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ABSTRACT: We report on the time-dependent, energetic shifting 13 CdTe QWs (t =130 fs)
of quantum-confinement states within photoexcited CdTe
quantum wires that were identified by using transient absorption
(TA) spectroscopy. The initial photoexcitation promotes an
electron to states in the conduction band (CB) and generates a
hole in the valence band (VB), and the changes in carrier densities
give rise to quantum-state renormalization (QSR). This mecha-
nism is akin to the generation of electron and hole polarons that
alter the effective masses of the states in the CB and VB that are
probed in the TA experiments. Since the energies of the quantum- I e e e e e e e S B By
confinement states are inversely proportional to the effective mass 16 1.8 2.0 2.2 2.4
of the carrier, the states undergo QSR that evolves as the carriers Energy (eV)

relax to the band edge. A simple model is presented which

separates the bleach and induced-absorption signals associated with QSR in the TA data from additional bleach signals attributed to
the occupancy of carriers in the shifted states. The states are observed to shift independently with time as the carriers relax. The
lowest-energy occupancy feature for the CdTe quantum wires shifts from —25 to +3 meV within 600 fs and then to —17 meV on
longer time scales after excitation. The Stokes shift of the photoluminescence of the CdTe quantum wires is dominated by the long-
time scale QSR of the band-edge states. QSR is likely prominent in other direct-gap semiconductor nanoparticles, especially those
with a significant Stokes shift of the photoluminescence from the absorption band-gap transitions.

B INTRODUCTION perturbs the energetics of the states® accessed by the carriers,
especially in semiconductor NPs, where there are discrete
quantum-confinement states that are highly sensitive to the
local environment.

The concept of electron rearrangement in molecules and
semiconductors is widely accepted, but it is often not
considered in electronic spectroscopy measurements due to
the small energetic changes of the states accessed relative to
the electronic transition energies. To illustrate the premise for
this photogenerated energetic shifting, consider a hetero-
nuclear diatomic, AB, and the molecular orbital (m.o.) diagram
illustrated in Figure la. An absorption of a photon with energy
E, promptly promotes an electron from the occupied o, m.o.
to the unoccupied 6%,5 m.o., assuming it is an allowed
transition. After photoexcitation, electron rearrangement
relaxes the 0,3 and 0%, states closer in energy to each
other, and the bond lengths of the excited AB molecule adjust
to the new bonding. In a pump—probe experiment, a second
photon that is delayed in time from the first would be absorbed

The utilities of semiconductor nanoparticles (NPs) are
expanding due to the ability to tune the energies of their
electronic states and emission through size control, the
sensitivity of their emission efliciency on their environments,
and improved synthetic and postsynthetic surface-passivation
strategies. An absorption event in a semiconductor NP
promotes an electron to the conduction band (CB) and
forms a hole, or an electron-deficient region, in the valence
band (VB). If the excitation is well above the band gap energy
of the NP, the photogenerated electrons and holes can relax
from one quantum-confinement state to the next until they
occupy the lowest-energy states, near the band edge. The
relaxation dynamics of photoexcited electrons and holes within
NPs depend on many factors, including size and dimension-
ality of the NP, efficiency for coupling to phonons, carrier—
carrier interactions, ligand coverage, trap densities in the CB
and VB, and temperature.' > As these dynamics occur on
ultrafast time scales, the specifics and roles of these processes
are difficult to characterize. Even under low excitation-fluence
conditions, where single electron/hole pairs are generated and Received:  May 26, 2020
probed, the relaxation dynamics of the carriers spectroscopi- Revised:  June 30, 2020
cally probed can be complicated due in part to the energetic Published: July 6, 2020
shifting of the states probed as a function of time after

photoexcitation. The absorption of a photon by a semi-

conductor results in a change in the electron density that
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Figure 1. Energetic shifting of states and transitions induced by
photoexcitation. (a) Cartoon of a molecular orbital (m.o.) energy
diagram for bonding in a heteronuclear diatomic, AB, formed by
combining the A and B atomic orbitals (a.o0.s). Photoexcitation results
in electronic rearrangement, and the energy between the 6,5 and 6%,
m.o. is reduced. (b) The quantum-confinement states of the unexcited
CdTe QWs (black) would contribute to a steady-state absorption
spectrum. The states in the CB are labeled. Photoexcitation causes a
QSR of the states in the VB and CB to higher and lower energies
(purple). The QSR lessens as the carriers relax to the lowest exciton
states (red), from where the electron and hole can radiatively
recombine. (c) The QW excitonic levels that can be accessed in an
absorption experiment are shown (left). Features associated with
transitions to biexciton levels (right) are often identified in TA
experiments. The biexciton levels shown are for the initial electron/
hole pair relaxed to the 1X state, and the second pair in the 1%, 111, or
1Astate. The biexciton binding energies, Ey, are shown.

at a lower-energy, E,, than E; even though the transition is
between the same two m.o.s.

The quantum-confinement states of a semiconductor NP
accessed with electronic excitation are dictated by the
dimensionality of the NP, the local environments of the NP,
and the properties of the VB and CB of the unexcited NP,
including the effective masses of the carriers. In this article, we
report on time-resolved, transient absorption (TA) spectros-
copy experiments aimed at probing the shifting of the
quantum-confinement states in CdTe quantum wires (QWs).

A schematic of the states associated with an unexcited QW is
shown as black on the left in Figure 1b. The states in the CB
are labeled using the notation appropriate for one-dimensional
(1ID) QWs with cylindrical symmetry. The absorption of a
photon with energy in excess of the band gap, E.,, would
promote the electron and hole into excited quantum-
confinement states. The change in the electron density within
the QW would result in an energetic shifting of the states
(highly excited; purple) that would be detected in the probe
spectrum acquired in a TA measurement. This energetic
shifting of the quantum-confinements states is referred to as
quantum-state renormalization (QSR). As the carriers
energetically relax through the intermediate states (excited;
cyan) to the lowest-energy exciton states near the band edge
(lowest exciton; red), the electron density and QSR
continuously change. As will be shown, the amount of QSR
depends on the energies of and states occupied by the
electrons and holes. As a result, the QSR and transition
energies probed in a TA spectroscopy experiment shift as a
function of time after excitation as the carriers relax to the
band edge. Even under low excitation fluences, a single
electron/hole pair in a QW would radiatively recombine from
states that are energetically shifted by QSR, and this energy
difference gives rise to the Stokes shift of the photo-
luminescence (PL) spectrum from the absorption band edge
teature.

