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Quantum dot sensitized metal—oxide heterostructures offer an attractive platform for harvesting carriers
from solar energy. Interfacial charge transfer processes lie at the heart of solar energy conversion using
heterostructured nanomaterials, yet they are poorly understood and difficult to study. Here we employ
broadband optical transient absorption spectroscopy, spanning a wavelength range that covers both
quantum-dot donor and metal-oxide acceptor band gaps, enabling a selective view of charge transfer
across the interface of CdSe-sensitized ZnO nanorods. This allows us to reveal a bimodal charge injection
mechanism: a fast (<1 ps) indirect charge injection pathway populates an optically dark intermediate state,
and a direct charge injection pathway on the tens of ps time scale without an observable intermediate
state. The bimodal charge injection kinetics are attributed to heterogeneity of ZnO acceptor states. Our
results deepen the understanding of the role of donor and acceptor states in heterostructured nano-
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1. Introduction

Understanding the parameters that govern interfacial charge
transfer and separation is critical to realizing the next gene-
ration of photovoltaic devices." Quantum dot sensitized metal-
oxide heterostructures (QDH) are promising candidates for
their tunable optical and electronic properties, fast charge
transport attributes, and strong light absorption. Assembled
by sensitizing a wide band-gap electron acceptor, like a metal
oxide (MO), with a quantum dot (QD), a 0-dimensional semi-
conductor nanocrystal,> these materials leverage the tunability
of QD energy levels and large absorption cross sections.
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faces and their application in optoelectronic devices.

Quantum confinement also promotes exotic carrier effects
such as multi-exciton generation and hot electron transfer to
bolster the efficiency of harvesting solar energy.>® The
efficiency of QDH devices is limited by non-radiative recombi-
nation pathways in the respective materials, which inhibits
carrier separation and transport after injection at the QD-MO
interface.”'® The large specific surface area of QDs make them
sensitive to surface defects and undercoordinated atoms that
form sub-band gap trap states for excitons and free
carriers.’™* Nanostructured metal oxides, as either electron
or hole acceptors, offer high surface area for sensitization, but
at the cost of a high density of native defects.’>® Due to these
complexities, a precise understanding of carrier separation
dynamics across QDH interfaces is still lacking.

The QDH interface has an energetic landscape altered by
undercoordinated surface atoms, adsorbed organic species,
and the electronic coupling between the electron donor and
acceptor materials.'”*° While TiO, is the most studied MO
electron acceptor, ZnO is a promising alternative due to its
direct band gap, comparable electron mobility, low mineral
cost, and easy solution-phase manufacturing into various
nanostructures.”’”>' Despite these advantages, slower elec-
tron injection times are typically observed at ZnO interfaces
compared to TiO,, which have been attributed to a lower
density of states (DOS) above the band gap,?* defects at the
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surface,'” and the formation of an interfacial charge transfer
state.>372°

The study of charge carrier transfer across the interface of
QDHs is challenging for several reasons. First, the properties
of nanomaterials are very sensitive to the sample’s processing
and synthetic history and are affected by the inherent hetero-
geneity of prepared materials.>**! Additionally, surface-sensi-
tive techniques, such as time-resolved X-ray photoelectron
spectroscopy (XPS), are difficult to apply to buried interfaces
in heterostructured nanomaterials. Other commonly used
techniques to study interfacial charge transfer processes are
transient infrared (IR), time-resolved terahertz (THz), and
optical transient absorption (OTA) spectroscopies.”®*>7°
Each of these techniques is powerful in certain ways but
have critical corresponding limitations. Transient IR spec-
troscopy is sensitive to hole dynamics in the QDs but suffers
from overlapping signals from free carriers in the metal
oxide.**® Time-resolved THz spectroscopy probes the con-
ductivity of free carriers in the MO conduction band, but
can have interference from mobile carriers in the QDs with
limited ability to distinguish between the two types of
carriers.”®*3° OTA in the visible region (~400 to 800 nm) is
sensitive to the electron population of the QDs, but cannot
distinguish between a depletion of the excited carrier popu-
lation due to electron injection vs. trapping at surface
defects.?>*041

In this article, broadband ultraviolet (UV)/visible transi-
ent absorption spectroscopy is employed to track the evol-
ution of the total excited carrier population from the initial
excitation in CdSe QDs (donor) through charge transfer into
ZnO nanorods (acceptor). The broad spectral probing range
covers the ZnO direct band gap in the UV (~3.3 eV) as well
as the spectrally distinct CdSe QD band gap in the visible
(~2.1-2.6 €V).** This enables the selective probing of band
gap transitions of both materials within a single technique,
rendering it a powerful tool for correlating the arrival of car-
riers in the ZnO bulk DOS with the depletion of carriers in
the CdSe QDs. Through careful analysis of both the ampli-
tude and kinetics at both band gap transitions and looking
at the effect of the density of acceptor states and QD sizes,
we show that charge transfer proceeds through a short-lived
intermediate state into heterogeneous acceptor states (HAS),
and distinguish two timescales for charge injection: sub- or
few-picosecond (ps) and tens of ps. A strategy of wide-scale
sampling is employed to ensure robust and statistically rele-
vant results from QDHs, and global fitting is used to
support a proposed kinetic model that encompasses carrier
dynamics in both ZnO and CdSe. To demonstrate the sensi-
tivity of this technique to acceptor states and support the
attribution of bimodal injection to HAS, two additional para-
meters were screened (the density of acceptor states and QD
size) and found to be consistent with the proposed model.
The observation of two charge transfer timescales, from
both the donor and acceptor vantage points, demonstrates
with clarity that both materials contribute to shaping the
energetic landscape.
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2. Methods

2.1. Materials synthesis

ZnO nanorods were grown by a well-established hydrothermal
method.***® The detailed synthesis procedures for the ZnO
nanorods and CdSe QDs are included in the ESI S1.f The
process of chemically linking the QDs to the MO support
involves a phase transfer to polar solvent via ligand exchange
of the native oleate (OA) surface with 3-mercaptopropionic acid
(MPA) ligands. The latter are bifunctional ligands that coordi-
nate with their sulfide moieties to the QDs and carboxylic acid
to the ZnO surface. Conjugation was done by first heating the
ZnO nanorods in a vacuum oven at 70 °C, then immediately
immersing them in the QD solution. The mixture was kept at
50 °C under nitrogen, and in the dark, for approximately
12 hours. The ZnO nanorods were then washed with ethanol
and stored under nitrogen in the dark. If desired, after
nanorod growth these samples were annealed (A-ZnO) prior to
QD sensitization. Annealing was done in a tube furnace by
ramping to 150 °C at a rate of 10 °C min~' and held for
10 minutes, then heated to 400 °C and annealed for 20 min
under argon.

