atmosphere of nitrogen
using a glovebox or using standard Schlenk techniques. Myristic acid (>99%), indium acetate
(99.99%), anhydrous acetonitrile, anhydrous ethanol, zinc stearate, sulfur powder (99.5%
sublimed), and selenium powder (99.99%) were purchased from Sigma-Aldrich Chemical Co. and
used without further purification. Diethyl zinc (95%) and dimethyl cadmium (97%) were
purchased from Strem Chemicals and stored in a nitrogen atmosphere glovebox. Toluene
purchased from Sigma-Aldrich Chemical Co. was collected from a solvent still and stored over

activated 3 A molecular sieves in a glovebox. 1-Octadecene (1-ODE, 90%) and trioctylphosphine
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(TOP, 97%) were purchased from Sigma-Aldrich Chemical Co. and dried by being stirred
overnight with CaHa, distilled, and stored over activated 3 A molecular sieves in a nitrogen
atmosphere glovebox. Bio-Beads S-X1 for gel permeation chromatography were purchased from
Bio-Rad Laboratories and dried under vacuum before being stored in a glovebox. Cadmium oleate
was prepared from dimethyl cadmium and oleic acid using a literature procedure.?? Zinc myristate
was prepared from diethyl zinc and myristic acid using a modified literature procedure.!

4.3.2. Synthesis of InP NCs. First, myristate-capped InP clusters were synthesized
following a modified preparation and stored as a solid in a nitrogen atmosphere glovebox.?*>* InP
clusters (180 mg) were dissolved in 2 mL of 1-ODE and loaded into a septum-capped syringe. In
a 50 mL 3-neck round-bottom (RB) flask, 34 mL of 1-ODE was heated to 300 °C under a nitrogen
atmosphere on a Schlenk line. While stirring vigorously, the cluster solution was removed from
the glovebox and rapidly injected into the flask. Upon injection, the solution turned dark red and
larger particle growth was monitored at 285 °C by UV-Vis spectroscopy until the absorbance
maximum no longer red-shifted (approx. 12 min). The solution flask was cooled down by placing
it in an oil bath. The 1-ODE was removed through distillation under reduced pressure. The
resulting NC paste was transferred into a glovebox for purification and re-dissolved in a minimal
amount of toluene. To remove residual 1-ODE, a single precipitation cycle was performed with
acetonitrile as the non-solvent and centrifuge settings at 7000 rpm for 10 min. After removing the
clear supernatant, the red pellet was dissolved in a minimal amount of toluene and purified by gel
permeation chromatography. The resulting InP NC solution, free of excess ligand, was stored as a
stock solution in toluene in the glovebox.

4.3.3. Preparation of InP/M NCs. InP/M NC samples were prepared following a modified

procedure.!® Using the InP NC stock solution, estimated to be 0.08 M In**, 1 mL (0.08 mmol In**)
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of solution was dried down and re-suspended in 1-ODE. To produce InP/Zn, zinc myristate (64
mg, 0.12 mmol Zn?") was suspended in 4 mL of 1-ODE and heated to 80 °C while stirring in a 15
mL 3-neck RB flask on the Schlenk line. The 1 mL solution of InP NCs was injected and heated
to 200 °C. The reaction was halted after 2 hours following no further changes in the absorbance or
photoluminescence features. Particle purification was performed in the same fashion as the InP
NCs. To produce InP/Cd, the same steps were followed with cadmium oleate (28 mg, 0.04 mmol)
instead of zinc myristate.

4.3.4. Preparations of InP/ZnSeS NCs. InP NCs were coated with a ZnSeS shell following
a modified literature procedure as described by Lee et al.?! First, TOP-Se and TOP-S 1 M solutions
were prepared in the glovebox by dissolving selenium or sulfur powder in distilled TOP. Similar
to the InP NC stock synthesis, a solution of InP NCs was prepared by injecting a solution of the
myristate-capped InP clusters (20 mg, 0.045 mmol In**, dissolved in 1 mL 1-ODE) into 5 mL of
1-ODE at 300 °C. Particle growth was monitored at 285 °C and cooled down to 220 °C following
no further changes by UV-Vis. Zinc stearate (285 mg, 0.45 mmol) was injected as a suspension in
1-ODE (2 mL) and held at 220 °C for 15 min. Then, a solution containing TOP-S (45 uL, 0.045
mmol) and TOP-Se (405 uL, 0.405 mmol) was injected and the temperature was raised to 300 °C
and held for 60 minutes while monitoring the photoluminescence. After cooling down to room
temperature, the solution was transferred into the glovebox and filtered with syringe filters (PTFE)
and then the 1-ODE was removed by vacuum distillation. The resulting NC paste was purified
with multiple precipitation cycles using toluene and ethanol as the solvent and non-solvent,
respectively.

4.3.5. Synthesis of InP NCs Treated with Fluoride-Containing Ionic Liquid. Under a

nitrogen atmosphere, 10 mL of 1-octadecene was added and the flask was heated to 290 °C. In a
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glovebox, 0.068 g (0.004 mmol) of InP clusters and 0.382 g (1.503 mmol) of 1-hexyl-3-
methylimidazolium tetrafluoroborate (hmim BF4) was suspended in 2 mL of 1-octadecene. Note:
the ionic liquid is immiscible in 1-octadecene at room temperature. The biphasic mixture was
loaded into a plastic syringe and rapidly injected into the flask at 290 °C. The reaction vessel was
stirred for 25 minutes after which the vessel was cooled to room temperature. The 1-octadecene
was removed via vacuum distillation and the orange solid was dissolved in 5 mL toluene and
precipitated by addition of acetonitrile (approximately 10 mL). The supernatant was removed via
centrifugation and this process was repeated. The resulting solid was further purified via size-
exclusion chromatography.?

