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Abstract
Understanding electronic dynamics in multi-excitonic quantum dots (QDs) is important for
designing efficient systems useful in high power scenarios, such as solar concentrators and multi-
electron charge transfer. The multiple charge carriers within a QD can undergo undesired Auger
recombination events, which rapidly annihilate carriers on picosecond timescales and generate
heat from absorbed photons instead of useful work. Compared to the transfer of multiple
electrons, the transfer of multiple holes has proven to be more difficult due to slower hole
transfer rates. To probe the competition between Auger recombination and hole transfer in CdSe,
CdS, and CdSe/CdS QDs of varying sizes, we synthesized a phenothiazine derivative, with
optimized functionalities for binding to QDs as a hole accepting ligand and for spectroscopic
observation of hole transfer. Transient absorption spectroscopy was used to monitor the photo-
induced absorption features from both trapped holes and oxidized ligands under excitation
fluences where the averaged initial number of excitons in a QD ranged from ~1 to 19. We
observed fluence-dependent hole transfer kinetics that last around 100 ps longer than the
predicted Auger recombination lifetimes, and the transfer of up to 3 holes per QD. Theoretical
modeling of the kinetics suggests that binding of hole acceptors introduces trapping states
significantly different from those in native QDs passivated with oleate ligands. Holes in these
modified trap states have prolonged lifetimes, which promotes the hole transfer efficiency. These
results highlight the beneficial role of hole trapping states in devising hole transfer pathways in

QD-based systems under multi-excitonic conditions.

Keywords: quantum dots, hole transfer, multi-excitonic states, Auger recombination, charge
trapping, surface ligands.



Introduction
Due to their size-dependent electronic structure, tunable composition, high absorptivity, and
remarkable photostability, colloidal quantum dots (QDs) have found diverse applications in
light-emitting devices,'? biological imaging,* solar harvesting technologies,>® and
photocatalysis.”® QDs as light absorbers in colloidal solutions have been studied extensively to
drive photochemical reactions by transferring excited state energy or photo-generated charges to
neighboring acceptors.® In recent works, the scope of QD photochemistry has been expanded
rapidly beyond the efficient Hz evolution from aqueous solutions,”%!! including examples such
as CO2 reduction,'>!3 2+2 cycloaddition,** carbon-carbon bond formation,*® and radical
polymerization.®
One of the unique features of QDs, as compared to molecular light absorbers, is their

capacity to concentrate many excited charge carriers within a small volume following multiple
photon absorption or charge multiplication processes, due to their large absorptivity and high
density of available electronic states.!”'® The multi-excitonic state of a QD can enable
photophysical processes that are inaccessible by single-excitonic states, such as the transfer of
multiple charges on ultrafast timescales!®?° and the tunneling transport of electrons across high
energy barriers.?! The efficient extraction of charge carriers from multi-excitonic QDs would
also be particularly useful for reactions related to photocatalytic solar fuel generation, as these
chemical transformations universally involve multi-electron catalysis.

As depicted in Figure 1A, the multi-excitonic state of a QD can undergo multi-excitonic
dissociation (MED) to transfer charges to acceptors, thereby creating a charge-separated state,
which generally has a long lifetime. However, as the excitons are confined in the small volume

of a nanocrystal, the Coulomb interaction between multiple excitons unavoidably leads to Auger



recombination (AR), which non-radiatively annihilates an exciton and creates a hot electron-hole
pair. The AR rate increases nonlinearly with the number of excitons in a QD.!8 On fast
timescales from several to hundreds of picoseconds (ps, 10°*2 second), AR can swiftly annihilate
charge carriers until the QD is brought to the single-excitonic state.'® Hole transfer rates are
typically much slower, and yet ideally QDs could be designed such that, when multiply excited,
hole transfer could still compete efficiently against AR.

Ultrafast multiple electron transfer occurring within a few picoseconds has been observed
to compete effectively against AR events in a number of systems, including CdS QDs,?? CdSe
QDs,?324 CdSe/CdS core/shell QDs,*® and PbS QDs.? In contrast, the transfer of multiple holes
from a QD to acceptors is typically much more challenging and had not been observed until a
recently reported case, where up to 5.6 holes were extracted from a CsPbCIxBrsx QD to tetracene
acceptors.?® As the inefficient part of the redox cycle, hole transfer processes often form the
bottleneck for improving the overall performance of photocatalysts and photovoltaic devices.?’
Furthermore, the accumulation of holes on the widely studied metal chalcogenide QDs leads to
their eventual photo-degradation.? Therefore, it is very desirable to provide mechanistic insights
for devising pathways that could efficiently extract multiple holes from a QD.