2.2. Broadband transient absorption spectroscopy

Transient absorption spectroscopy experiments were per-
formed at the Materials Research Laboratory (MRL) at the
University of Illinois Urbana-Champaign. In brief, a 1 mm
thick CaF, window or a 1 mm sapphire window was pumped
with 800 nm light pulses (~120 fs, 1 kHz) to produce probe
pulses with a spectrum covering 350-750 nm (visible probe),
or with 400 nm light pulses (~120 fs, 1 kHz) to produce
probe pulses with a spectrum covering 250-400 nm (UV
probe). The CdSe QDs were excited with ~120 fs pulses at
513 nm (2.42 eV). The latter is close to the band gap of
2.6 nm CdSe QDs (2.41 eV) such that carrier cooling and
impact ionization effects are minimized. The laser fluence
used in all measurements (~60-72 pj cm~>) minimized the
number of biexcitonic states while achieving a reasonable
signal magnitude. It resulted in an average exciton popu-
lation (N) = 0.2 per QD (details in S2t). Signal magnitudes
were typically 500 pOD in the visible and UV ranges.
Reference measurements were conducted on the CdSe QDs
in solution with their native organic coating, with an identi-
cal (N) of 0.2, at a fluence of ~20 pJ cm™> (shown in S37).
The measurements of QDs with different sizes and kinetic
traces are discussed in S4.7

2.3. Measurement strategy and analysis

QDH materials are inherently heterogeneous, which warrants a
careful measurement strategy in order to achieve statistically
significant results.*” In order to average out variations as a
function of probing location, pump-probe measurements were
performed a minimum of five different spots across the whole
sample surface for both spectral probing ranges (UV and
visible), and without overlapping spots. At least three two-
dimensional wavelength-time delay data sets were acquired

This journal is © The Royal Society of Chemistry 2025
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and averaged per sample spot. Kinetic traces were extracted at
wavelengths that avoided pump scatter and optimized stat-
istics, while avoiding overlapping transitions. For sensitized
ZnO in the UV this was 365 nm, and in the visible was 500 nm.
Since solution phase CdSe has sharper electronic transitions,
kinetic traces were taken at 490 nm to allow more of the 1st
excitonic transition to be integrated to yield kinetics represen-
tative of the 1st excitonic transition. Kinetic traces extracted
from these averaged data sets were fitted to a sum of exponen-
tial functions, weighted by the error bars from the average. To
prevent overfitting and determine the maximum number of
components to be included in the fit, the Aikake and Bayesian
information criteria were applied (see S51).***° The fitted time
constants and amplitudes for different sample spots were aver-
aged together and their errors were propagated, resulting in a
set of fitted parameters (and their errors) for each probing
region. The fitted amplitudes were normalized per probing
region such that the sum of amplitudes adds to 100%.
Samples were kept under a flowing nitrogen atmosphere for
the duration of the experiment and no change in kinetics was
found between the first and last measurement per sample spot
(see S6 and S7t). Annealed ZnO samples had greater pump
scatter on average, thus kinetic traces were taken at 495 nm to
limit this impact.

3. Results and discussion

3.1. Materials characterization

The integrity of the QDs after phase transfer was confirmed by
UV-Visible absorption spectroscopy, shown in Fig. 1(a). The
CdSe QDs have a lowest energy excitonic transition, 1S.-1S, ,,
located at 515 nm (2.41 eV), corresponding to an average QD
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diameter of 2.6 + 0.1 nm (S11).°® The energy and full width
half maximum (FWHM) of this excitonic transition remain
unchanged upon ligand exchange and phase transfer, indicat-
ing that the size distribution of the QDs is preserved. A slight
solvatochromic shift is observed due to a change in the solvent
dielectric constant (hexane for the OA ligands and methanol
for the MPA ligands). Two higher excitonic transitions, 1Se—
28p,, and 1P.-1Py,_, are visible around 470 nm and 415 nm,
respectively.

Neat ZnO nanorods feature a sharp absorption onset near
the ZnO band gap ~375 nm, along with an extended tail
below the band gap. The latter is due to a combination of
sub-band gap states (Urbach tail) arising from crystalline
disorder and to Mie scattering from the densely packed
nanorods.”’™* ZnO nanorods have a band gap of 3.26 eV.
After annealing their band gap amounts to 3.22 eV as
obtained with a Tauc fit (S8¥).

