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ABSTRACT: The state-to-state intraband relaxation dynamics of
charge carriers photogenerated within CdTe quantum wires (QWs)
are characterized via transient absorption spectroscopy. Overlapping
signals from the energetic-shifting of the quantum-confinement
features and the occupancy of carriers in the states associated with
these features are separated using the quantum-state renormalization
model. Holes generated with an excitation energy of 2.75 eV reach
the band edge within the instrument response of the measurement,
~200 fs. This extremely short relaxation time is consistent with the
low photoluminescence quantum yield of the QWs, ~0.2%, and the
presence of alternative relaxation pathways for the holes. The
electrons relax through the different energetically available quantum-
confinement states, likely via phonon coupling, with an overall rate
of ~0.6 eV ps™".

In photovoltaic devices it would be ideal that for every
photon absorbed, at least one electron and one hole would
be collected separately as electrical current with little or no loss
of energy. Photovoltaic devices that incorporate semiconductor
nanoparticles (NPs) as the absorbing medium offer large
absorption cross sections and energetic tunability of
absorbance and emission through size control of the
semiconductor and resultant quantum-confinement.' An
absorption event in a semiconductor NP promotes an electron
to the conduction band (CB) and generates a hole, or an
electron-deficient region, in the valence band (VB). These
electrons and holes quickly relax through the manifold of CB
and VB states to the lowest-energy states of the NP. Carriers at
the band edge may recombine on a slower time scale via
emission.

The intraband relaxation may occur via carrier coupling with
phonons. The energy spacings between the quantum-confine-
ment states in NPs, however, can be large, especially in the CB
of zero-dimensional (0D) semiconductor quantum dots
(QDs), and a “phonon bottleneck” can result.”™” As a result,
electrons in QDs preferentially relax through an Auger
mechanism, where the quantum-confinement kinetic energy
of an electron transfers to a hole, re-exciting that hole in the
VB."" The intraband relaxation dynamics (IRD) of the charge
carriers can also be influenced by the surfaces of the NPs;
dangling bonds, surface ligands, and possible shell materials
can alter the energetics of the semiconductor NPs or relaxation
pathways external to the NPs."'~>* These competing pathways
lead to an excitation energy dependence of the photo-
luminescence (PL) quantum yields of the NPs.>>~>°
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The relaxation dynamics that occur within semiconductor
NPs are commonly characterized using transient absorption
(TA) spectroscopy to photoexcite the carriers and probe the
changes in the absorption spectrum induced by the
carriers.”>'%'%17* These TA data are often complicated
and difficult to analyze due to overlapping transient signals. In
ref 43, we demonstrated that some of the overlapping induced-
absorption (AAbs > 0) and bleach (AAbs < 0) signals within
the TA data are associated with changes in the electron density
distribution induced by photoexcitation; these effects are
termed quantum-state renormalization (QSR).* In this Letter,
we report on the IRD of photoexcited charge carriers within an
ensemble of CdTe quantum wires (QWs) characterized using
TA spectroscopy.*’ The densities of states within the CB and
VB of one-dimensional (1D) quantum wires (QWs) contain a
continuum associated with the translational motion of the
charge carriers along the unconfined dimension. The IRD in
these QWs are likely different than those in highly studied
QDs, as discrete energetic jumps of the carriers between the
quantum-confinement states are not strictly necessary. Because
total momentum must be conserved, there are likely additional
constraints governing the relaxation of the carriers in 1D QWs
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Figure 1. Spectra and energy level diagram of 7.5 nm CdTe QWs. (a) Abs(E) spectrum and prominent transitions (stick spectra) labeled with the
indices of the electron and hole quantum-confinement states in the CB and VB using the notation [CB#,VB#]. The transitions are grouped
together based on the CB states accessed, 1%, 1II, 1A/2%, and 1®/2I1/1T), as illustrated in (b). The feature at ~2.64 eV contains contributions

from 1X-VB—1 transitions. (c) TA spectra recorded with E

exc

=275 eV at t =04, 1.6, and 5.0 ps are plotted as black, red, and blue.

than in 0D QDs. We employed the QSR model* to analyze
the TA data and to obtain the time-dependent carrier
occupancies within the different spectral features. The
temporal profiles of the occupancy features enabled the IRD
of the charge carriers through the different sub-bands to be
mapped with time.

Steady-State Optical Spectroscopy. The QSR model
utilizes the steady-state absorption spectrum of an NP sample,
Abs,(E), to accurately account for the transitions and
heterogeneities within the sample. For the sample of CdTe
QWs, average diameter of 7.5(9) nm and lengths of 1—10 ym,
the differences in morphologies could result in broadening of
the spectral features. The Abs,(E) spectrum includes these
heterogeneities, and assumptions regarding sizes and the
identification of specific transitions are not necessary. Note
that the PL spectra recorded for single CdTe QWs with similar
physical characteristics as those investigated here were nearly
identical with approximately the same center energies and
breadths.**

The steady-state absorption spectrum, Absy(E), of the
sample of the CdTe QWs suspended in dried toluene is plotted
in Figure la. Five prominent peaks and one weak peak, at
~1.78 eV, were identified in the spectrum; the peak energies
are listed in Supporting Information Table S1. The PL
spectrum of the CdTe QWs, Figure S4, has a maximum near
1.69 eV, or ~17 meV below the lowest-energy absorption
teature. Typical of as-synthesized CdTe QW samples, these
CdTe QWs exhibited a low PL quantum yield (®p;) of
~0.20(3)% measured using an excitation energy of E,. = 2.76
eV. The low ®p; of the sample indicates a majority of
photogenerated charge carriers access nonradiative pathways
during intraband relaxation within the CB and VB or at the
band edge.