For metal chalcogenide QDs, hole trap states are prevalent on the surface due to under-
passivated chalcogenide atoms.?®*° The multitude of these relatively localized hole traps play an
important role in mediating hole transfer from delocalized valence band (\VB) states to surface
bound acceptors.3:33 Hole trapping states also affect the AR lifetimes by altering the electron-
hole interactions and, therefore, significantly impacting the kinetic competition between hole
transfer and AR dynamics.343¢ Ultrafast transient absorption (TA) spectroscopy provides the

time resolution required to directly track the population of holes in different states as they



migrate from QDs to acceptors. Previous work with TA methods by Lian et al. and Weiss et al.
have established that phenothiazine derivatives can serve as a class of hole acceptors for CdS
QDs or nanorods with both the high driving force and the necessary optical signature in TA to
track hole transfer.313"-3 |n these model systems, ultrafast hole trapping was observed within ~1
ps following photo-excitation, and trap-mediated hole transfer dynamics were investigated under
single-excitonic or bi-excitonic conditions.

Herein, we utilized TA spectroscopy to investigate the hole transfer dynamics from three
different cadmium chalcogenide QDs to a synthesized phenothiazine derivative, which binds to
the QD surface via a carboxylate group (Figure 1B). The QDs were excited by a pump pulse of
415 nm wavelength and the average initial number of excitons per QD, (N,), was experimentally
calibrated to range from ~1 to 19. The hole acceptor, 4-(3-bromo-7-(dihexylamino)-10H-
phenothiazin-10-yl)-benzoic acid (NPTZ), is designed to carry functional groups on the
phenothiazine ring to shift the photo-induced absorption (PA) signal of its oxidized form to the
longer wavelength region > 600 nm. The shifted PA feature enables us to track the hole transfer
in CdSe and CdSe/CdS QDs by avoiding interference with exciton bleaching (XB) signal.

In the QD-NPTZ systems, the time-dependent populations of the trapped holes and the
oxidized ligands were separately tracked and analyzed so that we could systematically
investigate the interplay between charge trapping, hole transfer, and Auger recombination
dynamics. To describe the observed kinetics, we test two types of kinetic models where the hole
trapping states are kinetically coupled to or de-coupled from the VB populations. For QDs
passivated with oleate ligands (referred to as native QDs), our results indicate that the hole
trapping states exist in a fast trapping/de-trapping equilibrium with the VB, and the trapped holes

can be rapidly consumed by AR events. In contrast, the hole trapping states in QDs capped with



NPTZ ligands are kinetically de-coupled from VB states and have prolonged lifetimes. Fluence
dependent hole transfer kinetics were observed at intermediate times of 10s to 100s of ps, after
AR would be expected to relax the QDs to single-excitonic states. These de-coupled trapping
states resemble the long-lived charge-separated states proposed to account for the ‘dark states’ in
QD single particle blinking experiments.3%4° The long-lived, trapped holes can serve as a
reservoir to temporarily store charges, and then slowly transfer to NPTZ over the course of 10s
to 100s of ps. In the most efficient system, up to 3 holes were transferred to NPTZ per CdS QD.

Figure 1. A) The Jablonski diagram of the QD-NPTZ system used to study multi-excitonic hole transfer
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Trapping states are omitted from the display. The scaled length of the blue arrows is 3.0 eV. For the
core/shell system, both CdSe core and CdS shell contribute to photo-absorption.

Results/Discussions
Design of the TA Measurements and Major TA Spectral Features

To investigate the competition between hole transfer and AR Kinetics, we examined a
series of QDs of different sizes and compositions. As the AR lifetime of a QD generally
increases with the volume of a QD,*®! we present the results obtained from the following
systems: a small CdSe QD (d = 2.5 nm); a large CdS QD (d = 5.1 nm); and a core/shell
CdSe/CdS QD (dtotal = 4.8 nm, dcore = 2.3 nm) with a quasi-type Il band structure. By exciting the
QDs at the absorption band edge, the bi-excitonic AR rates were determined to be (3.0 ps)?, (22
ps)?, and (35 ps)? for the CdSe, CdSe/CdS, and CdS QDs studied here, respectively (Table S6).

To promote the transfer of multiple holes, the QDs were functionalized with the highest
possible surface coverage of the NPTZ ligands. The NPTZ ligands replace the native oleate
ligands in a 1-to-1 stoichiometry and bind to cadmium ions on the QD surface via their
carboxylate group. The 1-to-1 stoichiometry and surface coverage of the NPTZ ligand can be
determined by the H nuclear magnetic resonance technique (Table S1). Because the NPTZ
ligands are significantly larger molecules than the oleate ligands, the surface coverages of NPTZ
ligands saturates at around 20% for all the QDs. For the 2.5 nm CdSe, we calculated that there
are ~25 NPTZ ligands bound per QD. For the 5.1 nm CdS and 4.8 nm core/shell QD, there are
~75 NPTZ ligands bound per QD.

The UV-visible absorption spectra of the three types of QDs are shown in Figure 1C. In
the TA experiments, the pump wavelength was set above the band edge energy of the QDs at 415
nm (~3 eV) to access levels deep in the energy bands and create a large number of excitons. The

energy diagrams of the QDs and NPTZ are shown in Figure 1D. The absorption feature of the
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phenothiazine ring located in the UV region (>3 eV) will not be excited (Figure S5).3%% The
driving force of hole transfer from all three types of QDs to the NPTZ molecule is sufficiently
high,?’ as the highest occupied molecular orbital (HOMO) of NPTZ is located 0.7 eV and 1.2 eV
above the VB band edges of CdSe and CdS, respectively.?’ Photo-induced charge transfer from
the QDs to NPTZ is energetically prohibited. The blue arrows in Figure 1D point to the highest
possible conduction band (CB) levels to which the electrons can be promoted by the 415 nm
excitation. These levels are significantly lower than the lowest unoccupied molecular orbital
(LUMO) of NPTZ. The HOMO and LUMO positions of NPTZ were determined from cyclic
voltammetry and UV-visible absorption spectroscopy (Figure S4).