4.3.6. Spectroscopic Measurements. Absorption and continuous-wave (CW)
photoluminescence (PL) measurements of NC samples were conducted at room temperature in
toluene. Absorption spectra were collected on a Cary 60 spectrophotometer (Varian). CW PL
measurements were performed by exciting the colloidal NCs with a 405 nm laser diode and
collecting the spectra using an OceanOptics 2000+ spectrometer. Transmission electron
microscope (TEM) images were collected using a FEI Tecnai G2 F20 operating at 200 kV, and
size distribution analysis was performed on 200-300 individual NCs per sample. PL quantum yield
(PLQY) values were measured using an External Quantum Efficiency Measurement System with
a Hamamatsu Integrating Sphere (C9920-12) and a Hamamatsu high-sensitivity photonic
multichannel analyzer (C10027-01). Transient absorption (TA) measurements were performed
using an EOS unit from Ultrafast Systems at University of Washington’s Molecular Analysis
Facility. The 800 nm output from a Coherent Libra amplified Ti:Sapphire laser (1 kHz repetition
rate) was frequency-doubled using an OPA to excite the colloidal NCs in a 2 mm air-free cuvette

with an average excitation power of ~5 pW measured through a 200 pm pinhole. The NCs were
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stirred during the entirety of the experiment. The probe white-light was generated using an external
g-switched Nd:YAG laser with an electronic delay. The collinear pump and probe beams
overlapped at the sample. Room-temperature time-resolved photoluminescence measurements
(TRPL) were performed by exciting the colloidal NCs with the frequency-doubled output of a
Ti:Sapphire laser (400 nm, 150 fs pulse, power either 300 uW or ~30 uW, repetition rate either
1000 or 150 kHz). PL decay curves were recorded using a monochromator and streak camera
(instrument response: ~25 ps). Variable-temperature (VT) TRPL measurements were performed
on NC films fabricated by drop-casting colloidal NC solutions onto quartz discs, which were then
placed in a closed-cooling Displex cryostat. NC films were excited using the third harmonic of the
1064 nm fundamental output from an Ekspla Nd:YAG laser with a 50 Hz repetition rate and an
excitation energy of 1.3 pJ. The VT-TRPL dynamics and spectra were collected using a

monochromator and streak camera (instrument response: ~20 ps).

4.4 Results and Analysis

4.3.1. Sample Preparation and General Characterization. Figure 4.1 presents TEM
images of InP NCs (d = 2.7 = 0.4 nm), InP/F NCs (d = 2.4 = 0.3 nm), InP/Zn NCs (d = 2.7 £ 0.3
nm), and InP/Cd NCs (d = 2.7 £ 0.3 nm), all synthesized from carboxylate-ligated InP clusters. All
of these NCs have quasi-spherical shapes and similar sizes, except the InP/F NCs, whose average

NC diameter is slightly smaller than those of the others (2.4 vs 2.7 nm).
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Figure 4.1. TEM images of selected InP NC samples. (A) InP NCs, d =2.7 £ 0.4 nm, (B)
InP/F NCs, d =2.4 £ 0.3 nm, (C) InP/Zn NCs, d = 2.7 + 0.3 nm, and (D) InP/Cd NCs, d =
2.7+0.3 nm.

Figure 4.2 summarizes the absorption and continuous wave (CW) PL of the same series of
NC samples shown in Figure 4.1, plus an additional InP/ZnSeS NC sample. The spectra are shown
in order of increasing PLQY. The untreated InP NC sample shows a first excitonic absorption
maximum at 2.24 eV and exhibits a low (< 1%) excitonic PLQY accompanied by broad trap
emission to lower energy. Synthesis of the NCs in the presence of fluorinated ionic liquids (InP/F,
see experimental section) increases the PLQY to 20%. The first excitonic absorption maximum is
blue-shifted by ~180 meV to ~2.24 eV, and the trap PL is reduced relative to the excitonic PL.
Annealing the as-prepared InP NCs in the presence of Zn-carboxylates forms InP/Zn NCs, which
show a slight blue-shift of 60 meV, moving the first excitonic absorption maximum to ~2.3 eV.
These NCs show an excitonic PLQY of 21%, and the low-energy trap PL is nearly
indistinguishable from the baseline. Growth of a thin (~1.2 nm) ZnSeS shell on the as-prepared
InP NCs broadens the first excitonic absorption maximum (centered at ~2.25 eV) and excitonic

PL and increases the PLQY to 50%. Lastly, InP/Cd NCs synthesized by annealing InP NCs in the
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presence of Cd-carboxylate show a first excitonic maximum that is red-shifted from that of the as-
prepared InP NCs by ~120 meV (to 2.12 eV), and have a PLQY of 54%. The PL band appears to
have an asymmetric shape, tailing to lower energies. These results demonstrate that InP NC surface
modifications can dramatically increase PLQY's (<1% to 54%) and shift band-edge absorption by

nearly 200 meV without significantly changing the NC size.