This concept of QSR is not necessarily new, as it is akin to
the formation of polarons in a semiconductor,””” but it is
rarely considered when interpreting TA spectral data collected
on NP samples. After a photoexcitation event and the
promotion of an electron to the CB and the generation of a
hole in the VB in a spatial region within a semiconductor, the
surrounding ions within the semiconductor interact through
Coulombic forces with the electron and hole; the cations
(anions) will be slightly attracted to the excited electron
(hole). The ions in the semiconductor lattice adjust their
positions slightly, balancing their interactions with the charge
carriers and the bonding forces that hold the ions in their
equilibrium positions. The change in lattice structure results in
a polarization locally centered at the positions of the carriers
but that can extend well beyond the size of the electrons, holes,
or excitons. The term polaron describes the interacting charge
carriers and lattice polarization.””” The characterization of
polarons in bulk CdTe and CdSe initially involved the direct
probing of the transitions between Landau levels in varying
magnetic fields.'°~"* More recently, polarons in NPs'*~'¢ and
their role in charge transfer between them'~ have also been
reported. The impact of photoexcitation and the formation of
polarons on the quantum-confinement states in NPs, i.e., QSR,
has yet to be explored, and is presented herein for CdTe QWs.

The energies of the quantum-confinement states in a
semiconductor NP are typically approximated using effective-
mass models, and their energies in the CB and VB are inversely
proportional to the effective masses of the electrons and holes.
The effective masses of the carriers and the quantum-
confinement states in an unexcited NP that would be probed
in a low-fluence, steady-state absorption experiments are
dictated by the ground-state electronic configuration of and
interactions within the NP. After photoexcitation, the
formation of polarons perturbs the shapes of the CB and
VB, and the effective masses of the carriers become
larger.”~*'*7%° As a result, each quantum-confinement state
will experience a QSR that depends on the altered effective
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masses of the carriers, the wave functions of that state,””*' and

the dimensionality and sizes of the NPs.'”>* Polaron models
indicate that a smaller confinement dimension will result in a
larger change in the carrier effective masses with the formation
of a polaron. A smaller confinement dimension would
correspondingly result in a larger QSR, and these energetic
shifts may be on the order of the exciton stabilization energy of
the electron and hole.”" Polaron models also predict larger
perturbations for semiconductor NPs with confinement in two
dimensions (2D), i.e., for QWs, and in one dimension, i.e., for
quantum wells or quantum platelets, than for confinement in
three dimensions (3D), i.e., for quantum dots (QDs)."”~*" As
a result, the resultant effects of QSR may be largest in 1D
QWs.

TA spectroscopy experiments are commonly performed on
semiconductor NPs to characterize the relaxation dynamics of
charge carriers or the energetic changes of the quantum-
confinement states or interactions within the NPs caused by
photoexcitation. In a steady-state absorption experiment
performed using extremely low excitation fluences, where less
than one photon would be absorbed by any single NP, only
transitions to the single exciton levels would be present in the
absorption spectrum. These transitions for a QW are illustrated
on the left side of Figure lc. Multiphoton excitation of a
semiconductor NP, whether a result of using high excitation
fluences or performing two-pulse, pump—probe TA experi-
ments, could result in the generation of multiple electron—hole
pairs in a NP. Under these conditions, two electron—hole pairs
can be stabilized as biexcitons through electrostatic and
exchange interactions.">**~** In principle, biexcitons can be
stabilized with either exciton in the ground or an excited
exciton level, which have hydrogenic-like wave functions, and
with the electrons and holes in any of the quantum-
confinement states," e.g, the 1%, II1, 1A, ... states for QWs.
A schematic of the bound biexciton levels associated with the
lowest exciton levels for both the electron and hole 1%
quantum-confinement states and the carriers in the second
exciton in the different states are shown as red levels on the
right side of Figure lc. The binding energies for each of these
biexciton levels would be dissimilar, but if the biexcitons are
bound, the binding energies, Ey,, would be positive, and the
transitions accessed in a spectrum would appear to lower
energies then the single-exciton transitions by an amount E,.
Signals associated with transitions accessing biexcitons would
appear as positive or induced-absorption features in a TA
spectrum.

Historically, induced-absorption features observed to lower
energies than the band-edge exciton feature in TA data
collected on samples of QDs">*"~*> and QWs***! are often
assigned as biexciton transitions. As expected for the
stabilization of biexcitons, the intensities of these features
often follow a quadratic dependence on excitation fluence. Due
to the translational degrees of freedom available for charge
carriers and excitons in QWs, quantum wells, and bulk, it
seems unlikely that biexcitons could be stabilized at room
temperature and under low-excitation fluence conditions; two
excitons would have to encounter each other, transfer energy
and momentum to the semiconductor or another carrier
particle, and remain bound deszpite the thermal energy present.
The results from experiments”® and theory>>*® indicate it is
also possible for biexciton transitions to appear to higher
energies than the lowest-energy exciton feature. Such a shift
would likely occur in small NPs, where the electrons and holes

are forced to overlap each other and the repulsive Coulombic
forces between like charges dominate over the attractive forces.
Although there are still two electron—hole pairs interacting, the
excitons would be only bound to each other in these small NPs
due to the spatial confinement of the NP.