The UV-Visible spectrum after sensitization of the ZnO
nanorods with the MPA-coated 2.6 + 0.1 nm CdSe QDs is also
shown in Fig. 1(a). The QD-sensitized ZnO features a small
absorption transition at the CdSe first excitonic transition.
Based on the absorption increase at 515 nm following CdSe
sensitization, the ZnO surface area estimated from SEM, and
assuming spherical close packing, the CdSe QD coverage is
estimated to be 8% of a full monolayer on as-synthesized
ZnO and 12% on annealed ZnO (see S87 for details). The base-
line between sensitized and unsensitized ZnO was aligned at
wavelengths far above 515 nm due to adsorption induced dis-
order at the surface and a slight increase of the Mie scattering
cross-section upon sensitization.”***® Further materials
characterization results are provided in S8.f QDs with both
larger and smaller diameters were synthesized and used to
sensitize unannealed ZnO, as shown in S8.1 The sensitization

(a) Static UV/visible absorption spectrum of 2.6 + 0.1 nm CdSe QDs before and after exchanging the oleic acid (OA) ligands (hexane solvent,

dashed black) with the 3-mercaptopropionic acid (MPA) ligands (methanol solvent, solid black). The absorption spectrum of the neat ZnO nanorods
prior to sensitization is shown in dashed green (dashed purple for annealed ZnO) and the spectrum of CdSe-sensitized ZnO nanorods (CdSe@ZnO,
or CdSe@A-ZnO when annealed) is shown in solid green (solid purple) after aligning the baseline. The inset shows a zoom into the spectral region of
the first excitonic peak of the ZnO and QD-ZnO materials. (b) SEM image of the c-axis oriented ZnO nanorods, with a few (0001) faces highlighted

in red. The size histograms are shown as an inset.

This journal is © The Royal Society of Chemistry 2025

Nanoscale, 2025,17,17733-17744 | 17735


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nr00654f

Open Access Article. Published on 16 July 2025. Downloaded on 8/25/2025 9:02:10 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

procedure for these systems was identical to the procedure
listed above.

As shown in Fig. 1b, the ZnO nanorod synthesis produces a
nanorod array with highly crystalline, hexagonal wurtzite nano-
rods that are ~380 + 60 nm long and 60 + 10 nm wide, ~50°
tilt from the surface normal, and a density of 158 nanorods
per pm®. Additional SEM and TEM images can be found in
S8.1 Annealing ZnO results in a multitude of changes, such as
improved crystallinity and reduced defect concentration as
seen with XRD and PL respectively (S81). The degree of crystal-
linity and concentration of defects is expected to lower the rate
of trapping and potentially improve the quantum yield of
charge transfer. The most impactful effect in the context of
charge injection kinetics is the removal of surface adsorbates
from the undercoordinated ZnO surface, as seen with FTIR
(S871). Surface adsorbates can cause a high magnitude of band
bending in Zn0."”"'**”"% Contrary to nonpolar a- (1010) and
m-plane (1120) ZnO facets, contaminants adsorbed on the Zn-
terminated (0001) surface are stable up to 700 °C."7 Since
these nanorods are well oriented with the (0001) facet oriented
approximately normal to the X-rays, there may be a preference
for this facet of ZnO in the XPS measurements. Annealing at
the relatively low temperature of 400 °C does not completely
remove organic contaminants, which is confirmed from the
elemental ratios obtained via XPS shown in Fig. 2. Before
annealing, the atomic ratios are 39.5% carbon, 44% oxygen,
and 16.5% zinc. After annealing, oxygen increases to 50.1%,
zinc increases to 23.8%, and carbon decreases to 26.1%.

As seen in Fig. 2a the O 1s spectrum required 3 Gaussian
contributions to be fit adequately, which are attributed to
surface hydroxide, lattice bound oxygen, and oxygen vacancies
(Vo).2* Annealing shows reduced concentrations of surface
hydroxide and Vo. A corresponding shift of the O 1s peak by
150 meV to lower binding energies is also seen. The Zn 3d
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spectrum required two Gaussian contributions to be fit, a
single skewed-Gaussian was not adequate. As shown in Fig. 2b,
the total envelope shifts toward lower binding energies, which
is attributed to a reduction in the magnitude of downward
band bending near the surface. The Zn 3d character shifts by
~120 meV to lower binding energies after annealing, along
with a narrowing of the FWHM by 70 meV. The detailed fitted
parameters can be found in Tables S2 and S3.1 As previously
interpreted in ref. 19 and 60, the reduced elemental carbon
percentage, peak shifts, and peak narrowing are attributed to a
reduction in downward band bending of the valence and con-
duction bands near the surface, resulting from a removal of
surface adsorbates.®”

3.2. Spectral analysis

Fig. 3a shows a typical 2D wavelength-time plot of the UV and
visible transient absorption spectra of CdSe@ZnO upon exci-
tation at 513 nm. The data is characterized by two prominent
depleted absorption (bleach) features at ~360 nm and
~510 nm, which are located near the band edges of ZnO and
CdSe, respectively. Both features are due to phase space filling
(PSF, a contribution of Pauli blocking) of the band-gap edges
by photogenerated carriers, which makes dual UV-Visible
probe transient absorption spectroscopy sensitive to the
carrier population dynamics in both the electron donor (CdSe
QDs) and acceptor (ZnO nanorods) materials. The PSF signal
in ZnO is due solely to injected electrons because the QDH has
a type II (staggered) band alignment (Fig. 3b).®® The excited-
state absorption (ESA) feature below 350 nm is due to a Drude
like response of free carriers in the conduction band, resulting
in a change in the real part of the ZnO refractive index.*>** In
CdSe, the transient signal at the band gap is predominantly
sensitive to the photogenerated electron population in the con-
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(a) XPS spectra at the oxygen 1s edge, before (blue open circles, bottom plot) and after annealing (red open circles, top plot), and with

fittings to three Gaussian peaks to account for oxygen vacancies (orange solid line), hydroxide surface species (green solid line), and bulk oxygen
(teal solid line). The total envelope is shown for each plot (light blue for unannealed ZnO, red for annealed ZnO). (b) The XPS data at the zinc 3d
edge, before and after annealing. A fitting with two Gaussian peaks was necessary to reproduce the correct envelope (light blue solid line for unan-

nealed ZnO, red solid line for annealed ZnO).
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(a) A typical averaged UV (left) and visible (right) transient absorption data set of CdSe@ZnO excited at 513 nm. The bleach band of the first

excitonic peak ~510 nm of the CdSe QDs appears promptly and decays on a tens of ps time scale. The bleach feature of the ZnO nanorods ~360 nm
appears within ~1 ps and grows in amplitude over a time scale of ~100 ps. The probing wavelengths (365 nm and 500 nm) for kinetic analysis are
indicated by vertical dashed lines. (b) Schematic of the type Il band alignment and relaxation pathways of CdSe@ZnO nanorods. The QDs are selec-
tively excited at 513 nm (green arrow). The occupation of the CdSe (red) and ZnO (blue) conduction bands with excited carriers leads to bleach
signals in the visible and UV, respectively. Relaxation channels that lead to a decay (dashed arrows) or rise (solid arrows) of electron population are
indicated as well. BET = back-electron transfer. Transient spectroscopy in the UV/visible range is not sensitive to holes in the QDs.