Photoexcited hot electrons and holes rapidly cool on a sub-picosecond timescale to
energy levels near the band edges, as shown by the solid and empty circles, respectively, in
Figure 1D. The strongly quantum confined 2.5 nm CdSe QD and the weakly quantum confined
5.1 nm CdS QD differ significantly in the VB edge energies but have similar CB edge energies.
For the 4.8 nm CdSe/CdS QD containing a 2.3 nm CdSe core, the 415 nm pump pulse excites
both the CdSe core and the CdS shell. Due to the small size of the core, the energy levels of
CdSe and CdS form a quasi-type Il alignment causing the electron wave function to distribute
throughout both the core and the shell while the hole wave function localizes mostly to the core
after cooling.*®4243 In the core/shell system, the driving force for hole transfer is determined by
the CdSe core, and the transfer to surface ligands needs to overcome the energy barrier of the

CdS shell.?"3



We measured the TA spectra for a series of excitation fluences for both the native QDs
capped with oleate ligands and the QDs with surface bound NPTZ ligands. For each TA
measurement, the initial average number of excitons per QD, (N,), was experimentally
determined from the calibrated energy per pump pulse, the effective absorbance at 415 nm for
each pump pulse energy, the excited sample volume, and the concentration of QD in solution
(Tables S2-S4). To reduce the spread of (N,) caused by the attenuation of the pump pulse
through the sample while maintaining a reasonable signal level for TA experiments, the optical
densities at 415 nm for all the samples were kept around 0.2. The relative standard deviation of

the calculated (N,) is ~15% for all the samples.
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Figure 2. Examples of TA spectra at various delay times showing the exciton bleaching (A) and photo-
induced absorption (B) features of CdS QDs without NPTZ (top panels) and with NPTZ (bottom panels)
added. The excitation power is 1.25 pJ per pulse and (N,) = 19. The inset in the upper panel of (B)
indicates that the broad offset-like PA feature originates from the absorptions promoting the trapped holes
into densely spaced levels deep in the VB. The green shaded area in the bottom panel of (B) highlights the
PA peaks of NPTZ" radical on top of the PA feature of trapped holes.



In Figure 2, the TA spectra of CdS QDs with native oleate ligands and NPTZ ligands are
displayed as examples to illustrate the major TA features used for kinetic analysis. The major
negative XB feature around 450 nm shown in Figure 2A is associated with the bleaching of the
first excitonic transition from 1Sh to 1Se of the QD. The change of absorbance induced by the
pump pulse, AA, was divided by the steady-state linear absorbance at the peak of the first
excitonic absorption peak, Ao. The lowest CB level (1Se state) can accommodate at most two
electrons, and therefore the XB signal at the band edge will be close to the saturation level of
AA/Ao ~1 when the CB is populated by two or more electrons.'®3" At the early time t = 10 ps,
both the QDs with and without NPTZ ligands showed nearly full saturation of the band edge XB
signal as seen by the black lines in Figure 2A. For QDs without NPTZ added (top panel), the XB
signal decayed to AA/Ao ~0.5 at longer delay times t > 100 ps, indicating that fast AR processes
have brought the system from a multi-excitonic state to a single-excitonic state. For CdS QDs
bound with NPTZ ligands (bottom panel), the full saturation level lasts for several nanoseconds
(ns), indicating that >2 electrons remain on the CB. For systems where less than 2 holes were
transferred, we did not observe the lasting saturation of the band edge XB signals on ns
timescales (Figures S14-S15). This XB signal cannot, however, be used to determine the
dynamic behavior of the holes associated with these electrons. Tracking the hole population
requires detailed analysis of other spectroscopic data discussed below.

In Figure 2B, the positive PA features of CdS are shown in the range of 535-735 nm.
Based on theoretical* and experimental evidence,®* this broad but weak PA signal is assigned
to the transitions promoting trapped holes into deeper levels of the VB (inset in the upper panel
of Figure 2B). The high density of states in the VB causes the broad feature of the PA signal.

The hole trapping states in native QDs dispersed in colloidal solutions are typically attributed to
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under-passivated surface chalcogenide atoms. The PA signal of trapped holes shares the same
broad, offset-like feature for all the three types of QDs measured here. The transient Kinetics of
the trapped hole population are largely independent of the wavelength chosen for analyzing the
PA signal (Figures S18-S19). To avoid overlapping with the PA signal of oxidized NPTZ
ligands, we chose to use 710 nm as the wavelength for tracking the population of trapped holes
because the signal amplitude at 710 nm was unaffected by the deconvolution of the contribution
from the molecular acceptors. Hole transfer and AR of multi-excitonic states can be inferred
from the decay kinetics of the broad PA feature. As discussed later, the decay kinetics of the
population of trapped holes represented at 710 nm were qualitatively different for QDs with or
without NPTZ ligands due to the altered nature of hole trapping states.