Herein, we present the results of TA spectroscopy
experiments performed on CdTe QWs aimed at identifying
the energetic changes incurred during photoexcitation and
throughout the state-to-state relaxation of the charge carriers to
the band-edge states after excitation. The TA data collected are
typical of those collected on most semiconductor NPs and
contain overlapping induced-absorption and bleach sis%nals
throughout the spectral region probed."?™>3>3>##447=52 A
we will show, some of these signals can be associated with QSR
induced by the photoexcitation. The QSR gives rise to an
induced-absorption signal to lower energies than the lowest-
energy exciton feature in the steady-state absorption spectrum
that is often associated with biexciton transitions. Experiments
were performed using varying excitation fluences and with two
different excitation energies, and the relative contribution of
this induced-absorption feature remains constant at fluences
<20 yuJ cm™? pulse”. Furthermore, the energy and shape of
this feature is nearly identical to the steady-state PL spectrum
of the CdTe QWs. Since the PL results from the radiative
recombination of single electron—hole pairs, the induced-
absorption feature is also attributed to single excitons. There is
no evidence for contributions in the PL spectrum or the TA
data from biexciton transitions. Once the QSR is accounted
for, the state-to-state time-dependent shifting of the different
spectral features is identified, and the relaxation of the carriers
after initial excitation down to the band edge states can be
easily identified. While this work focuses on the QSR in CdTe
QWs and a simple model for analyzing TA data, the state-to-
state intraband relaxation dynamics of the charge carriers
characterized using the QSR model were recently reported in
ref 53.

B EXPERIMENTAL METHODS
CdTe QW Sample. The colloidal sample of CdTe QWs

was synthesized using the solution-liquid—solid method.”***
Specifically, the CdTe QWs were grown using 9.1 nm-diameter
bismuth nanoparticles at 250 °C in the presence of di-n-
octylphosphine (0.14 mol %). Cd(di-n-octylphosphinate), and
tri-n-octylphosphine telluride (TOPTe, 0.025 mmol/g) were
used as the Cd and Te precursors with a Cd/Te precursor
mole ratio of 2.8. After synthesis, the CdTe QWs were stored
in a N,-purged glovebox until the steady-state and time-
resolved spectroscopy experiments were performed. See Figure
S1 for typical low- and high-resolution TEM images of the
CdTe QWs. High-resolution TEM analysis of the CdTe QWs
indicated they had an admixture of wurtzite and zinc blende
crystal phases with nearly equal contributions. The mean
diameter of the CdTe QWs was measured to be 7.5(9) nm
with typical lengths between 1 and 10 ym. The CdTe QWs
were used without additional postsynthesis treatment.>
Steady-State Spectroscopy. The premise for the QSR
model is to spectroscopically identify the quantum-confine-
ment states of the unexcited and excited NP sample and the
occupancy of the states of the excited NP with time. An
absorption spectrum of the NP sample, Absgs(E), is utilized in
the model to account for the induced-absorption and bleach
features associated with QSR. It is imperative that a “clean”
absorption spectrum of only the NP sample is used, or the

https://dx.doi.org/10.1021/acs.jpcc.0c04755
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QSR cannot be properly fit and accounted for. As a result,
particular care must be taken when recording the Absgg(E)
spectrum, and two possible contributions to the spectra of the
CdTe QW samples were considered. First, the physical
dimensions of each CdTe QW sample were characterized
using TEM, and the size distributions were measured. If a
sample contains widely varying diameter distributions, the
quantum-confinement and shifting due to QSR may be
inhomogeneous, which is beyond the scope of this model.
Second, contributions from Rayleigh scattering in the
absorption spectrum were removed. Because of the large
volumes of the individual semiconductor QWs, especially in
comparison to those of molecules or semiconductor QDs, and
the tendency for QWs to bundle, steady-state absorption
spectra of QWs often contain contributions from scattering
and are more properly referred to as extinction spectra.

The extinction spectra of the CdTe QWs were collected
using a commercial absorption spectrometer coupled with an
integration sphere to collect forward-facing scattered light. The
spectra were acquired using a resolution of 3 nm, step sizes of 1
nm, and an integration time of 0.4 s. The CdTe QWs were
diluted in dry toluene, and the concentrations were kept low,
resulting in extinction values <0.2 throughout the probe
spectral region, to minimize nonlinearities and the tendency
for clustering of the QWs. Even then, the spectra contained
small contributions from scattering, as evidenced by a nonzero
background signal below the lowest-energy feature, the 1X
feature for the CdTe QWs, that increases with photon energy,
E, see Figure S2. In order to remove this additional scattering
contribution, the extinction spectra were recorded over broad
energy or wavelength regions so that regions lying energetically
well below the band gap of the material were collected. At
these low energies, the only losses should be from scattering,
which has a dependence on photon energy, E,, given by

Scattering (1) = /e AEP;,4 (1)

where y, is an instrumental baseline offset and A is a
proportionality constant related to the material and volume of
the NPs. Each extinction spectrum was fit to the scattering
equation for energies below the band gap, and the obtained
scattering component was subtracted from the entire spectrum
to obtain a “clean” Absgg(E) spectrum of the CdTe QWs. The
peaks in each Absgg(E) spectrum were identified by taking the
second-derivative of the spectrum; see Supporting Information.

A commercial spectrofluorometer was used to record the PL
spectra (PL(E)) and to measure the PL quantum yield (®p,)
of the CdTe QWs with excitation at 2.76 eV. A spectral
resolution of 3 nm and an integration time of 0.5 s were used
during the PL(E) measurements. The peak in each PL(E) is
Stokes shifted by ~17 meV below the peak of the lowest-
energy absorption feature for these CdTe QWs, Figure S4. The
PL of these CdTe QWs is weak, and an ensemble @ of just
0.20(3) % was measured using 2.76 eV excitation.