duction band. Holes are generally not observed in the transi-
ent absorption spectrum of CdSe QDs because of the
lower valence band degeneracy and rapid trapping at the
surface.®® % Insensitivity to the hole population suggests that
back-electron transfer of electrons from the ZnO conduction
band into the CdSe valence band cannot be observed from
the perspective of the CdSe band edge dynamics. Carrier
injection from CdSe to ZnO, trapping, and recombination
within the CdSe QDs will all lead to a decay of the bleach
signal at the first QD excitonic transition.®”®® Carrier injec-
tion into ZnO will result in a bleach signal at the ZnO band
gap that grows as the CdSe signal decays.*” This bleach is due
to PSF of injected electrons occupying the ZnO conduction
band minimum.

Spectral traces taken at 1 and 100 ps after photoexcitation
are shown in Fig. 4a for CdSe@ZnO nanorods in air, and at
1 ps for CdSe QDs with OA ligands in hexane. The transient
spectrum of solution-phase CdSe QDs exhibit sharply defined
bleach features at the peaks of the first (1S.-1Sy,,) and second
(18c-2Sy,,,) excitonic transitions, with small ESA features at
~535 nm and ~435 nm due to biexcitonic induced red shifts
(see Fig. S21 for the full solution-phase transient spectrum).®>”°
At 1 ps, before significant charge transfer has occurred, the
CdSe@ZnO spectral trace in the visible resembles the solution-
phase CdSe spectrum. Sensitization broadens the CdSe exci-
tonic transitions due to electronic coupling with the ZnO bulk
and surface states, obscuring the Stark effect.”' The second
CdSe excitonic transition shares the lowest electron state (1S.)
with the first transition, causing it to also be bleached by PSF
after band-gap excitation. At 100 ps, charge transfer is nearly

This journal is © The Royal Society of Chemistry 2025

completed since the transient bleach in the visible region has
decayed nearly to zero while the transient signal in the UV has
grown and reached its maximum amplitude.

We note that solution-phase CdSe QDs do not exhibit a sig-
nificant transient signal in the UV region after 513 nm exci-
tation. Similarly, two-photon excitation of ZnO nanorods with
513 nm does not result in appreciable transient signal at or
below the ZnO band gap (S91). Thus we can use the UV region
for specifically probing the dynamics of the MO acceptor
moiety and the visible region to specifically probe the
dynamics of the CdSe donor moiety of the heterostructure.

The spectral characteristics of both the ZnO and CdSe moi-
eties are the same for the annealed ZnO sample as for the
unannealed sample, as shown in Fig. S19.f The similarity is
expected for the QDs since they are only impacted by the sen-
sitization, which is identical between samples. For the UV
signal, while annealing affects multiple ZnO qualities, the
transient UV signal originates from the bulk excitonic tran-
sition between valence and conduction bands. The bulk band
gap and electron-hole binding energy changes minimally after
annealing, and is thus spectrally consistent between ZnO
samples.

3.3. Single-wavelength kinetic analysis

Fig. 4b shows representative kinetic traces for CdSe QDs in
hexane solution (490 nm, gray circles), and CdSe@ZnO
samples in the UV (365 nm, blue circles) and the visible
(500 nm, red circles), integrated over a 2 nm bandwidth.
Included in Fig. 4b are the fits to a sum-of-exponentials model
(for details on the fitting functions and the determination of

Nanoscale, 2025,17,17733-17744 | 17737
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(a) Transient absorption spectra of CdSe QDs with OA ligands in hexane solution (gray, scaled by a factor of 0.1) at 1 ps, CdSe-sensitized ZnO

(CdSe@ZnO) nanorods at 1 ps (red), and at 100 ps (blue) after photoexcitation (all left axis). The spectral bandwidth of the pump light is highlighted
with the gray box, centered at 513 nm with 4 nm FWHM. Also shown are the corresponding static UV/visible absorption spectra of CdSe QDs with
OA ligands in hexane (black) and CdSe@ZnO nanorods (green) (both right axis, offset for clarity). (b) Representative transient kinetic traces for CdSe
QDs with OA ligands in hexane solution at 490 nm (gray), CdSe@ZnO at 500 nm (red circles) and 365 nm (blue circles), and CdSe@A-ZnO at 495 nm
(orange circles) and 365 nm (green circles). Solid lines are kinetic fits to the data. The traces are normalized such that their maximum amplitude is
set to a value of —1. The error bars represent standard deviations obtained from the average of data sets taken at a single spot. Datasets for all spots

are shown in Fig. S10.7

the maximum number of exponentials to include, see S5 and
S71). For CdSe QDs in solution, a sum of two exponential
decay functions (with two free parameters each, decay constant
7 and amplitude A) is required to fit the kinetics satisfactorily
(gray solid curve in Fig. 4b). The first component decays on a
time scale of 60 + 11 ps (relative weight of 11 + 7%) and the
second component on a timescale of 7.9 + 0.2 ns (89 + 1%).
The first component is assigned to biexciton generation and
recombination, which is unavoidable even with low excitation
fluence. See S27 for the Poisson distribution of the excitonic
population.>”*> The second component is assigned to single
exciton radiative recombination.®®”*

The transient signal of both CdSe@ZnO samples in the
visible decays faster than that of the solution-phase CdSe
QDs.*®*>7! By visual inspection, the amplitude of the ZnO
bleach in the UV increases on a similar time scale as the decay
of the CdSe signal in the visible, indicating a direct electron
transfer pathway from the QDs into ZnO. There is a distinct
difference between annealed and unannealed CdSe@ZnO.
After annealing ZnO, the kinetics in the visible and UV signals
slow down by a factor of ~4. In these measurements a single
dataset is insufficient to give statistical certainty, which
necessitates collecting multiple datasets and analyzing them
in parallel. This allows extracting time constants and ampli-
tudes that are representative of the whole sample. Note that
the bottom axis becomes logarithmic after 5 ps.