For NPTZ-capped QDs, the oxidation of NPTZ ligands by hole transfer gives rise to the
absorption band in the region from 550-670 nm (green shaded area in Figure 2B). This PA band
is assigned to the transiently generated NPTZ"* radical, and the extinction coefficient of the PA
peak at 650 nm was estimated from steady-state oxidation titrations (Figure S5). Compared to
the phenothiazine molecule, the amine group and the bromine atom on the aromatic ring of
NPTZ shifted the radical absorption peak from ~520 nm to 650 nm. For the CdSe and the
core/shell QDs studied here, the shifted peak allows the radical PA signal to be resolved from the
tails of the XB signal, which is larger in amplitude by orders of magnitude. For CdSe QDs larger
than d = 3.5 nm or CdSe/CdS QDs larger than the one studied here, the XB signal would redshift
enough to severely interfere with the NPTZ"* radical signal.

The signal of the NPTZ"* radical and the broad signal of trapped holes can be de-
convoluted from each other by a fitting protocol (Figure S21).31:3 The de-convoluted PA

amplitude of NPTZ"* at 650 nm directly tracks the average number of holes transferred per QD,
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(Nyr), which was calculated by the ratio of the concentration of the NPTZ"* radical to the
concentration of QDs (Table S5).

To deepen our mechanistic understanding of the hole transfer process, we developed a
kinetic model of the dynamics of the hole populations on both the native QDs and QDs with
NPTZ hole acceptors. As discussed below for Figure 4, the kinetic model incorporates three hole
populations: valence band holes, trapped holes, and holes transferred to NPTZ ligands. The
population of trapped holes can be tracked with the broad PA signal at 710 nm, and the
population of holes transferred to NPTZ ligands can be monitored by the 650 nm NPTZ**
absorption band. While the population of valence band holes cannot be measured directly in the
optical range of our experiments, it can be inferred from the initial excitation conditions. The
processes of trapping, de-trapping, AR, and hole transfer connect these hole states and give rise

to the complex dynamic behaviors we observe and simulate within our kinetic model.

Hole Transfer Kinetics and Quantum Yields Measured from PA Signals of NPTZ™

In Figure 3A-3C, the de-convoluted kinetics of NPTZ"* at 650 nm are shown in the time
range from 5 ps to 7 ns for the three QD systems studied here. For conditions with large (N,), the
broad PA signal background from QDs measured prior to t = 5 ps has time-dependent slopes,
which are difficult to analyze, so that data are not shown here. The pump pulse energies applied
for each type of QD are in the interval between 0.07 pJ and 1.27 pJ per pulse. For CdS QDs and
CdSe/CdS core/shell QDs, the excitation energies produce an (N,) ranging from ~2 to 19. Due to
their smaller molar extinction coefficient at 415 nm, the (N, ) for the CdSe QDs ranges from 0.5

to 4.4.
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The kinetic plots in Figure 3A-3C show that the photo-excited dynamics of a QD with
NPTZ under multi-excitonic conditions take place on multiple timescales. In the first ~10 ps, the
CdS QDs (Figure 3A) display a very rapid initial increase in the NPTZ"* signal, whereas the hole
transfer signal of the other two QDs is insignificant in this time period. After ~10 ps, all the QD
systems exhibit an exponential increase in the NPTZ"* signal over the next ~100 ps. In the period
from 1-7 ns, the hole transfer rate approaches zero for all QD systems. The population of
transferred holes is generally stable with long charge-separation lifetimes. For the systems where
multiple holes are transferred at high excitation fluences, the NPTZ** signals decay due to
charge recombination between the radical and QDs on this long timescale, e.g., the pink trace of
CdS in Figure 3A. For the CdS QDs, the transfer of multiple holes with (N;) >2 was observed
at the conditions of high (N,). For the CdSe and CdSe/CdS QDs, more holes were transferred as
the excitation fluence was increased, but overall fewer than two holes were transferred from a
QD to NPTZ molecules. The solid lines are modeling results, which will be discussed in the next

section.
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Figure 3. (A-C) TA kinetic traces of NPTZ" radical population monitored at 650 nm for the
three types of QDs excited at various fluences and (N, ). The amplitude of NPTZ"* PA signal was de-
convoluted to remove the contribution of the trapped hole PA signal. The left axis is associated with the
PA signal amplitude, which is linearly related to the average number of holes transferred per QD, shown
by the right axis. Solid lines are the results of the kinetic model with a decoupled trap population. (D-F)
The hole transfer quantum yield (black) and the maximum number of holes transferred to NPTZ ligands
per QD (blue) at each excitation power or (Ny).