Transient Absorption Spectroscopy. The TA data,
AAbs,(E, t), of the CdTe QWs were collected using a
commercial TA spectrometer. Femtosecond excitation and
probe pulses were produced using a 1 kHz regenerative
amplifier system with an optical parametric amplifier using
fourth harmonic generation of the idler. Excitation pulses
centered at E.. = 2.75 or 2.26 eV were used with a probe
spectrum spanning from ~1.51 to ~3.10 eV. The temporal
response of the TA measurements was measured to be ~200 fs

based on optical Kerr-effect signals induced in a quartz
coverslip placed at the position of the sample. A sealed 0.2 cm
quartz cuvette was used for the TA experiments, and the
extinction of the CdTe QWs was kept <0.2 at the excitation
energy, 2.75 eV. The samples were stirred using a magnetic stir
bar. Five consecutive TA data sets were collected and then
averaged when using low excitation fluences. The average TA
data sets were chirp-corrected. A low excitation fluence of 9.7
uJ cm™* pulse™ was used to minimize contributions from
multiphoton excitation, carrier—carrier interactions, and non-
linear effects. Experiments were performed using a range of
excitation fluences to verify negligible signals associated with
multiphoton excitation were measurable when using 9.7 uJ
cm™? pulse™, Figure S6.

B CALCULATIONS

The transitions contributing to each absorption feature are
proposed through comparison with a spectrum calculated
using the method of local density approximation with band-
corrected pseudopotential (LDA+C) for 7.3 nm diameter
CdTe QWs, performed in a similar manner as reported
previously.*>*”

Quantum-Confinement States. Electronic structure
calculations of the CdTe nanowires were performed using
the LDA+C method described in our previous work.*” This
consists of two stages. First, a set of standard self-consistent
planewave nonlocal pseudopotential local density approxima-
tion (LDA) calculations were performed on bulk zinc-blende
CdTe and pseudohydrogen passivated surfaces, using PEtot.”®
A 35 Ry planewave energy cutoff was used, and spin—orbit
coupling was ignored for the valence bands. Since LDA
underestimates both the electron band gap and the electron
effective mass, the pseudopotentials are perturbed in the LDA
+C method so that their use in a nonself-consistent calculation
results in the bands having the correct effective masses. An
additive constant shift in energy, specifically 0.440 eV, was
added to the calculated band gap to yield the experimental
bulk band gap.***” From the self-consistent bulk and surface
results obtained with the standard pseudopotential, we then
extracted atom-centered electron density motifs describing
each environment (e.g, Cd completely surrounded by Te
atoms, Cd with three Te and one pseudohydrogen, etc.); these
were then assembled to construct an approximate charge
density of the nanowire.”*® Using this reconstructed density
and the band-corrected pseudopotentials, a linear-scaling
nonself consistent folded spectrum equation was solved to
determine 15 conduction band states, ¢, and 100 valence
band states, ¢,, nearest to the band gap using PEscan.®’ To
sample the Brillouin zone of the nanowire, we calculated § k-
points along the ¢ axis and then linearly interpolated the
energies and transition dipole matrix elements for 27
intermediate points.

Transition Energies and Probabilities. The imaginary
part of the dielectric function is proportional to the optical
absorption spectrum to within a volume factor, and it was
computed by summing the momentum operator integrals over
all k-points (k), the conduction band (“electron”) indices (c),
and the valence band (“hole”) indices (v)*"*

8r’e’h* . )
T ; Y K ()1l (k)P S(E () — E,(k) — ha)
(2)
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where ¢, m, and V are the electron charge, electron mass, and
volume of the system. The Dirac delta function conserves
energy between the electron eigenstate E.(k) and the sum of
the hole eigenstate E,(k), and the incoming photon energy,
fiw. The calculations resulted in a discrete set of transitions,
which we broadened with a Gaussian function with a breadth
of 20 meV. The transition energies are E.(k) — E,(k) and the
transition probabilities are the squared momentum matrix
elements (¢ plp,)>. The transitions included in Supporting
Information, Table S2 only include the I'-point transitions (k =
0). The calculated transition energies are slightly higher than
the observed absorption features, and they have been shifted
by 40 meV to lower energy to better overlap with the lowest-
energy, 12, feature centered at 1.703 eV.

There is mixing of the quantum-confinement states in the
VB that prohibits identification of their quantum numbers. The
states in the CB have larger energy spacings between them, and
there is no obvious state mixing. As a result, each feature is
labeled using only the quantum numbers of the states in the
CB that are accessed. The most intense calculated transitions
are plotted as sticks in Figure 2a. The weak feature labeled 1X*
near 1.78 eV identified in the second derivative analysis of the
Absgg(E) spectrum is not predicted by the calculations. This
teature is likely associated with the highest-energy 1X
transition calculated, which is a transition between an
energetically excited hole state and the 1X electron state.

B RESULTS

Spectroscopy. A typical Absg(E) spectrum of the CdTe
QWs suspended in dried toluene is plotted in Figure 2a. Four
broad, prominent features and one weaker feature, the 1X*
feature at 1.78 eV, are associated with groups of transitions
between quantum-confinement states in the VB and CB. The
calculated transitions indicate the breadths of the prominent
features are largely dictated by the numerous transitions
accessing common states in the CB; the calculated transitions
are color coded by the states accessed in the CB, and each
teature is labeled by those states.