InP

1% QY
S i)
S InP/F | =
g 20% QY | =
c >
5 2
£ 2
@ InP/Zn | 2
2 21% QY | T

InP/ZnSeS

50% QY

InP/Cd

54% QY

I | | | [ [ I | -

30 28 26 24 22 20 18 16 14
Energy (eV)

Figure 4.2. Absorption (left) and CW PL (right) of the InP NCs (black, 1% PLQY), InP/F
NCs (fuchsia, 20% PLQY), InP/Zn NCs (blue, 21% PLQY), InP/ZnSeS NCs (green, 50%
PLQY), and InP/Cd NCs (red, 54% PLQY) that were used in this study. All samples shown
were made starting with InP clusters and were measured colloidally in toluene at room
temperature. The NC size stays roughly the same, despite shifts of the first excitonic
transition across the sample series.

4.3.2. Variable-Temperature Photoluminescence. Figure 4.3 shows variable-temperature
(VT) PL data of InP NCs (Figure 4.3A, D), InP/F NCs (Figure 4.3B, E), and InP/Cd NCs (Figure

4.3C, F). Across the series of samples, the ratio of excitonic-to-trap PL intensities increases with
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increasing sample PLQY. For all three samples, the excitonic PL shifts to lower energy and
decreases in intensity with increasing temperature, as reported previously.®26-28 The time-averaged
PL intensities of all three samples also decrease with increasing temperature. Figures 4.3D, E, and
F show excitonic PL decay dynamics measured as a function of temperature for the same series of
NC samples. All three samples show multi-exponential (quasi-biexponential) decay at all
temperatures. For each sample, the PL decay curves appear to converge to a similar slow decay
time at all temperatures. At short times (03 ns), however, the InP/F and InP/Cd NCs (Figure 4.3E,
F) both show fast decay components whose amplitudes increase with increasing temperature. This
temperature dependence contrasts with that of the InP NCs (Figure 4.3D), whose excitonic PL
intensity merely decreases with increasing temperature on all time scales. To the best of our
knowledge, this trend at short times has not been noted previously. An increase in time-integrated
excitonic PL intensity with increasing temperature has been reported for InP/ZnS core/shell NCs,?’
but this trend was not commented upon. The observation of increasing short-time excitonic PL
intensities with increasing temperature is significant because it suggests that radiative

recombination is accelerated at higher temperatures.
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Figure 4.3. (A, B, C) Room-temperature absorption spectra (dotted), variable-temperature
photoluminescence spectra (solid), and (D, E, F) variable-temperature excitonic PL decay
dynamics measured for various InP NCs. Data were collected at temperatures between 24
and 300 K for (A, D) as-prepared InP NCs, (B, E) InP/F NCs, and (C, F) InP/Cd NCs. PL
spectra were obtained by integrating streak-camera data over 1 ps. PL decay curves were
obtained by integrating between ~2.15 eV and 2.00 eV for the InP NCs, between ~2.20 eV
and 2.00 eV for the InP/F NCs, and between ~1.95 eV and 1.75 eV for the InP/Cd NCs.

InP/Cd
[

o

To explore the anomalous temperature dependence observed in Figure 4.3, Figure 4.4A
plots the integrated short-time (03 ns) excitonic PL intensities of each sample versus temperature.

Whereas the InP PL intensity decreases with increasing temperature, the short-time excitonic PL
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intensities of the InP/Cd and InP/F NCs both continue to increase with increasing temperature all
the way up to room temperature. Figure 4.4B plots the weighted-average excitonic PL decay times
for these three samples as a function of temperature (see SI for fitting). For the InP NCs, the
average PL decay time increases slightly from ~5.5 ns at 25 K to ~8.0 ns at 240 K, but for the
InP/F NCs the average PL decay time decreases from 80 ns at 33 K to ~20 ns at 300 K, and for
the InP/Cd NCs it also decreases, from ~165 ns at 40 K to ~70 ns at 300 K. The decreasing PL
decay times in Figure 4.4B combined with the increasing short-time PL intensities in Figure 4.4A
support the conclusion that radiative recombination at short times accelerates with increasing
temperature in these NCs. In the as-prepared InP NCs, this behavior is obscured by rapid
nonradiative decay (PLQY < 1%), but in the InP/Cd and InP/F NCs where the PLQY's are greater,

this trend in radiative decay rates becomes evident.
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Figure 4.4. (A) Excitonic PL intensities integrated over short times (03 ns), plotted as a
function of temperature for the InP NCs (black), InP/F NCs (fuchsia), and InP/Cd NCs
(red) described by Figure 4.3. (B) Weighted average excitonic PL decay times plotted as a
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function of temperature for the same three NC samples. The excitonic PL decay of the InP
NCs slows slightly with increasing temperature, but the excitonic PL decay of the InP/F
and InP/Cd NCs accelerates with increasing temperature. The dashed lines are guides to
the eye.