For efficient hole transfer to occur at short timescales and under multi-excitonic
conditions, the hole transfer rate constant, kur, should be comparable to the AR rate constant,

kar.'® The bi-excitonic AR rates determined from native QDs are (3.0 ps)?, (22 ps)™, and (35

14



ps)* for the CdSe, CdSe/CdS, and CdS QDs, respectively (Table S6). Given the number of
excitons per QD as N, kar scales as N-(N-1) for the larger CdSe/CdS and CdS QDs; kar scales as
N2.(N-1) for the strongly quantum confined 2.5 nm CdSe QDs.'"1841 Based on the scaling laws
and biexciton AR rates, we can calculate that most of the charge carriers in multi-excitonic QDs
will be consumed by AR mechanism within the first 10 ps.

We found here that only the CdS QDs have comparable rates of hole transfer and AR. In
Figure 3A, for (N,) =7, 12, 19, we can see that the CdS QD is capable of transferring a
significant number of holes to NPTZ within the first 10 ps. For (N,) = 19, ~2 holes can be
transferred per CdS QD within 10 ps. In both the CdSe/CdS and the CdSe QDs, kar well
outcompetes kn, and very few holes are transferred per QD within 10 ps, as seen in Figure 3B
and 3C. For the CdSe QDs, the AR lifetime decreases to sub-picosecond level when (N,) > 2.
For the CdSe/CdS QD, kar is similar to that of the CdS QD, yet kut is much slower than (10 ps)™*
due to the presence of 3ML CdS shell, which forms an energy barrier for the hole to tunnel to the
NPTZ ligands. Previously, it had been reported that the hot carriers produced by AR processes
could efficiently promote ultrafast electron transfer across energy barriers.?%2! Here we did not
find this mechanism acting efficiently for hole transfer in the CdSe/CdS QDs despite applying
conditions with large (N,) values, presumably because the effective mass of a hole in the VB is
much larger than the effective mass of electrons in the CB, and the cooling rate of hot holes is
much faster than that of hot electrons.*® Comparing to the more efficient 5.1 nm CdS QD system,
the 2.5 nm CdSe QD has similar hole transfer rates but much faster AR rates; the SML
CdSe/CdS QD has similar AR rates but much slower hole transfer rates. Therefore, the CdSe and
CdSe/CdS QDs investigated here are not able to transfer as many holes per QD as the CdS QDs

under multi-excitonic conditions.

15



The hole transfer quantum yield (HTQY) of the three types of QDs measured at each
(N,) were plotted in Figure 3D-3F. HTQY is defined as the percentage ratio between the
maximum number of holes transferred per QD within the 7 ns observation period and the initial
number of excitons (N,). At the lowest value of (N,) for each type of QD, the HTQY was
measured as around 30~40%. We observe the general trend in Figure 3D-3F that the HTQY
decreases as (N,) increases. Due to the very fast kar of 2.5 nm CdSe, the maximum number of
holes transferred per QD has already started to saturate at an (N,) of 4.4. For the larger
CdSe/CdS, the number of holes transferred per QD increases almost proportionally as (N,)
increases but is consistently lower than that of the CdS QD at a similar value of (N,).

The above analysis based on the scaling law of kar indicates that the hole transfer rates
during the period of 10-100 ps would be largely independent of excitation fluences for multi-
excitonic QDs with large (N,) values. However, data for all the QDs in Figure 3A-3C show that
both the hole transfer rate and the number of holes transferred during the period of 10-100 ps
increases as (N,) increases. Roughly 0.5-1.5 holes were transferred to NPTZ per QD transferred
in the 10-100 ps period, depending on (N,). For CdSe and CdSe/CdS QDs, nearly all of hole
transfer takes place in this period. For CdS QDs, because the hole transfer rate is competitive
with the AR rate, both the holes transferred in the first 10 ps and the holes transferred in the 10-
100 ps contribute significantly to the overall number of transferred holes. The observed fluence
dependence indicates that multiple carriers must remain on these QDs for longer timescales than

expected.
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With the introduction of NPTZ ligands, we postulate that multi-exciton dissociation
during AR events cause holes to populate surface trap states that are de-coupled from the native
states of the QD (Figure 4A). These hole trapping states are likely formed as a result of the
presence of hole accepting ligands and, thus, have much weaker electron-hole coupling as
compared to the electron-hole pair forming an exciton or charges in shallow traps. The de-
coupling of the new hole trapping states from native QD states, similar to a charge-separated
state, can result in long carrier lifetimes since AR is suppressed. In this mechanism, though the
hole transfer rate is generally slower than AR kinetics, holes can first accumulate in the de-

coupled surface traps and then further transfer to NPTZ over longer time periods.
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Figure 4. A) A schematic showing the energy levels involved in modeling the kinetics of hole transfer
and hole trapping under multi-excitonic conditions. B) Auger channels considered for QDs with hole
trapping states. The three red arrows are associated with three different trion channels.