The TA spectra of the CdTe QWs, AAbsp,(E, t), were
recorded using both E,,. = 2.75 and 2.26 eV, and the data have
similar characteristics. The AAbsy,(E, t) acquired using E,,. =
2.75 eV are described here, and the results obtained using E,,
=2.26 eV will be compared below. The AAbsy,(E, ) recorded
at most of the time delays, ¢, are dominated by bleach signals,
AAbspA(E, t) < 0, that lie close in energies to the features
observed in the Absg(E), indicated by vertical dotted lines in
Figure 2b. These bleach signals appear promptly with an
instrument-limited rise time. All of the bleach features, even
those associated with transitions accessing excited quantum-
confinement states, e.g., the 1II, 1A/2%, and 1®/2I1/1I
features, are measurable for time scales out to ~1 ns. Intraband
relaxation should be complete by this time, and the carrier
populations should be in the lowest-energy electron and hole
states, /33434447 7SL637T6 There are also numerous
induced-absorption signals, AAbsy,(E, t) > 0, that are
noticeable to varying amounts at different t. For instance,
there is an induced-absorption feature at energies below the
band gap, ~1.65 eV, at short t; see the t = 0.4 ps spectrum in
Figure 2b. At longer ¢, this signal is no longer present, and an
induced-absorption feature grows in at higher energies than the
12 feature, as shown in the t = 5.0 ps spectrum in Figure 2b.
There are also weaker induced-absorption features at higher
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Figure 2. Spectral data of CdTe QWs. (a) Steady-state absorption
spectrum of CdTe QWs. The dominant transitions (plotted as sticks)
were calculated using LDA+C.>*%” The labels of the CB states
accessed within each feature are included. (b) TA spectra recorded
using E... = 2.75 eV at t = 0.4, 1.6, and 5.0 ps are plotted as black, red,
and blue, respectively. (c) TA spectra recorded using E,. = 2.26 eV at
t = 0.05, 1.0, and 5.0 ps are plotted as black, red, and blue,
respectively. The small dip in the signal marked with an * is due to
scattering of E. The data in parts a and b were published in a
different format in ref 53.

energies, ~2.05 and ~2.30 eV, that remain measurable at long
t.

The evolution of the bleach and induced-absorption signals
with time are not necessarily the same, and the features appear
to move with time resulting in complicated temporal profiles
within the AAbsy,(E, t) data. The induced-absorption signals
in the TA spectra observed just below the band gap are often
attributed to BGR,”™** Stark shiftin§ of the quantum-
confinement states,'?%%3*%835 41 biexciton
states">?¥27 730323343795 ygq0ciated with multiple, interacting
electron—hole pairs within each NP. The extremely short
lifetimes of the lowest-energy, induced-absorption signals seem
consistent with the role of carrier—carrier interactions and
efficient Auger relaxation,”>***® which will promptly reduce
the carrier densities in the NPs and quench these induced-
absorption signals. Even though the TA data were collected
using very low excitation fluences, additional TA experiments
were performed using higher excitation fluences to identify
possible contributions from multicarrier interactions.
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As these types of higher-order contributions do not scale
linearly with excitation fluence, all of the features should not
scale together if these contributions are present in the data. No
changes in the relative amplitudes of the induced-absorption
and bleach features were observed at short t, when carrier—
carrier interactions should dominate, with excitation at E,,. =
2.75 eV and with fluences <20 yJ cm™ pulse™ (Figure S6a).
Changes in the shapes of the TA features were observed in the
TA spectra recorded using fluences of 57 yJ cm™ pulse™ and
higher. These changes are attributed to contributions from
multicarrier interactions, to phonon excitation or warming of
the sample as carriers relax, or to carrier trapping that can
occur either during intraband relaxation or after they reach the
band edge. Only small differences in the temporal profiles of
the 1X feature are observed when comparing the data
measured at fluences of 9.7 and 17.3 yJ cm ™ pulse™" (Figure
S6b). As a result, none of the signals in the TA data acquired
using a fluence of 9.7 uJ cm™ pulse™ are associated with
interacting multiple electron—hole pairs, BGR, Stark shifting,
or biexciton states. Similar results were obtained for E,. = 2.26
eV, Figure S7. Unless otherwise stated, the TA data presented
was collected using fluences of 9.7 and 11.2 yJ cm ™2 pulse™ for
E.. = 2.75 and 2.26 eV, respectively.

QSR Model. Some of the complicated dynamics present in
the AAbsy,(E, t) data are due to QSR, and we present a simple
model to separate the contributions from QSR and the
changing carrier occupancies in the different states. The
premise of the QSR model is summarized in Figure 1b and
Figure 3 using CdTe QWs as an example. The band diagram
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Figure 3. QSR model as applied to CdTe QWs. (a) The QSR results
in a shifting of the probe absorption spectra with time. (b) The
contributions of QSR in the TA spectra, AAbssr(E, t), are obtained
by subtracting the steady-state absorption spectrum, Absgg(E), black
in part a, from the probe spectra recorded at the different times,
Absgs(E — AEqsr(t)), purple, cyan, and red.

(black; Figure 1b) contains the unperturbed quantum-
confinement states accessed in the Absgg(E) spectrum
(black; Figure 3a). The absorption of a photon with E,. that
is greater than the band gap, 1.703 eV for these CdTe QWs,
generates a highly excited electron—hole pair. The resultant
change in electron density and interactions within the QW give

rise to QSR of the quantum-confinement states in the CB and
VB of the CdTe QW. At this short time, the QSR is the largest,
and as illustrated in the purple band diagram, the quantum
confinement states in the VB are shifted up to higher energies
and those in the CB are shifted down to lower energies. An
initial assumption is made in this model that all of the
confinement states in the CB shift by the same energy, and
those in the VB also shift by the same amount, which may be
different than the shift in the CB. The results presented for
CdTe QWs indicates this assumption is appropriate for the TA
data collected after the carriers have relaxed to the band-edge
states, t > S ps. Additional independent shifting of the
quantum-confinement features at earlier times is revealed once
the carrier occupancies in the different states are extracted.

To illustrate the contributions of QSR in the TA data, the
optical excitation was assumed to generate arbitrary shifts of
—30 meV and +10 meV for the quantum-confinement states in
the CB and VB (purple), in Figure 1b. As a result, the instant
after excitation, the AEqsg(t) shift would be —40 meV, and a
shifted induced-absorption spectrum, Absg(E—AEqsr(1)),
would result (purple; Figure 3a). A little after excitation, the
electron and hole would relax toward the band edge, most
likely with dissimilar rates, and the AEQSR(t) would decrease
with t; AEqsr(1 ps) was set to =20 meV (cyan; Figure 1b and
Figure 3a). Ultimately, after the IRD of the carriers is
complete, the electron and hole would be stabilized in the
lowest exciton states (red; Figure 1b). The band gap energy
and all of the optical transitions would still be perturbed by
QSR, as illustrated with AEqg(S ps) fixed at —10 meV (red;
Figure 3a), and the value of AEqsx(t) would remain constant
until the electron and hole either radiatively or nonradiatively
recombine.