4.3.3. Electron vs Hole Trapping. Figure 4.5 presents room-temperature TA bleach-
recovery dynamics measured at the bleach maximum (see Figure 4.5 inset for TA spectra) and
normalized at = 0 for each of the NCs described by Figure C.3 (see Appendix C). For comparison,
Figure 4.5 also plots excitonic and mid-gap trap-state PL decay dynamics for each sample (see
Figure 4.3). The TA bleach-recovery curves have been inverted for comparison with the other
dynamics data. The samples are presented in order of increasing PLQY to illustrate a general trend
of slower dynamics within the first ~50 ns associated with higher PLQY's. Normalization at t = 0

also highlights a rough trend of increasing divergence between TA and excitonic TRPL decay

curves at long times with increasing PLQY.
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Figure 4.5. Normalized room-temperature excitonic TA bleach recovery (circles and short-
dashed lines), excitonic TRPL decay (solid lines), and trap TRPL decay (dots and long-
dashed lines) for all five InP NC samples, presented in order of increasing PLQY. All data
were collected at room temperature on NCs suspended in toluene. The untreated InP NCs
(black) show the fastest decay in all three measurements, as well as the lowest PLQY. The
excitonic TRPL decays most quickly, with the greatest difference at long times seen for
NCs with the highest PLQYSs. Inset: normalized TA spectra for all five samples, following
the same color scheme.

To interpret the trends in Figure 4.5, we take advantage of the different sensitivities of the
TA and PL measurements to different types of charge carriers, as established previously**-3* and
summarized in Scheme 4.1: whereas excitonic TRPL reports on the dynamics of pairs of
conduction-band (CB) electrons and valence-band (VB) holes (Scheme 4.1A), band-edge TA

bleach-recovery dynamics are dominated by contributions from the CB electron population
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(Scheme 4.1E, F), with the VB hole contributing less to the bleach amplitude because of the greater
VB degeneracy.’’3!: ** Trap-state PL dynamics can reflect either the CB electron or VB hole
dynamics depending on the specific configuration of the luminescent excited state (Scheme 4.1J
or K), or they can reflect neither in the scenario where both carriers are localized (Scheme 4.1L).
Given these considerations, it is possible to deduce information about the photogenerated excited
states from the comparison of TA and TRPL dynamics.

Scheme 4.1. [llustration of Charge-Carrier Processes Probed by Band-Edge TA, Excitonic
TRPL, and Trap-State TRPL Measurements.

Electron
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For the as-prepared InP NCs, the TA and excitonic TRPL signals in Figure 4.5 both decay
with the same dominant time constant of 7~ 7 ns, and the trap-state PL follows much the same
dynamics. From Scheme 4.1, we interpret this 7~ 7 ns process as trapping of CB electrons. The
observation that the trap-state PL decays with the same 7~ 7 ns time constant supports assignment
of this trap-state PL as involving recombination of a CB electron with a deeply trapped hole, and
it further indicates that some extent of hole trapping occurs on timescales faster than our
measurement window. This latter conclusion is consistent with previous reports of sub-nanosecond
hole trapping in InP NCs.!? The exciton PL decays to nearly zero with this 7~ 7 ns time constant,

consistent with the low excitonic PLQY of these NCs being in part attributable to electron trapping,
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but the TA bleach and the trap-state PL both show significant amplitudes (rel.) at long times, which
also suggests a population of CB electrons that decays slowly via radiative recombination with
deeply trapped holes (i.e., by trap-state PL).

Moving down the NC series toward higher excitonic PLQYs, the key trends are (i)
elimination of the 7~ 7 ns component in the exciton TA bleach and PL dynamics, and (i7) more
prominent differences between excitonic PL and TA (or trap-state PL) amplitudes at long times.
In the InP/Cd NCs, which have the highest excitonic PLQYs, the 7~ 7 ns decay component is
almost completely absent, suggesting almost complete elimination of CB electron trapping. This
trend suggests a correlation between the 7~ 7 ns process and the NC PLQY, and hence supports
the conclusion that InP NC PLQYs are at least in part determined by CB electron-trapping
dynamics.

To underscore this result, the TA bleach-recovery curves from Figure 4.5 are replotted in
Figure 4.6A normalized at long times (¢ > 120 ns). The inset shows the same data normalized at ¢
= 0. This representation of the data reveals a clear correlation between the TA amplitude at short
times and the PLQY. To quantify this relationship, Figure 4.6B plots excitonic PLQY vs the
normalized integrated intensity of the fast TA component for each sample, obtained by fitting each
TA trace to a biexponential function and then integrating just the fast component (see SI for
numerical results). Figure 4.6B reveals an inverse correlation between PLQY and the amount of
fast TA bleach recovery. A qualitatively similar conclusion is reached without any fitting, by just
plotting the y intercept of the data in Figure 4.6B vs PLQY (see SI). This correlation provides
strong evidence that the surface modifications performed here help to increase NC PLQYs by
suppressing CB electron trapping on the ~7 ns timescale. Interestingly, the best-fit line describing

the InP, InP/F, InP/Zn, and InP/Cd NCs does not intercept the y axis at PLQY = 100%, but instead
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it intercepts at PLQY ~ 50%. This observation suggests that elimination of electron traps alone in
this series of NC samples can only increase their PLQYSs to ~50% (+ 4%). The remaining ~50%
nonradiative decay is presumably attributable to hole trapping. These results suggest that it is
possible to eliminate electron trapping almost entirely by simple surface modification with Cd?".
To achieve unity PLQY, however, the remaining hole trapping must also be eliminated, but the
Cd?**, Zn**, and F- surface modifications described here appear to have little influence on such
trapping. All three modifications affect the surface cations but not surface anions (i.e., P*), either
by reducing the number of surface In** or by formation of surface In-F bonds. Among the samples
investigated here, only the InP/ZnSeS NCs also involve modification of the surface anions, burying
surface phosphides to leave only sulfide and selenide at the surfaces. As such, it is tempting to
interpret the comparison between InP/Zn and InP/ZnSeS NCs as attributable to additional
suppression of hole trapping; both samples show similar PL losses to electron trapping, as gauged
by their similar integrated fast TA decay, but the PLQY of the InP/ZnSeS NCs is more than double