Quantitatively, the QD-specific kinetics at 500 nm are fitted
with a sum of three exponential decay functions, one of which
is a fixed long decay component representing carrier popu-
lation decaying outside of the fitting window (5.5 ns), which is
held at the recombination constant of the solution phase CdSe
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(7.9 ns). ZnO-specific kinetics at 365 nm were fitted with two
rising exponentials and a single-exponential decay function
with an amplitude equal to the negative sum of the amplitudes
of the rising exponentials. This choice of amplitude for the
decay function allows us to extract a realistic time constant,
assuming that the signal decays back to zero outside the
fitting window. The fits are shown alongside the kinetic traces
in Fig. 4b (solid curves), and the fitted time constants and
amplitudes (resulting from averaging the fitted values of
measurements at different sample positions) are recorded in
Table 1. An overview of fitted time constants and amplitudes
for all sample positions is given in S7.1

The similarity of the 7z; and 7, decay/rise constants and
their relative amplitudes in the respective CdSe and ZnO moi-
eties in CdSe@ZnO and CdSe@A-ZnO prompts us to relate
these kinetic pathways to each other. In CdSe@ZnO, 7, is
slightly longer for ZnO (1.8 + 0.3 ps rise) compared to CdSe
(0.8 £ 0.1 ps decay), while the 7, values overlap within errors
(13 + 3 psrise and 15 + 3 ps decay for ZnO and CdSe, respect-
ively). Importantly, the relative amplitudes for z; and z, are
the same for both moieties, within error. Since PSF by excited
electrons is the primary contribution to the transient signal
at the two band edges, the relative contribution and decay
time of each exponential component is a good measure of
the movement of electron population across the CdSe/ZnO
interface. Each material has a different PSF amplitude per
carrier due to their different band curvatures and degenera-
cies, thus only relative (normalized) amplitudes are directly
comparable.

CdSe@A-ZnO shows similar behavior between visible and
UV kinetics with a few important differences. r; and 7, values

This journal is © The Royal Society of Chemistry 2025
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Table 1 Averaged fitted time constants and relative normalized amplitudes (in parentheses) obtained from fitting the kinetic traces at 490 nm
(CdSe with OA ligands in hexane), 500 nm (CdSe in CdSe@ZnO) and 365 nm (ZnO in CdSe@ZnO) to a sum-of-exponentials model. 7; and 7, are the
first two rising/decaying time constants for ZnO/CdSe in CdSe@ZnO, respectively. zgx is the decay constant assigned to biexcitonic decay in solu-
tion-phase CdSe QDs. 7 is the decay constant assigned to the recombination of carriers in CdSe (fixed for the CdSe in CdSe@ZnO and
CdSe@A-ZnO fit). get is the fitted decay constant of the ZnO signal assigned to back electron transfer (BET). The relative amplitude of the latter was

constrained to be equal to the negative sum of the two rising components

Wavelength Ty T,

TEX TR TBET

490 nm (CdSe in hexane) — —
500 nm (CdSe in CdSe@ZnO) 0.8 £ 0.1 ps (56 + 4%)
365 nm (ZnO in CdSe@ZnO) 1.8+ 0.3 ps (48 + 9%)
500 nm (CdSe in CdSe@A-ZnO) 2.5 + 0.6 ps (43 = 5%)
365 nm (ZnO in CdSe@A-ZnO) 3.4 + 0.5 ps (41 + 4%)

have increased significantly after annealing. z; has increased
by almost 1.5 ps for CdSe (to 2.5 + 0.6 ps) and ZnO (3.4 =
0.5 ps), and 7, has increased by nearly 40 ps (CdSe 53 + 11 ps,
ZnO 47 * 6 ps), and is identical between ZnO and CdSe within
the error bars. The amplitudes after annealing are again in
good agreement, with 7; being weighted slightly less than z,.
These results can be interpreted clearly in Fig. 4; annealing
has slowed down the charge injection timescale significantly,
and increased the separation between them.

Biexcitonic decay of solution phase OA-CdSe was
measured to be 60 + 11 ps, and only accounted for 10% of
the amplitude. CdSe in the QDH has a similar excited state
population, but the dynamics take place on a much faster
time scale than the biexcitonic decay and accounts for a
much greater portion of the carrier population. Due to this,
any biexcitonic states would rapidly depopulate, and biexci-
tonic decay can be excluded from the interpretation of the
CdSe dynamics in the sensitized CdSe@ZnO. This is true
for CdSe@A-ZnO as well, even though 7, corresponds much
more closely with solution phase biexcitonic decay of CdSe.
The reasoning is that any biexcitonic state would decay
very rapidly from 7; due to charge injection. In addition,
this is plausible for CdSe kinetics, but not for the
measured kinetics in ZnO, which will be examined in detail
in section 3.4.