The changes in the absorption spectra that occur with ¢ after
photoexcitation are precisely what is probed in a TA
spectroscopy experiment. The effects of QSR will have
contributions in the AAbsp,(E, t) resulting in additional
increases or decreases in bleaching intensities at different
energies that will distort the decay profiles. Examples of QSR
contributions, AAbsqr(E, t), for short-, intermediate-, and
long-time delays are plotted in Figure 3b. These model
transient spectra were obtained by subtracting the black
unperturbed Absgg(E) spectrum from the purple, cyan, and red
Absgs(E—AEqgx(t)) spectra. The shifting of the absorption
spectra with t due to QSR directly gives rise to induced-
absorption and bleach signals in TA data that span the full
spectral region. The method of shifting the Absgs(E) spectrum
has been incorporated previously to interpret AAbsr,(E, t)
data collected on CdSe (1Ds,34’35 CdSe nanoplatelets,43 and
carbon nanotubes.®*”** The dynamics observed in those studies
were interpreted as being due to the stabilization of
4354387 or Stark shifting®® associated with multiple
interacting carriers, but we suggest they could likely be due to
QSR.

The illustration presented above indicates that the relative
amplitudes of the features in the AABSqg(E, t) spectra
depend on AEqgr(t). The overall amplitude of the
AABSr(E, t) signal is proportional to the population of
electrons and holes in the NPs, which are included as a carrier
population coefficient, C(t). The contributions of QSR in
experimental TA data are approximated by

biexcitons
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AAbsqgr (E, t) = C(t)[Absgs(E — AEqgr (1))
— Absg(E)] 3)

The contributions from QSR in a TA spectrum recorded at
each t would ideally be obtained by fitting eq 3 to the TA
spectrum, AAbsy,(E, t), using C(t) and AEqg(t) as fitting
parameters. It can be challenging, however, to fit and
determine C(t) and AEqg(t) over all t. For instance, it is
necessary to avoid the inappropriate fitting of contributions
from bleach signals in the TA data associated with carrier
occupancies. Instead, it is appropriate to fit the higher-energy
region of the TA spectra at long ¢, when the high-energy states
are no longer occupied. For the CdTe QWs, the energy region
and time windows appropriate for the QSR fitting were
determined by normalizing the TA spectra to the same AAbs
value at E = 2.05 eV. In these CdTe QW TA data, the relative
amplitudes of the induced-absorption and bleach features in
the energy region 1.8 eV < E < 2.5 eV remained the same for §
ps < t < 300 ps, which verifies there were no bleach signals
associated with carrier occupancies. The fit for t = 35 ps and
E... = 2.75 eV is included in Figure 4a, and AEQSR(35 ps) =
13.0(4) meV was obtained. There are only differences between
the AAbsy,(E, 35 ps) and AAbsggr(E, 35 ps) spectra at E <
1.8 eV, where occupancy signals contribute. Examples of the
fits over this energy region of the TA spectrum for four
different times are included in Figure S8. A mean value of
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Figure 4. Schematic depicting how the C(t) and AEqx(t) values are
obtained using the TA data collected. (a) The QSR spectrum,
AAbsqer(E, 35 ps), (blue) was fit to the TA spectrum (black)
recorded at t = 35 ps using C(t) and AEugp(t) as fitting parameters
with values shown. (b) The C(t) factors obtained by fitting the TA
spectra for t > S ps (blue, open circles) were then used to scale the
total carrier population decay profile (red), C(t), over all t. The fitting
for t > 300 ps was performed using a fixed AEqgx(t) = 13.0 meV and
C(t) as the sole parameter. For shorter times, t < S ps, the negative of
the TA 1X bleach profile, —AAbsy,(1Z, t), (black) was fit to a sum of
exponential decays. The fit parameters were then used to extrapolate
C(t) to shorter t, where an instrument-limited rise time, 200 fs, was
included.

AEqgx(t) = 13.0(1.0) meV was determined for the AAbsy,(E,
t) data collected with E_,. = 2.75 eV and t > S ps. The C(t)
values are plotted in Figure 4b (open circles) for this time
window. The QSR signals remained in the TA data for £ > 300
ps, but the signals across the 1.8 eV < E < 2.5 eV region were
too low to obtain reliable fits using two parameters. Since there
appeared to be no additional shifting of the features in the
AAbsp,(E, t) data at these long ¢, AEQSR(t > 300 ps) was fixed
to 13.0 meV, and the C(t) values were obtained using it as the
sole fitting parameter in eq 3. These C(t) values are also
plotted in Figure 4b. Similar analyses were undertaken on the
data collected using E.,. = 2.26 eV, included in Supporting
Information. A QSR shift of AEqe(t) = 12(2) meV was
obtained, and it is the same within error as obtained using E,,.
= 275 eV, AEqg(t) = 13.0(1.0) meV.

At short times, t < S ps, charge carriers may occupy the
excited quantum-confinement states, and these occupancies
could give rise to corresponding bleach signals at probe photon
energies that overlap with the QSR signals. As a result, the
same fitting procedure could not be utilized for obtaining the
QSR contributions for t < S ps. The C(t) values are by
definition proportional to the total population of the
photogenerated electrons and holes in the CdTe QWs at
each t. Since the carriers should be at the band edge, the 1X
bleach signals at ~1.7 eV in the TA data at mid to long ¢
should be proportional to the population of the carriers in the
QWs. Indeed, the C(¢) factors overlap the scaled 1% bleach TA
profile, Figure 4b (black).