that of the InP/Zn NCs.
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Figure 4.6. (A) Room-temperature TA exciton bleach-recovery dynamics normalized at ¢
=120 ns for all of the InP NC samples from Figure 4.5. The InP NCs (1% PLQY) show
the most (rel.) bleach recovery at early times, and the InP/Cd NCs (54% PLQY) show the
least. Inset: The same curves normalized at ¢t = 0 ns. (B) Exciton PLQYs for InP, InP/F,
InP/Zn, InP/Cd NCs (circles), and InP/ZnSeS NCs (open triangle), plotted as a function of
the normalized integrated fast TA bleach recovery. x-axis values were obtained by fitting
the TA bleach-recovery dynamics normalized at 120 ns to a bi-exponential function on a
200 ns time window and integrating the fast-decay component. The dashed line shows a

best-fit line to the circular data points.

4.5 Discussion

For nearly two decades, intense research has been dedicated to the development of bright
InP NCs with narrow PL linewidths and high PLQYs,!#13: 17. 19-20. 3537 1argely motivated by the
prospect of using such low-toxicity materials as spectral-conversion phosphors in current- and
next-generation lighting and display technologies. Like many semiconductor NCs, InP NC

surfaces are identified as the source of many non-radiative recombination losses. In most cases,
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however, it has not been easy to connect synthetic improvements in NC PLQY with specific
surface moieties or trapping processes, and consequently the major source(s) of nonradiative
recombination remain poorly understood. Time-resolved spectroscopic evidence has pointed
specifically to hole trapping as the primary limitation to high PLQYs in InP NCs,' but ODMR
data suggests predominant electron trapping in such samples.” A recent study analyzed a
combination of TA and TRPL dynamics from InP NCs.!? This combination of probes can be used
to disentangle the individual contributions from electron and hole trapping because of their
different selectivity for the two carrier types. Based on the observation of rapid TRPL decay (~600
ps time-scale) without any corresponding excitonic TA bleach recovery, and the absence of any
correlation between sample PLQY and TA decay rate over tens of nanoseconds, the authors
concluded that hole trapping is solely responsible for the low PLQY's of InP NCs.

In the present study, we have sought to understand the effects of specific surface
chemistries on carrier trapping in colloidal InP NCs. Using a series of closely related samples all
prepared from InP clusters, we have demonstrated substantial increases in PLQY when the NC
surfaces are modified not just by growth of ZnSeS shells, but also by simple binding of Cd**, Zn?",
and F~ ions. With this series of related NCs in hand, TA and TRPL spectroscopies were then used
to investigate specifically which carrier-recombination processes are affected by these surface
modifications. The data from these experiments suggest that both electron and hole trapping
contribute significantly to nonradiative decay in the parent InP NCs prior to surface modification.
The data further show that electron trapping can be selectively suppressed and almost completely
eliminated by simple surface modifications involving addition of Cd?*, Zn?*, or F-. Elimination of
electron trapping increases the NC PLQY's only up to ~50%, however, indicating that hole trapping

is approximately equally substantial in the initial InP NCs. ZnSeS shell growth appears to partially
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eliminate hole trapping as described previously,'? but it does not eliminate electron-trapping sites
as effectively as Cd** modification alone.

These trends are explained by the observation that all of the sample modifications
examined here directly affect the NC surface cations; Cd*" and Zn** replace surface-terminating
In**, and the F~ modification leads to strong In-F bonds at the NC surfaces. All three modifications
suppress electron trapping, consistent with such trapping involving surface In** cations. Shelling
the NCs with ZnSeS appears to have all of the advantages of replacing surface In** with Zn?*, and
additionally partially suppresses hole trapping. The observation that Se/S anion termination of InP
NC surfaces reduces hole trapping is consistent with such trapping involving surface phosphide
moieties. These trends across the entire series of NC samples investigated here are summarized in
Scheme 4.2.

Scheme 4.2. Illustration Depicting the Effect of Different Surface Chemistries on the
Reduction of Electron Trapping in InP NCs

Synthesis in the presence Post-synthetic surface Post-synthetic surface
of fluorinated ILs annealing with Zn-carboxylate  annealing with Cd-carboxylate