CdSe@ZnO nanorod heterostructures show bimodal inter-
facial charge injection on two distinct time scales: 7; ~ 1-2 ps
and 7, ~ 14 ps (Fig. 3b). The slow decay components are attrib-
uted to carrier recombination (zz for CdSe), back-electron
transfer (BET, zggr for ZnO) and/or carrier trapping in defect
states.”®*%”"7* CdSe@A-ZnO preserves this bimodal charge
injection and further distinguishes the timescales: 7; ~ 2-3 ps
and 7, ~ 50 ps. We emphasize that the fast decay of CdSe QDs
in QD materials has often been assigned to carrier trapping
using techniques that probe CdSe selectively.”®*>”" Here we
show that this decay can indeed correspond to charge injec-
tion by matching the QD decay components to the corres-
ponding carrier rise signals in the ZnO moiety. Annealed ZnO
slows down 7; of the CdSe and brings it close to agreement
with 7; of A-ZnO, showing that the fast decay could be attribu-
ted to direct charge injection or trapping at defect-derived sub-
band gap states of ZnO. A dual probe technique assessing the

This journal is © The Royal Society of Chemistry 2025

15+ 3 ps (40 + 4%) —
13+3ps(52+8%) — —
53 + 11 ps (48 £ 3%) —
47 £ 6 ps (59 £3%) — —

60+11ps(11+7%) 7.9+0.2ns(89+1%) —

7.9 ns (4 + 1%) —
17 +1 ns (—100%)
7.9 ns (8 + 6%) —
26 + 2 ns (—100%)

dynamics from the donor and acceptor viewpoints is thus pre-
requisite to obtain a holistic picture of the interfacial carrier
transport.

3.4. Origin of bimodal interfacial charge transfer

Multiexponential rise times upon carrier injection in ZnO
have been observed in dye-sensitized ZnO nanoparticles by
time-resolved THz and IR spectroscopy, with similar time-
scales and amplitudes as in this study.”***7>7¢ Those
dynamics have been attributed to the interaction of the cat-
ionic dye and injected electrons forming an interfacial
charge-transfer state that dissociates on the 10’s of ps time-
scale. Previous results with transient absorption and THz
spectroscopy on CdSe-sensitized ZnO nanorods in particular
have attributed the fastest CdSe decay (1-3 ps) to formation
of a charge-transfer state (CTS), followed by dissociation of
this state to give a prolonged growth of free carrier conduc-
tivity in ZnO over 20 to 60 ps.*®**? CTS’s are likely formed
from sub-band gap surface states in the metal oxide, thus a
bound interfacial state is not expected to contribute to the
bleach of the band edge transition in ZnO due to the electron
not occupying the bulk D0OS.?**>”” In the CdSe@ZnO and in
supporting measurements on dye-sensitized ZnO, there is no
spectral signal with kinetics to match the rapidly populated
CTS, confirming that there is no overlap between this
transition and the band edge ZnO or CdSe transitions
(see $10%).2°*>%%78 The kinetics of the CTS population are
not directly measured here.

Based on these considerations, we propose various scen-
arios to explain the bimodal kinetics in the CdSe@ZnO
heterostructures: (i) a ps charge transfer pathway from CdSe
into an intermediate CTS with dissociation occurring on a
fast (z4) and a slow (z,) timescale; or (ii) a ps (z;) charge trans-
fer pathway from CdSe into ZnO and subsequent carrier
cooling of injected electrons in ZnO on the tens of ps (z)
time scale; or (iii) charge transfer from QD populations with
different driving forces and therefore different charge injec-
tion time scales.

Scenarios (i) and (ii) would attribute only z; in CdSe to
charge injection, which leaves 7, open to interpretation, while
also ruling out biexcitonic decay. The fact that 7, of CdSe is
similar in both time constant and amplitude to the 7, rise
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component in the ZnO moiety would then be a coincidence,
and necessitate an exotic and unlikely explanation for the biex-
ponential rise of the total ZnO signal (e.g. a sequential dis-
sociation from an optically dark state, with varying spectral
weight in the conduction band). Scenario (ii) is discarded
since carrier cooling in ZnO takes place within a ps from high-
lying states and is accompanied by spectral changes from
band-gap renormalization that are not observed in the present
case, and does not explain the impact of annealing on the
charge transfer timescales.’® In addition, the amount of two-
photon absorption that would lead to excess carrier energy
and significant carrier cooling is estimated to be at most 1%
under the excitation conditions of the present experiment
(S97). The closely matched time constants and relative weights
in the kinetic fits of the CdSe and ZnO moieties in CdSe@ZnO
(and A-ZnO) make it more likely that the measured kinetics are
due to electron transfer from two different states with indepen-
dent driving forces (scenario (iii)).

The relative concentration of the charge transfer states in
scenario (iii) indicates that they are non-interacting. If the
fastest charge injection pathway was accessible by all QDs,
then charge injection would proceed through that pathway
with an efficiency governed by the ratio between the two time-
scales. For CdSe@ZnO, the measured injection timescales

would give 1 — ~ 85 — 95% of charge injection proceed-

71+ 175
ing on the fast timescale (0.8-1.8 ps) if it was available for all
QDs, which disagrees with the relative amplitudes of 7; and 7,
(~50%). This relationship is preserved after annealing: ~94%
of charge injection would proceed through the fast pathway for
CdSe@A-ZnO. This points to a heterogeneous mechanism of
non-interacting states being responsible for the bimodal
charge injection dynamics. A single population of charge injec-
tors with a distribution of charge transfer rates was also con-
sidered using the stretched exponential function. However,
this does not improve the best fit statistics and does not give a
physically meaningful distribution (S57).”