In order to extrapolate the C(t) factors to shorter times, the
12 bleach was fit to an exponential growth and a sum of four
exponential decays convoluted with a 200 fs Gaussian
instrument response function using the equation

4
AAbs;5(t) = IRF ® Z (Ajexp(=t/7)) — A exp(=t/7,,)

=1 (4)

The fits for E .. = 2.75 and 2.26 eV are included in Figures
S13 and S14, and the obtained parameters are listed in Tables
S3 and S4. The growth of the 1X TA profile is complicated due
to overlapping bleach and induced-absorption signals, and
there are contributions that appear immediately and that grow
in as the excited carriers relax to the 1X quantum-confinement
states. As a result, the rise of the 12 TA profile does not track
with the total population of the carriers that was in the QWs.
Instead, the rise of the total population of carriers in the QWs
was dictated by the excitation pulse. Consequently, the
exponential decays obtained in the fitting (Table S3) were
convoluted with an instrument-limited rise time to obtain a
C(t) function that represented the population of the charge
carriers over the duration of the TA experiments (red; Figure
4b). Ultrafast dynamics that deplete either the electron or hole
populations on time scales <5 ps may lead to an under-
estimation of the C(t) values in this temporal window using
this extrapolation method.

The C(t) function and AEq(t) = 13.0 meV was used to
obtain the AAbsysr(E, t) for the CdTe QWs overall the full
temporal window and collected using E,,. = 2.75 and 2.26 eV.
The AAbsqsr(E, t) and AAbsy(E, t) spectra for t = 35 ps and
130 fs with E,,. = 2.75 eV are plotted in Figure Sa,c as blue and
black, respectively. At longer t, e.g,, t = 35 ps, the prominent
differences between these spectra are in the low energy region,
and these differences are attributed to carriers occupying the
lowest-energy states near the band edge. In contrast, there are
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Figure 5. Determination of the occupancy data, AAbsg(E, t), using
the QSR model. The AAbsy, (black) and AAbsgy (blue) spectra of
the CdTe QWs at t = 35 ps and 130 fs obtained with E.,. = 2.75 eV
are plotted (a and c). The difference between the AAbsqyg and
AAbsy, spectra at each t yields the corresponding AAbso . (E, t)
spectrum (b and d).

differences between these spectra throughout the entire
spectral region at short f, e.g., t = 130 fs. These differences
are attributed to bleach signals associated with carriers
occupying most of the shifted quantum-confinement states
between the band edge and those initially prepared during the
photoexcitation. Similar data was obtained for the data
collected with E . = 2.26 eV.

Spectra representing the occupancies of the charge carriers
in the different, shifted quantum-confinement states as a
function of time, AAbsq(E, t), are determined by taking the
difference between the QSR and TA spectra

AAbsq, (E, t) = AAbsqeg (E, t) — AAbs, (E, t) ()

The AAbsq(E, t) for the CdTe QWs for ¢ = 35 ps and 130
fs collected using E . = 2.75 eV are included in Figure 5b,d.

The full AAbsq(E, t) data sets for E,,. = 2.75 and 2.26 eV,
which reveal the occupancies of either electrons or holes in the
different shifted, quantum-confinement features at all ¢, were
obtained in a similar manner. As expected, at long t, e.g., at t =
35 ps, the AAbsy.(E, t) indicate the carriers were indeed
predominantly in the lowest-energy states, near the band gap.
In contrast, the AAbsq.(E, t) at short £, e.g,, at t = 130 fs,
contain numerous features associated with charge carriers
occupying states throughout this spectral region just after
photoexcitation, Figure 5d.

B DISCUSSION

Ultimately, the dynamics of photogenerated electrons and
holes as they relax to the band edge and then recombine as
well as the energetics and trends of QSR of the different
quantum-confinement states are important to investigate and
characterize from nanomaterials and chemical physics
perspectives. Comparison of the two-dimensional (2D) plots
of the TA and the occupancy data collected for the CdTe QWs
using E.,. = 2.75 eV, Figure 6, emphasizes how the QSR model
permits the intraband relaxation dynamics to be extracted from
the TA data. In Figure 6a, the AAbsy,(E, t) are complicated
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Figure 6. Comparison of the TA and occupancy data of CdTe QWs
collected with E. = 2.75 eV. (a) The AAbsp,(E, t) data contain
overlapping induced-absorption and bleach signals that result in
changes in peak positions with time and complicated dynamics. (b)
The AAbsg.(E, t) data reveal the IRD of the charge carriers with
time. The color scales in parts a and b are in mOD, and the arrows
above each panel are the energies of the features identified in the
steady-state absorption spectrum. The data in part b were published
in a different format in ref 53.
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with overlapping induced-absorption (red) and bleach (green
to blue) signals, and there is shifting of these features with t.
Furthermore, the differential absorption signals at some
energies switch from induced-absorption to bleach contribu-
tions, or vice versa, with t. In contrast, the AAbs_.(E, t) data,
Figure 6b, are only associated with carriers in the different
features, and they are much easier to interpret. It is particularly
noteworthy that the amplitudes of the higher-energy
AAbsq (E, t) features associated with excited quantum-
confinement states appear and decay away faster than the
lower-energy features. This is consistent with the relaxation of
the carriers from one state to the next until they reach the band
edge. The carriers in the lowest-energy 1X states are then long-
lived with lifetimes approaching nanoseconds. It is also
revealed that the features at higher energies in the AAbsy,(E,
t) data are significantly longer lived than the corresponding
features in the AAbsy.(E, t) data. These differences are
directly attributed to the contributions from QSR that remain
for as long as there are carriers in the QWs. A detailed
description of the intraband relaxation dynamics of the charge
carriers in the CdTe QWs is reported in ref 53.

The implementation of the QSR model on the TA data
collected for the CdTe QWs using E.,. = 2.75 eV revealed
there is an energetic shift of the higher-energy spectral features
by AEqg(t) = 13.0(1.0) meV at long ¢, after the carriers
relaxed to the 1X states at the band edge. The same shift of
AEqgx(t) = 12(2) meV was identified for the E,, = 2.26 eV
data. There is no a priori reasoning or justification for the
different quantum-confinement states to experience uniform
QSR. The peak energies for each of the features in the
AAbsq(E, t) were identified by fitting the spectrum at each ¢
to a sum of Gaussians, one for each feature.