Na———
50% QY
Growth of ZnSeS shell

An interesting observation is that InP NC surfaces terminated by F~ are less prone to

electron trapping than those terminated by “O>CR. This observation suggests specifically that
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undercoordinated In*" serves as an electron-trapping site; F~ binds In*" more strongly than
carboxylates do while occupying only a single coordination site, reducing the probability of
undercoordinated surface In**. This conclusion is consistent with the observation that addition of
Cd*" to the surfaces of InP NCs almost completely eliminates electron trapping, whereas parallel
chemistry with Zn?" is somewhat less effective, and both show far less electron trapping than the
native InP NC surfaces. This trend can be understood by recognizing that each surface In** requires
three anions for complete charge compensation. When one or two of these charge-compensating
anions is a surface carboxylate, a high density of surface ligands is required to avoid
undercoordinated In**, but such densities generate high steric pressures®s-*” that favor partial ligand
dissociation. We hypothesize that this steric pressure is partially relieved when some surface
carboxylates are replaced with much smaller F~ anions, but also when surface In** cations are
replaced with divalent Cd** or Zn?" cations that only require two anionic ligands for charge
compensation. Relief of steric pressure allows better surface anion coordination and hence fewer
electron-trapping sites. The difference between Cd*" and Zn?" is also intriguing. Cd** completely
eliminates surface electron trapping, but Zn?" does not. We have previously shown that Cd** binds
the InP NC surface more strongly than Zn?*,!%2° and this difference may account for the greater
ability of Cd** to eliminate surface electron traps.

Beyond their effect on PLQYs, the surface modifications described here also have
interesting effects on other aspects of InP NC PL. For example, the data show that the energy of
the NC's first excitonic transition can be tuned in either direction by post-synthetic surface
annealing with divalent cations, as detailed previously.!®- *° Less obvious is the observation that
such sub-monolayer surface modification manifests itself in distinctive variable-temperature PL

characteristics previously only associated with InP/ZnS*% 4! and InP/ZnSe*? core/shell NCs
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involving relatively thick passivating shells. Specifically, the InP/Cd and InP/F NCs show the
unusual combination of decreasing PL decay times but increasing short-time PL intensities with
increasing temperature, a signature of thermal dark-bright exciton population equilibration. At low
temperatures, the fast PL decay is due to emission from a higher-energy brighter state prior to
relaxation into the lower-energy dark state, followed by slower emission from the forbidden dark
state.*? As the temperature is increased, the fast decay disappears and the lifetime of the slow
component decreases due to thermal population of the bright state. This behavior is not observed
in our InP NCs, most likely due to the dominance of fast non-radiative decay, and to our knowledge
such behavior has not been observed previously in any unshelled InP NCs. It is noteworthy that
this transformation with surface modification is only apparent from VTPL data collected in the
time domain. CW VTPL data for the InP, InP/F, and InP/Cd NCs all show decreasing intensities
with increasing temperature, consistent with the presence of thermally activated nonradiative
decay in all three samples. Similar CW data have been reported elsewhere for unshelled InP NCs,?®
and in fact most VTPL studies have focused on time-averaged data of shelled InP NC samples,!*
28-29, 33,36, 41-44 Hyt it is not possible to deduce any information about bright state population from
such CW data. It is remarkable that the simple surface modifications described here can eliminate
non-radiative recombination to a sufficient extent that these NCs behave photophysically similar

to InP/ZnS and InP/ZnSe core/shell NCs.
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4.6 Summary and Conclusions

In summary, we have synthesized a homologous series of NCs originating from InP
clusters with which to study the effects of surface chemistry on charge-carrier trapping processes
in InP NCs. When the surface cations are manipulated through cation exchange or termination
with fluoride, our data indicate that PLQY increases occur as a result of specifically eliminating
electron traps, but that both electron and hole trapping are roughly equally important in
determining the sample PLQY. Both cation binding strength, which dictates surface coverage, and
valency, which dictates obligate ligand density, are implicated as playing prominent roles in the
efficacy of electron trap suppression. Elimination of electron trapping allows us to observe
signatures of bright-dark excitonic splitting in samples with only sub-monolayer surface coverage,
something that has never been reported before for un-shelled samples. A combination of TA and
TRPL spectroscopy allows us to determine that there is still hole trapping in our samples, and it is
likely that there is a theoretical PLQY maximum attainable by only addressing electron trapping
(~50%). In order to achieve the highest possible PLQY, both electron and hole traps must be
eliminated. Overall, the results presented here move us one step closer to fully addressing charge-
carrier trapping in InP NCs by improving our fundamental knowledge, and therefore ability to

create targeted synthetic strategies with which to deterministically obtain 100% PLQY InP NCs.
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Appendix A:  Supplementary Information for Chapter 2
Photodoping and Transient Spectroscopies of Copper-Doped CdSe/CdS
Nanocrystals

Reprinted with permission from:
Hughes, K. E.; Hartstein, K. H., Gamelin, D. R. ACS Nano 2018, 12, 718—

728. Copyright 2017 American Chemical Society.
A.1 Chemicals

Cadmium Oxide (CdO; 99.5%), oleic acid (OA; 90%), 1-octadecene (ODE; 90%),
hexadecylamine (HDA; 90%), trioctylphosphine oxide (TOPO; 99%), selenium (99.99%), 1-
octanethiol (298.5%), and copper iodide (Cul; 98%) were purchased from Aldrich.
Trioctylphosphine (TOP; 97%) was purchased from STREM. All chemicals were used as
received.

A.2 Continuous-Wave Absorption and Photoluminescence Measurements
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Figure A.l. Absorption spectra of CdSe (blue), CdSe/CdS core/shell (green), and
Cu*:CdSe/CdS (red) NCs in toluene.
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Figure A.2. Room-temperature PL spectra of CdSe (blue), CdSe/CdS (green), and
Cu":CdSe/CdS (red) NCs show the large effective Stokes shift of the PL when copper is
added to the NC lattice.
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Figure A.3. Electronic absorption spectra of the three different samples of Cu™:CdSe/CdS
NCs used in the experiments presented here. The absorption and PL spectra of sample 1
are shown in Figure 2.2 of the main text. The same spectroscopic features were observed
for all copper-doped core/shell NC samples.