The first source of heterogeneity may be in QD size or
QD-ZnO attachment, which could result in different charge
transfer driving forces.”®®° The QD size dispersion is rela-
tively small (+0.1 nm, S8f) and the pump beam at 513 nm
predominately excites QDs with the mean diameter of
2.6 nm (Fig. 4a) which results in a narrow range of driving
forces for excited QDs, in contrast to the observed disparate
7; and 7, injection timescales. Different driving forces may
also result from directly and indirectly attached QDs (i.e.
QDs that are not in direct contact with the ZnO surface, but
rather aggregated with other QDs).?® Such an indirect attach-
ment is expected to result in charge transfer into ZnO on a
longer timescale. However, the QD coverage is estimated at
8% and 12% of a monolayer for ZnO and A-ZnO respectively
(S871), and approximately 1 in 5 QDs are excited (S2t). The
dilute excitation conditions and low QD loading is critical to
limiting inter-QD coupling and the aggregate concentration.
However aggregates cannot be fully excluded. Excitonic
diffusion within an aggregate will have some initial rapid
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diffusion that is partially governed by the inhomogeneous
linewidth broadening within the aggregate, but is dependent
on the ligand coverage and excitation conditions. Whether
the exciton is in contact with the interface on the sub-nano-
second timescale cannot be predicted based on the limited
information available.®'®? Given this, the statistical likeli-
hood of having half of all charge transfer taking place from
indirectly attached QDs is small. This is shown in S11f
where a spin-coated CdSe@ZnO sample shows significantly
faster trapping of charges without any charge injection.
Additionally, the concentration of QD aggregates is similar
between CdSe@ZnO and CdSe@A-ZnO due to the identical
sensitization conditions, and does not explain why the
charge injection timescale is impacted so strongly. While
these are strong points, a global kinetic model based on
heterogeneous injection was still considered and tested, with
the results shown in S12.1 This model was unable to repli-
cate the measured kinetics.

Finally, the two possible binding motifs (carboxylic acid
and thiol) of the MPA linker molecule could induce different
surface energetics.®® The thiol is much more likely to coordi-
nate to the CdSe than the carboxylic acid,**** and due to the
step-wise ligand exchange and phase transfer of CdSe, the
amount of excess ligand during sensitization is limited, preser-
ving the thiol coordinated to CdSe and carboxylate to ZnO.
Since each QD is likely adsorbed to the ZnO nanorods through
multiple ligands, mono- vs. bidentate coordination is unlikely
to contribute to the two distinct charge transfer timescales. We
conclude that heterogeneity from the electron-donating CdSe
(derived from size distribution, QD aggregates, or binding-
ligands) is unlikely to be responsible for the bimodal charge
injection.

Charge injection time scales into MO nanomaterials have
previously been shown to be influenced by the electronic
structure of the conduction band of the MO and the coupling
between the electron donor (dye or QD) to the interface.®* In
particular, band bending, i.e. the local curving of the elec-
tronic band structure near an interface or junction, can
modulate the driving force for interfacial charge
injection.'®®® Such band bending effects in ZnO are sizable
and have been related to the photocatalytic activity of ZnO-
based materials.'®®® The low static dielectric constant of ZnO
relative to other MOs allows for strong band bending effects
near the surface even in small nanoparticles with diameters
of 10 nm, and has been credited for charge injection differ-
ences between dye-sensitized ZnO and TiO,.”™®” The extent
of band bending depends on the crystal facet.'””>® In the
present work, we propose that the bimodal interfacial charge
transfer dynamics originates from injection at different facets
of the ZnO nanorods: the (0001) facets at the top of the nano-
rods and the (1010) facets at the side of the nanorods (Fig. 1),
with downward band bending magnitudes of ~—580 meV
(large driving force, fast injection pathway) and ~—300 meV
(small driving source, slow injection pathway), respectively
(Fig. 6).”” A-ZnO would then have reduced band bending
magnitudes for the two facets and altered driving forces,
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based on the XPS results shown here and in previous
works.'>®® The two facets have adsorbates that chemisorb
with varying strength, resulting in different degrees of band
bending at the different facets for this annealing temperature
(400 °C)."”"*® The relative amplitudes of the charge injections
pathways then depend on the QD coverage of the respective
facets. While there is much more surface area for the (1010)
facets, the ZnO (0001) facets have a higher adsorption rate of
CdSe QDs.” In addition, the available sensitization area may
be limited due to the close packing of nanorods and the
inability of the QD solution to permeate the entire ZnO
nanorod sample.

This bimodal charge injection is further preserved when
different sizes of QDs are used to sensitize ZnO. Fig. 5 shows
the aggregate charge injection rates (1/7) of all samples, and
in depth in S12f including the raw results and fittings. The
2.3 nm CdSe QD samples were not globally fit using the
model from 3.5 due to non-negligible two-photon absorp-
tion, which has kinetics that overlap significantly with the
fast charge transfer timescale. The rates were instead used
from multi-exponential fittings and shown in S7.f 2.3 nm
CdSe@ZnO had charge injection rates of 1 + 0.24 ps™" and
0.04 + 0.012 ps™*, and 0.6 + 0.04 ps~" and 0.017 + 0.001 ps™"
for 4.2 nm CdSe@ZnO. The 2.6 nm CdSe for annealed and
unannealed ZnO shows the rates extracted from global
fitting, as reported in section 3.5. All sizes showed bimodal
charge injection, with the largest QDs having the widest sep-
aration in timescales. Notably annealing ZnO renders the
energetic landscape of 2.6 nm CdSe@A-ZnO nearly equi-
valent to that of 4.2 nm CdSe@ZnO. The other striking
feature of these results is the ultrafast charge transfer for all
CdSe sizes. Previous reports have primarily considered
charge injection on timescales ~t,, while these result show
unequivocally that the energetic landscape of sensitized ZnO
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Fig. 5 Aggregate charge transfer rates from sensitized ZnO with
2.3 nm, 2.6 nm, and 4.2 nm CdSe QDs. Two rate constants were
extracted from each system. 2.3 nm CdSe@ZnO was fit to a sum of
exponentials model, while the 2.6 nm, 2.6 nm CdSe@A-ZnO, and 4.2 nm
systems were globally fit using the model reported in the main text.
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has an even faster component, and cannot be reduced to a
single pathway.?3337%:76