17



To corroborate this mechanism, we simulated the kinetics of trap-mediated hole transfer.
The hole transfer rate constants from de-coupled surface trap states to the NPTZ ligand were
extracted from the data of the first 100 ps of the lowest (N,) for each of the three types of QDs
(black kinetic traces in Figure 3A-3C) with a single exponential functional form. The obtained
rate constants are (313 ps)?, (73+20 ps)?, and (27+2 ps)™* for CdSe, CdSe/CdS, and CdS QDs,
respectively. Simulating transfer from a population of de-coupled trap states to the NPTZ ligands
using the extracted rates and an initial trapped hole population determined to simultaneously fit
the NPTZ and hole trap PA signals (see below) shows good agreement with the hole transfer
dynamics on CdSe and CdSe/CdS QDs as short time transfer is not significant for these particles.
The modeling of the CdS QDs is more difficult, because the significant contribution of short time
transfer means that the trap-mediated mechanism cannot account for the full dynamics of hole
transfer in this system and other pathways such as direct transfer from VB can also be important.

The long-lived charge carriers are important for improving the efficiency of multi-
excitonic hole transfer. The overall results here demonstrate that, in general, QDs with longer
AR lifetimes and faster hole transfer rates are preferred for promoting rapid hole transfer under
multi-excitonic conditions. However, the observed fluence-dependence of intermediate timescale
transfer suggests that the AR kinetics can be circumvented by the long-lived trapping of multiple
holes. This effect motivated further analysis of the kinetics of trapped holes under multi-

excitonic conditions.

The Role of Hole Traps in Promoting Hole Transfer from Multi-Excitonic QDs
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Figure 5 illustrates the PA signal at 710 nm of trapped holes in both native (panels A and
B) and NPTZ functionalized quantum dots (panels C and D). The population of trapped holes in
the native CdSe and CdSe/CdS QDs decays rapidly before converging to a long-lived plateau
level, which represents the single-excitonic state. Most of the trapped holes are consumed within
the first 10 ps on a timescale consistent with AR scaling laws and matching the CB bleaching
kinetics (Figure S16). This observation indicates that these traps participate in AR. In contrast,
for the QDs with the NPTZ hole acceptors, the population decay slows to timescales of 10s~100s
ps, and the population plateaus at a level dependent on (N, ). Compared to the kinetics in Figure
5A and 5B, the PA signals of QDs with NPTZ ligands also showed maxima at later times with
different amplitudes. These comparisons indicate that the nature of the trapped holes is different
from those in the native QDs. The decay curves measured at 710 nm for CdS QDs show similar

contrasts between native QDs and QDs with NPTZ ligands (Figures S18-S19).
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Figure 5. TA Kinetic traces of the PA signals at 710 nm measured at a series of (N,) displayed for CdSe
QDs with native oleate ligands (A), and with NPTZ ligands (C); CdSe/CdS QDs with native oleate
ligands (B), and with NPTZ ligands (D). The modeled kinetics of trapped holes shown as solid lines
through the data points of TA signal at 710 nm. The left axis refers to the measured PA signal amplitude,
and the right axis refers to the estimated number of trapped holes associated with the optical signal.

For the CdSe and CdSe/CdS QDs, we apply our kinetic models to understand the
observed hole transfer kinetics in terms of trapping (kiy,p), de-trapping (kyrapr), AR (kar), and
hole transfer (kyt) rates. As shown in Figure 4A, these are the important processes that control
the dynamics of holes in these QD systems. To understand mechanisms by which these hole
populations can decay, we examined possible AR channels in a QD containing hole trapping
states. As shown by the red arrows in the upper panel of Figure 4B, AR between two excitons
can be decomposed to the hole channel, where the recombination of an exciton produces a hot
hole, and the electron channel, where recombination produces a hot electron.*! In our model for
native QDs, a trapped hole can participate in AR via a modified hole channel, where the
recombination of a VB hole and an electron promotes the trapped hole deep into the VB, as
shown as the VVB-trap AR channel in Figure 4B. We found through semi-empirical
pseudopotential calculations that the VB-trap channel has a comparable rate to the VB channels
(Table S7).4"*8 Calculations also show that, in general, other channels involving the
recombination of a trapped hole and an electron are orders of magnitude slower. In the simplest
model, the three channels in Figure 4B have the same rate constant, which can be extracted from
analyzing the XB bleaching signal under band-edge excitation conditions. After specifying these
AR channels and their scaling relationships relative to hole populations in the trap and VB, a set
of coupled differential equations describing the hole populations were solved by running
trajectories with a Monte Carlo approach. Tables of all the modeling parameters in this section

are given in the Sl (Tables S7-S10).
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The initial conditions of the kinetic model were chosen such that the total number of
holes is close to (N,) determined from experiments. For the native QDs, the shape of the
simulated decay curve is largely governed by the trapping and de-trapping rates, as these rates
control the distribution of total hole population into the VB and traps which determine the
overall AR rates of the system. Literature results and the observed rapid rise of the trap signal
informs that the hole trapping rate in the model should be set as faster than (1 ps)2.34 To
globally fit the experimental data across a range of (N,) and prevent excessive trapping to slow
the simulated decay curves, the de-trapping rate has to be comparable to the trapping rate,
allowing the trapped holes to establish a rapid equilibrium with the VB holes. In Figure 5A and
5B, the modeling results of the first 100 ps using parameters fit within these constraints agree
well with experimental data. For CdSe QDs, the kinetic model estimates that the number of holes

in the VB is comparable to the number of trapped holes, (Ni.,p,), represented by the TA signal

amplitude at 710 nm. For CdSe/CdS QDs, the majority of holes remain on the VB while only a
few holes were trapped, which is consistent with the disfavored energetics of trapping states on
CdS surface versus the energy of the CdSe VB.* It is important to note here that the equilibrium
model employed here focuses on the ultrafast multi-carrier dynamics on the picosecond
timescale, and much slower non-radiative and radiative events on the nanosecond timescale are
not included in the model. For a single-excitonic QD, the trapping could become irreversible at

longer timescales and cause the photoluminescence quantum yield to decrease.