The temporal dependence of the energies of each feature in
the AAbsq(E, t) data collected with E.. = 2.75 and 2.26 eV
are plotted as filled symbols in Figure 7a and b, respectively.
For comparison, the peak energies of the bleach features in the
AAbsp,(E, t) data are plotted as open symbols. The energies
of the features present in the Absg(E) spectrum are indicated
with vertical dashed lines. The AAbsy. (E, t) features are
labeled with primes in Figure 7 to emphasize these states are
shifted due to QSR, thus the lowest energy feature in the
photoexcited CdTe QWs is the 12’. The QSR shifts all of the
features to lower energies with the largest shifts measured
during the excitation pulse, —400 fs < t < 200 fs. Shifts as large
as 71 meV below the steady-state energy were identified for the
1A'/2% feature in the E . = 2.75 eV data. The 1X" occupancy
teature for E. = 2.75 eV shifts from —25 to +3 meV within
600 fs and then to —17 meV on longer time scales after
excitation. Similarly, shifts of up to 77 meV were identified for
the 1®'/2I1"' /11" feature in the E, . = 2.26 eV data. Note that
this excitation energy is not sufficient to populate the states
within this feature since the 1®/2I1/1I" feature in the
Absgg(E) spectrum is at 2.398 eV. Thus, these signals can
only be associated with QSR of these states and not by
occupancies in these excited levels. As reported elsewhere,™
the fast shifting is due to contributions from the holes and the
slower contributions are from the electrons sampling different
quantum-confinement states while relaxing the band edge.
These large shifts are not associated with the presence of
multiple electron—hole pairs, as described above. It is also
important to emphasize that the centers of the features in the
TA spectra tend to shift to the opposite direction, toward
higher transition energies than the steady-state features with ¢,
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Figure 7. Comparison of peak energies in the AAbsq(E, t) and
AAbsp,(E, t) data for CdTe QWs. (a and b) The energies of the
features present in the AAbsy,(E, t) spectra (open symbols) and in
the AAbsq(E, t) spectra (filled symbols) are plotted versus ¢ for the
data collected using E,,. = 2.75 and 2.26 eV are included in parts a
and b, respectively. The dashed lines are the energies of the features
identified in the steady-state absorption spectrum.

and the magnitudes of the shifts are less than those in the
occupancy data.

The QSR of the quantum-confinement states of the CdTe
QWs results in energetic shifts to lower energies upon
photoexcitation. The energies of the different AAbsq..(E, t)
features shift by varying amounts as the carriers relax to the
band edge states. After the carriers reach the band-edge states,
the energetic shift of each feature remains constant. The
AAbsq(E, t) spectrum near the 1X’ feature acquired at t = 35
ps and the Absgg(E) spectrum are plotted as blue and black,
respectively, in Figure 8 to emphasize the amount of this shift.
We fit (gray) the AAbsq(E, 35 ps) occupancy spectrum in
this low-energy region to a sum of two Gaussian peaks
(yellow) to identify the energetic centers of the occupancy
teatures. The higher-energy Gaussian is attributed to the 1X*’
transitions, and it is shifted by ~14 meV to lower energy than
the 1Z* feature identified in the Absg(E) spectrum. The
lower-energy Gaussian is attributed to the 1X’ transitions, and
it is shifted by ~17 meV to lower energy than the 1X
absorption feature. The energy of the 1X’ feature is the same
within error as the energy of the maximum of the PL(E)
spectrum (red; Figure 8). The breadths of the PL(E) spectrum
and the 1X" Gaussian are similar, although there is a slight
asymmetry in the PL(E) spectrum with a tail extending to
lower emission energies. We conclude that radiative recombi-
nation of electron/hole pairs occurs from the shifted quantum-
confinement states associated with the 1X" occupancy feature.
Thus, the Stokes shift of the PL(E) spectrum from the lowest-
energy feature in the Absgs(E) spectrum of these CdTe QWs is
attributed to QSR, especially at the low excitation fluences
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Figure 8. Comparison of 1X" occupancy signal to the PL profile of the
CdTe QWs. The Absg(E), PL(E) (Eg, = 2.76 €V), and AAbsq..(E,
35 ps) spectra were normalized to approximately the same maximum
value and are plotted as black, red, and blue, respectively. The
AAbs(E, 35 ps) spectrum was fit (gray) to a sum of two Gaussian
peaks (yellow).
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used in these experiments, and not to BGR, Stark shifting
1,28,43,49,83 s

of the quantum-confinement states, or the stabiliza-

. L 1,3,25,27—30,32,33,43—45

tion of biexcitons.

B CONCLUSIONS

In summary, the QSR model presented here is associated with
the energetic shifting of the quantum-confinement states in
NPs that results from photoexcitation and the change in the
electronic densities with the promotion of an electron to the
CB and the formation of a hole in the VB. The steady-state
absorption spectrum of the sample can be used to quantify the
contributions from QSR that are present in TA data. Once the
QSR contributions are identified and subtracted from the TA
data, occupancy data, AAbsq (E, t), are obtained that reveal
those transitions that are bleached due to either electron or
hole occupancies in the quantum-confinement states. The
features within the AAbsq . (E, t) spectra enable the energetics
of the quantum-confinement states to be tracked with time and
the kinetics of the electrons and holes relaxing through these
states to be mapped and characterized. The QSR of the lowest-
energy states dictates the Stokes shift of the PL from the
lowest-energy absorption feature for the CdTe QWs. This
QSR model is not limited to CdTe QWs, and it should be a
general phenomenon in NPs and large clusters and perhaps in
other materials, such as carbon nanotubes. Samples with a
large Stokes shift may be indicative of significant QSR.
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