3.5. Optically dark intermediate state and global target
analysis

Having established the bimodal charge injection mechanism
in CdSe@ZnO, we now take a closer look at the fast injec-
tion pathway, characterized by z; (Table 1). The 7; decay
time constant in the CdSe moiety (r; = 0.8 £ 0.1 ps @ZnO,
and 2.5 + 0.1 ps @A-ZnO) is shorter than the 7; rise time
constant in the ZnO moiety (r; = 1.8 + 0.3 ps, and 3.4 =
0.5 ps for A-ZnO), meaning that the electron transfer out of
the CdSe QDs is faster than the arrival of injected electrons
into the bulk conduction band of the ZnO nanorods. Based
on our rigorous sampling strategy to average out variations
in dynamics due to the macroscopic heterogeneity of the
sample (S61), we believe that the standard deviations of
these fitted time constants are a realistic measure of uncer-
tainty and that the differences in 7, for the donor and accep-
tor moieties are statistically significant. We attribute this
difference in time constants to the existence of an optically
dark intermediate state, i.e. a state in which injected elec-
trons get trapped before diffusing into the MO bulk. Such
states, localized at the surface of nanoparticles, often do not
exhibit appreciable absorption in the UV-Visible region due
to their low density and red-shifted indirect transition
energies.”®®® The absence of this state for 7,, where the
charge injection values overlap very clearly, could be due to
effects that reduce the coupling between interfacial carriers,
or an inability to resolve an intermediate state with a short
lifetime. The coulombic interaction could be screened due
to the dielectric environment of ZnO, or image charge
effects of the bare hole in CdSe.

Based on the above considerations, we conducted a global
target fit analysis using a four-state kinetic model depicted in
Fig. 6. This global fitting allows the amplitudes of CdSe and

CdSe 1S,

*u

Tem =

800 fs./fiuafe

Tdiss =

400 fs

[10-10]

Fig. 6 Proposed bimodal interfacial charge injection pathways in
CdSe@ZnO nanorod heterostructures (rgt1 and ze2). Charge injection
takes place through two independent acceptor states with different
driving forces imposed by band bending at different ZnO crystal facets.
Trapping in an optically dark intermediate state is inferred for the fast
injection pathway (re11), followed by dissociation (z4iss) into the ZnO bulk
DOS probed in the UV region of the spectrum. Charge recombination
and/or trapping in the QD and ZnO moieties are represented by zx (fixed
to a large value) and zgeT, respectively. The time constants are obtained
from a global target fit analysis.
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ZnO to vary independently of each other, and with normal-
ized amplitudes because the measurements are not taken
within a single spectral window. Thus quantum yield of each
charge injection pathway could not be determined absol-
utely. The bimodal charge transfer behavior is taken into
account with two decay processes in the CdSe moiety
described by time constants 7gr; and rgr,, which were fitted
to 0.8 + 0.1 ps and 10 + 1 ps for CdSe@ZnO. To account for
the slower rise time of the ZnO bleach feature, we define a
new time constant, 7giss, that describes the dissociation/
depopulation of the optically dark intermediate state and
arrival of electrons in the ZnO conduction band on the 0.4 +
0.1 ps timescale. The 10 ps population decay in the QDs and
the corresponding rise of population in the ZnO conduction
band are both described by time constant zgr, — an inter-
mediate state could not be resolved for this injection
pathway. This same fitting was applied to CdSe@A-ZnO,
which showed 7gr; of 2.4 + 0.1 ps, and gr, was fit to 44 +
2 ps. However 74;5s could not be resolved or is non-existent
(~0 £ 0.1 ps) in this sample. It should be considered whether
this intermediate state can also be attributed to localization
near the surface from intrinsic surface potentials of strong
band bending, as has been seen in dye-sensitized systems on
the 100’s of ps timescale.®® The fitted time constants for this
kinetic model and both samples are shown in Fig. 6. These
results show that before annealing approximately half of the
QDs transfer charge within 800 fs to an optically dark state,
while the other half transfers charge within 10 ps directly to
the ZnO conduction band. The optically dark state dis-
sociates 400 fs after being populated. Annealing separates
the two timescales dramatically to 2.4 ps and 44 ps, without
an observable dark state. Such a direct accounting of the
excited carrier population is only possible when both the
donor and acceptor moieties can be measured with speci-
ficity and within a single technique. In the ESI S12} we
explore different kinetic models, including a heterogeneous
QD model where the CdSe populations are not distinct. This
model tests whether aggregates can explain the shape of the
signal in ZnO, but the single, shared population of CdSe QDs
leads to distorted kinetics and poor fittings are seen in ZnO.
The global target analysis based on the four-state model of
Fig. 6 provides the best fit to the data.

4. Conclusion

In this contribution, we show that broadband transient
absorption spectroscopy spanning the UV and visible regions
is a powerful tool to correlate the dynamics of the electron-
donating and -accepting moieties of photoexcited hetero-
structured nanomaterials. Previous studies focusing on
probing the dynamics of a single moiety, or using different
probing spectroscopies, suffer from inconsistencies in
reported time scales and reproducibility challenges.*>*””" In
the present work, we use a single spectroscopic technique
applied in combination with a rigorous sampling strategy to
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average out macroscopic heterogeneities and a global fit ana-
lysis encompassing both the electron donor and acceptor
dynamics. This suggests a bimodal charge injection mecha-
nism for CdSe QD-sensitized ZnO nanorods based on hetero-
geneous acceptor states: a fast (<1 ps) indirect charge injec-
tion pathway that involves the population of an optically dark
intermediate state, and a direct charge injection pathway on
the tens of ps time scale without an observable intermediate
state. These timescales were strongly impacted by a simple
annealing of the ZnO, which pushed charge injection to
2.4 ps and 44 ps for the fast and slow injection pathways. We
propose that different band bending energetics at the facets
of the ZnO nanorods are responsible for the bimodal kinetics
and the formation of the intermediate state. This effort opens
opportunities for future investigation into the formation of
these critical intermediate states of QDHs, as well as allowing
systematic studies of metal oxide characteristics, such as
varying the defect concentration or aspect ratio of ZnO
nanostructures.
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