In Figure 5C and 5D, the fast equilibration between VB and trapped holes is not
consistent with the trapped hole PA signals observed in QDs functionalized with NPTZ ligands.
When the hole acceptors are present, the decay rates of trapped hole population decrease

significantly. The kinetic model for QDs with NPTZ ligands needs to account for kinetic data of
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both the NPTZ"* at 650 nm and trapped holes at 710 nm. The model where the population of
NPTZ** was coupled to the trapped hole population of the native QD model described above
could not match the experimental data (Figure S29), even when trapping, de-trapping, or hole
transfer rates were adjusted. The failure of the coupled model indicates that the trapped holes in
QDs with NPTZ ligands are kinetically de-coupled from VB. It is possible that hole accepting
ligands such as NPTZ alter the energy levels of trapping sites of native QDs or create new
trapping sites as they replace the oleate ligands on QD surface. Previous work on hole accepting
ligands has shown that their attachment to QDs can produce surface states that are localized
toward these ligands.®® These new trapping states could also be unable to participate in the VB-
trap AR channel because their wave function becomes much more separated from carriers in CB

and VB states than traps in native QDs, therefore effectively acting as a charge-separated state.

Modeling results indicate that holes in the de-coupled traps provide the long-lived carrier
reservoir responsible for the fluence-dependent hole transfer to NPTZ ligands after 10 ps
observed in Figure 3. Within the limit of no trapping and de-trapping equilibration, the kinetic
model reduces to a set of two coupled equations describing the population of trapped holes and
the population of NPTZ"®, which are connected by simple exponential hole transfer from the
trapping sites to the NPTZ ligands. Following energetic events at early times such as Auger-
assisted trapping® or direct cooling of carriers, the de-coupled trapping sites become populated
with a number of holes. These trapped holes would not be annihilated by AR events and would

account for the gradual transfer to NPTZ ligands after 10 ps as observed in Figure 3.

In Figure 5C and 5D, the PA signal shows fluence-dependent plateau levels that last
hundreds of ps. The plateau phenomena suggest that only a fraction of the trapped holes can be

transferred to NPTZ acceptors. Therefore, the trapped hole population is further divided into
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‘active’ holes which can transfer to NPTZ, and ‘passive’ holes which are unable to transfer
during our observation time window due to Kinetic barriers, such as the hole being localized at a
trap state far from a NPTZ ligand. Since the surface coverage of NPTZ is only ~20%, the holes
trapped at sites which are not adjacent to a NPTZ ligand would need to undergo a series of slow
hole hopping events to reach NPTZ ligands, which have been measured to occur over timescales

longer than several nanoseconds.*®** The initial number of trapped holes, (Niap), and the

fraction of active traps are fitting parameters for the model. The fraction of active traps falls
around 50%, and is held constant across excitation fluences to allow for the model to capture the

plateau levels.

The fitting lines in Figure 3 and Figure 5, using fitting parameters consistent with both
NPTZ** and trapped hole PA data, show that the decay of the trapped hole population within the
first 250 ps can be largely accounted for by the rise of the NPTZ** population across various
excitation fluences. In the modeling of these NPTZ modified systems, the valence band and the
traps are assumed to be completely decoupled. There may, however, still be some level of de-
trapping or AR occurring at reduced rates compared to the native QDs, which may account for
some of the discrepancies between model and experimental kinetics. For instance, in the case of
CdSe with (N,) = 4.4, the simulated decay of trapped holes in Figure 5C clearly causes the
simulated growth of NPTZ** population in Figure 3B to largely miss the experimental trace,
suggesting that some trapped holes could be annihilated by AR without transferring to the NPTZ.
Nevertheless, the de-coupled nature of the simplified model captures the major features of the
observed decay kinetics and shows large contrast to the coupled model that describes native
QDs. This kinetic model allowed us to identify long-lived trapped holes as the reservoir of

carrier responsible for the observed fluence dependent hole transfer at intermediate times.
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Trapping a large number of holes at early times can then be a key to achieving high HTQY's
under multi-excitonic conditions, as the holes in these de-coupled trapping states have long
lifetimes. In the CdSe and CdSe/CdS QDs studied here, the model suggests that the number of

holes trapped is yet only a small fraction of (N), resulting in the limited HTQY.