101



A.3 TEM Characterization

20vnm '. ‘, i 5 L o500 nmo “ = B3 o i 20 nm

Figure A.4. TEM mages of the same three u+:CdSeCdS NC samples described in Figure
A3. The NCs have average diameters of (1) 5.3 nm + 0.4 nm, (2) 5.5+ 0.3 nm, and (3) 5.0
nm £ 0.3 nm. The TEM image of sample 1 is the one shown in the main text.

A.4 Transient Absorption and Time-Resolved Photoluminescence Measurements
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Figure A.5. TRPL decay (top, integrated between 740 and 830 nm) and TA bleach-recovery
(bottom, integrated between 570 and 580 nm) dynamics for sample 2 of the Cu™:CdSe/CdS NCs
from Figure A3. Both curves show similar decay times of ~675 ns.
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Figure A.6. TRPL decay (top, integrated between 700 and 870 nm) and TA bleach
recovery (bottom, integrated between 580 and 585 nm) dynamics for sample 3 of the
Cu":CdSe/CdS NCs from Figure A3. Both curves show similar time constants of ~1.25 ps.
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Figure A.7. Transient-absorption data for CdSe and CdSe/CdS NCs. (A) TA spectrum of
CdSe NCs. (B) TA spectrum of CdSe/CdS NCs. (C) TA dynamics for CdSe NCs integrated
between 700 and 750 nm, showing the absence of a time-dependent signal in this region.
(D) TA dynamics for CdSe/CdS NCs integrated between 700 and 750 nm, showing the
absence of a time-dependent signal. These limits of integration were chosen to allow
comparison with the TA dynamics collected for the Cu":CdSe/CdS NCs described in the
main text, where a photoinduced TA signal is observed.
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Figure A.8. Transient absorption spectrum collected for Cu™:CdS NCs. The spectrum is
similar to those observed for Cu":CdSe/CdS NCs, but here the positive intensity at the red
edge of the first-exciton's bleach is clearly evident.
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Figure A.9. TRPL decay (top, integrated between 630 and 715 nm) and TA dynamics (middle,
integrated between 630 and 715 nm, and bottom, integrated between 460 and 475 nm) for the
Cu":CdS NCs of Figure A8. All three curves show similar time constants of ~2.3 pus.
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Figure A.10. (A) Absorption (left) and PL (right) spectra of Cu*:CdSe/CdS NCs collected
before (red) and after (blue) photodoping to an average of (n) = 0.8, as seen by the bleach
in the absorption of the first excitonic maximum and the decrease in MLcCT PL intensity
(see main text, Figure 2.8). The grey trace shows the absorption and PL after the
photodoped NCs are reoxidized in air. The absorption spectrum recovers completely upon
reoxidation but the PL intensity is smaller, attributed to surface modifications during the
photodoping/reoxidation cycle. (B) TRPL dynamics measured on a 1 ns window for the
samples in panel (A). The change in PL intensity between the initial and reoxidized data is
attributed to surface modifications during the photodoping/reoxidation cycle.
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Appendix B:  Supplementary Information for Chapter 3
Copper’s Role in the Photoluminescence of Ag;_»Cu,InS: Nanocrystals,
from Copper-Doped AgInS: (x ~ 0) to CulnS: (x=1)

Reprinted with permission from:
Hughes, K. E.; Ostheller, S. R.; Nelson, H. D.; Gamelin, D. R. Nano Lett.
2019, 79, 1318-1325. Copyright 2018 American Chemical Society.

B.1. TEM Characterization
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Figure B.1. (A) TEM image of representative AgInS> NCs. The average diameter of these NCs is
d=3.9 £ 0.4 nm. (B) X-ray diffraction data collected for the same AgInS> NCs shown in panel A.
(C) TEM image of the same NCs shown in panel A after partial cation exchange with copper to
form Agi-CuInS; NCs (x = 0.04, d = 3.9 = 0.5 nm). (D) X-ray diffraction pattern of the same
Ag1--CuInS> NCs as shown in C. For reference, the black lines in B and D show the X-ray

diffraction pattern for the AgInS, chalcopyrite crystal structure.
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B.2 Monte Carlo Simulations
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Figure B.2. TEM size histograms for the (A) AgInS; NCs and (B) Agi-»Cu.InS; NCs (x = 0.04)
from Figure B1. TEM size distribution analysis was performed on ~115 NCs for each sample.
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Figure B.3. Poissonian statistics calculated for Ag;-.Cu.InS: NCs (d = 3.85 nm, ~311
cations/NC).! (A) Statistical distribution showing the fraction of Agi—«Cu,InS, NCs with m dopants
where x = 0.05 (blue), x = 0.1 (green), and x = 0.2 (red). Calculations include the size distribution
determined from TEM (¢ = 0.41 nm). (B) Statistical distribution showing the fraction of
Ago.96Cuo,04InS2 NCs with m dopants without (red) and with (blue) the size distribution from TEM.
The two calculations give similar results.
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Figure B.4. Simulations of experimental Ag; «Cu,InS; NC PL spectra from Figure 3.2 of the main
text, showing that the experimental Ag;_.Cu,InS> NC PL spectra are not described well simply as
linear combinations of the two endpoint spectra. Each experimental spectrum is simulated as a
least-squares fitted linear combination of x = 0 (AgInS,, left) and x = 0.88 (~CulnS,, right) spectra,
also from Figure 3.2. The dashed traces show the end-point spectra (the same in all panels), the
colored solid curves show the experimental Ag;_.Cu,InS; NC PL spectra, and the black solid
curves show the least-squares linear-combination fits. The best-fit amplitudes are shown in each
panel. These simulations all show poor reproduction of the experimental PL spectra at high

energies and near the PL. maxima.