Conclusions

In summary, we have applied ultrafast TA spectroscopy to examine the hole transfer
dynamics from three types of cadmium chalcogenide QDs to NPTZ ligands under multi-
excitonic conditions. The results indicate that the transfer of multiple holes from QDs to
molecular acceptors at short times is possible when the hole transfer rate and AR rate are
comparable. Furthermore, the hole transfer mediated by trapping states occurs on the timescale
of 10s-100s ps, much longer than the AR lifetimes of the QDs studied here. Modeling of the
kinetics data suggest a two-stage transfer mechanism. First, holes can directly transfer to NPTZ
ligands under the short lived multi-excitonic state. Next, multiple irreversibly trapped holes in
the de-coupled trapping states with long AR lifetimes can gradually transfer charge to acceptors.
The results here suggest that careful engineering of hole trap states both in number and kind is
required in order to achieve effective hole transfer over non-radiative recombination events when

QDs are operating in the multi-excitonic regime.

Methods/Experimental

Synthesis. QDs were synthesized based on previously published protocols with full description
in the SI. For the CdS QDs, 4.0 nm QDs were first synthesized,* then 5.1 nm QDs were

obtained by a second injection to enlarge the 4.0 nm QDs. For the CdSe QDs, we first
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synthesized 2.3 nm QDs with phosphonic acid ligand shells, then performed z-type ligand
exchange to obtain the 2.5 nm oleate-capped QDs.%*** The 3ML CdSe/CdS QDs were prepared
by the slow growth of CdS shells onto 2.3 nm CdSe cores.> All the QDs were capped with
oleate ligands to allow the binding of NPTZ ligands. The details of the four-step synthesis of
NPTZ from phenothiazine were given in Sl. The structure of NPTZ was confirmed by mass
spectrum and NMR analysis (*H and *3C).

'H NMR Measurements. The ligand compositions of the native QDs and QDs bound with
NPTZ ligands were quantified by a Bruker 700 MHz spectrometer using 1% mesitylene as
internal standard in ds-toluene. The surface coverage of NPTZ was determined by two methods®!
which gave virtually the same results. Method (i) counted the number of oleate ligands displaced
by NPTZ from QD surface; method (ii) counted the number of NPTZ molecules bound to the
QD surface. The results were listed in SI, and demonstrated 1-to-1 ligand exchange between
oleaic acid and NPTZ.

TA Measurements. The ultrafast TA experiments were performed with a tunable-wavelength
pump and white-light probe with varying pump-probe delay times, as described in a previous
work.> The pump beam was generated by a Coherent OperA optical parametric amplifier
pumped by a 1 kHz pulse train (~50 fs duration, centered at 800 nm) from a regeneratively
amplified Ti: sapphire oscillator (Coherent Libra). The pump beam tuned at a certain
wavelength, e.g. 415 nm, was chopped by a mechanical chopper at 500 Hz. For TA spectra
recorded in the wavelength range 350-550 nm, the white-light continuum probe was generated
by focusing a fraction of the 800 nm beam onto a translating CaF2 substrate. For TA spectra
recorded in the wavelength range 500-750 nm, the white-light continuum probe was generated

by focusing the 800 nm probe beam into a sapphire substrate. The time-resolved differential
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extinction spectra were collected with a commercial Helios absorption spectrometer (Ultrafast
Systems LLC). The delay between the probe and pump pulses was controlled by a linear
translation stage. All the QD samples for TA measurements were prepared in a N2 glovebox by
diluting the native QD or QD-NPTZ stock solution with ds-toluene until the optical density at
415 nm reached ~0.2. The diluted solution was sealed in a 2 mm quartz cuvette equipped with a
gas-tight screw cap before transferred out for TA measurements. UV-visible spectra were
acquired before and after TA measurements to show no spectral changes or photo-degradation of

QDs and NPTZ molecules had occurred.

Kinetic Modeling of AR and Hole Transfer Dynamics. The dynamics of AR and hole transfer
were simulated by solving a kinetic master equation that incorporates all the important processes
for describing hole dynamics on a given QD including AR, trapping, de-trapping, and hole transfer
in the case of NPTZ modified QDs. This equation was solved via the Gillespie algorithm,>® a
trajectory based Monte Carlo method for solving coupled differential equations, with rates and
initial conditions fit to the experimental data. A detailed discussion of the development of the

model, along with tables of parameters, can be found in the Supporting Information.

Calculation of AR Lifetimes. As in previous work® CdSe QD structures were obtained by
cleaving bulk wurtzite CdSe crystals and then optimizing the resulting structure via the LAMMPS
molecular dynamics code®® using Stillinger-Weber interatomic potentials.>® The outer layer was
then removed and the subsequent monolayer was replaced by ligand potentials to represent the
passivation layer. Surface hole traps were modeled by the removal of a passivation ligand from a
Se atom on the surface, which creates a localized trap state. Electronic structure calculations were
performed using the semiempirical pseudopotential method.*® The filter diagonalization technique
was used to find quasiparticle states near the band edge, which were used as input to the
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Bethe—Salpeter equation to obtain correlated excitonic states. The biexcitonic AR lifetime was
computed using Fermi’s golden rule, with an average over thermally distributed initial biexcitonic

states.

Associated Content

The Supporting Information is available free of charge at https://pubs.acs.org/.

Details of synthesis and materials characterization, additional TA data and analysis, and

theoretical modeling method (PDF)
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