B.3 References

1. Bradshaw, L. R.; May, J. W.; Dempsey, J. L.; Li, X.; Gamelin, D. R., Ferromagnetic
Excited-State Mn2+ Dimers in Zn1-xMnxSe Quantum Dots Observed by Time-Resolved

Magnetophotoluminescence. Phys. Rev. B 2014, 89 (11), 115312.
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Appendix C:  Supplementary Information for Chapter 4
Effects of Surface Chemistry on the Photophysics of Colloidal InP
Nanocrystals

Reprinted with permission from:
Hughes, K. E.; Stein, J. L.; Friedfeld, M. R.; Cossairt, B. M.; Gamelin, D. R.
In Preparation.

C.1 Variable-Temperature Time-Resolved Spectra and Dynamics Measurements
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Figure C.1. (A, B, C) Variable-temperature time-resolved photoluminescence spectra at short
times (0-3 ns) and (D, E, F) normalized PL decay dynamics of various InP NCs measured at
different temperatures between 24 and 300 K. (A, D) As-prepared InP NCs, (B, E), InP/F NCs,
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(C, F) InP/Cd NCs. Data were collected on NC samples deposited as dilute films. The PL decay
curves are the same data shown in the main text (Figure 4.3 D-F) and were obtained by integrating
between ~2.15 eV and 2.00 eV for InP NCs, between 2.20 eV and ~2.00 eV for the InP/F NCs,
and between ~1.95 eV and ~1.75 eV for the InP/Cd NCs.
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Figure C.2. Trap PL decay dynamics of InP (A), InP/F (B), and InP/Cd (C) NCs measured at
temperatures between 24 and 300 K. The trace colors correlate with the colors in Figure C.1.
Dynamics for the InP NCs were obtained by integrating between ~1.7 and 1.9 eV, between 1.8 and
1.9 eV for the InP/F NCs, and between 1.5 and 1.6 eV for the InP/Cd NCs.

C.2 Data Fitting Parameters for VIPL and TA Measurements
All decay traces were fit to the biexponential eq C.1.
y =y + A; * exp[—invTau, * x] + A, * exp [—invTau, * x| (EqC.1.)

Weighted lifetimes were calculated using eq C.2.

[(A1%71)+(A272)]
Tweighted = : T;1+A22 =2 (EqC.2)
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Table C.1. Fitting parameters for VTPL excitonic decay dynamics (Figure 4.4 of the main text).

Sample Temp (K) Ay 71 (ns) A2 72 (ns) Wel(gnhst)ed t
InP 25 0.58 0.6 0.37 13.4 6
(20 ns fitting window) 30 0.51 0.6 0.377 12.1 6
40 0.53 0.8 0.44 12.2 6
60 0.56 0.7 0.39 10.4 5
120 0.58 0.9 0.38 12.3 5
180 0.51 1.1 0.42 13.6 7
240 0.51 1.7 0.41 15.4 8
InP/F 33 0.42 25 0.56 120 80
(200 ns fitting 60 0.54 24 0.47 102 60
window)
120 0.62 18 0.38 84 43
180 0.67 16 0.34 75 36
300 0.86 12 0.2 53 19
InP/Cd 40 0.47 60 0.54 253 164
(200 ns fitting 60 0.46 56 0.56 217 145
window)
120 0.35 32 0.68 146 107
180 0.39 28 0.64 137 96
240 0.46 25 0.56 132 84
300 0.55 25 0.5 124 72
Table C.2. Fitting parameters for TA bleach-recovery dynamics.
Sample Decay Decay
Yo Ay constant (1), A2 constant (2),
invTauy (ns) invTau; (ns)
InP 0 -0.6798 128.51 -0.2874 10
InP/F 0 -0.51243 158.29 -0.44177 10
InP/Zn 0 -0.18402 127.42 -0.77727 10
InP/ZnSeS 0 -0.20074 110.88 -0.82649 10
InP/Cd -0.29896 | -0.080993 217.89 -0.62696 10

112



C.3 Data Analysis for TA Measurements
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Figure C.3. PLQY of all five InP samples (InP (black), InP/F (fuchsia), InP/Zn (blue), InP/ZnSeS
(green), and InP/Cd (red)) as a function of the amplitude of the TA bleach recovery at ¢ = 0,
corresponding to the data shown in Figure 4.6A of the main text.
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Figure C.4. Fast-decay components of biexponential fits to TA bleach-recovery dynamics for InP
(black), InP/F (fuchsia), InP/Zn (blue), InP/ZnSeS (green), and InP/Cd (red) NCs. These curves
were integrated to obtain the data points shown in Figure 4.6B of the main text.
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