Quantum-Confinement States and Transitions. The
quantum-confinement states in the VB and CB of the CdTe
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QWs and the corresponding transition energies and strengths
were calculated to identify the contributions within the spectral
data. The energies of the most intense transitions are included
in Figure la as vertical lines with heights depicting the relative
transition strengths. The transition probabilities were com-
puted from the wave functions of each state using eq S2 in the
Supporting Information, Section 2. The indices of the electron
(CB#) and hole (VB#) quantum-confinement states are listed
above each line using the notation [CB#,VB#]. The energy-
state diagram in Figure 1b includes the prominent transitions
and the states likely involved. The calculations indicate the
spacings between the absorption features are largely dictated
by the energies of the quantum-confinement states in the CB.*’
The mixed nature of the quantum-confinement states in the
VB gives rise to the large number of transitions and the
breadths of the features.*> Consequently, we label each spectral
feature with the quantum-confinement state(s) in the CB
accessed by the transitions that lie within that feature.

The transitions involving the lowest-energy quantum-
confinement states in the VB are the [2/3,1] lines, and they
are within the 1IT absorption feature. On the other hand, the
lowest-energy 12, state in the CB is accessed by transitions
that include numerous higher-energy VB states. Based on the
energetic ordering of the transitions, we associate the [1,2/3]
and [1,4] lines with the 1X feature and the [1,9/10] line with
the weak 1X* absorption feature at slightly higher energies.
The absorption feature at ~2.64 eV is energetically separated
from the band edge transitions by ~0.94 eV. This value is
approximately the energetic difference between VB (I'y) and
VB—1 (I',) band of bulk CdTe, ~0.9 eV,* and we assign it
accordingly to 1X-VB—1 transitions. It is likely there are other
transitions within this spectral feature, such as transitions from
the VB to higher-energy states in the CB, e.g. 1H, 2A, and 1L
These assignments suggest photogenerated holes that achieve a
thermal equilibrium in the quantum-confinement states near
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the band edge would contribute to the occupancy signals in the
1IT feature as well as in the 1X feature in the TA data. In
contrast, electrons in the 1%, state would result in TA signals
in the 1%, 1X*, and 1X-VB—1 features.

Transient Absorption Spectroscopy. TA experiments
were performed on the CdTe QWs using E,,. = 2.75 and 2.26
eV to prepare the electrons and holes with different excess
kinetic energies. Unless otherwise stated, the excitation
fluences were kept low, 9.7 uJ cm™ pulse™ (E, = 2.75 eV)
and 11.3 pJ cm™ pulse™ (E,, = 2.26 eV), to minimize the
average number of carriers excited in the QWs, (N). Estimates
for (N} are ~74 and ~63 excitons um ™" pulse™ for E,_ = 2.75
and 2.26 eV, and no multibody effects were observed with
fluences <20 uJ cm™ pulse™. See Supporting Information
Section 3 for details regarding (N) estimates and for a
comparison of the 1X temporal profiles recorded at multiple
excitation fluences. The TA spectra, AAbsy4(E, t), acquired at
three time delays, t, and E . = 2.75 €V are plotted in Figure lc.
As is typical for TA spectra of NPs, these spectra are
complicated with overlapping induced-absorption (AAbs > 0)
and bleach (AAbs < 0) signals.

Quantum-State Renormalization. The QSR model was
presented and implemented on the CdTe QW TA spectra
collected with E,,. = 2.75 eV in ref 43. The contributions from
QSR in the TA spectra were determined at each time t by
taking the difference between the absorption spectrum shifted
by an amount AEqgx(t) and the Abs,(E) spectrum:

AAbsgr (E, t) = C(t)[Abs(E — AEqg(t)) — Abs, (E)]

(1)
where C(t) is a scaling factor proportional to the population of
the carriers in the QWs. Eq 1 was fit to the TA spectrum at
each f, AAbsp,(E, t), using C(t) and AEq(t) as fitting
parameters as described in the Supporting Information. The
fitting procedure yielded population values, C(t), and a
universal QSR shift, AEqsr(t) = 13(1) meV, which in turn
permitted the contributions from QSR, AAbsqg(E, t), to be
identified at each .** The fit for the t = 35 ps data is illustrated
in Figure 2a. The difference between the AAbsq(E, t)
spectrum and the TA spectrum, AAbsy,(E, t), at each t yields
the occupancy spectrum, AAbsq.(E, t). The AAbsq(E, t)
spectra obtained for t = 0.6, 1.4, and 3S ps are graphed in
Figure 2b. All of the AAbsq . (E, t) spectra for t < 4 ps are
included in the 2D color-contour plot in Figure 2¢, and the full
data set extends out to ¢t > 7 ns. These spectra contain features
associated with the occupancy of charge carriers in the QSR-
shifted quantum-confinement states, and these shifted features
are labeled with primes, e.g,, 12/, 1Z*¥’, 1IT", 1A’ /2%, etc. The
TA data collected with E_,. = 2.26 eV were also analyzed, and a
universal QSR shift of AEqgx(t) = 12(2) meV was determined.
Additional details for these data, the fitting procedure, and the
results are provided in Supporting Information Section 5.

The AAbsq . (E, t) data in Figure 2 (E, = 2.75 eV) and in
Figure S8 (E, = 2.26 eV) indicate several key results. (1)
Carriers occupy states in all of the features observed in the
Abs(E) spectrum at short t. (2) The occupancy features at
lower energies have slower growths and decays than those at
higher energies, likely due to the relaxation of the carriers from
higher- to lower-lying states. The exception to this trend is the
1X'-VB—1’ feature, as it grows in and decays away in a similar
manner as the 1X' occupancy feature. (3) For t > 4 ps, the
only features with measurable occupancies are the 1X’, 1X*/,
and the higher-energy 1X'-VB—1' features. (4) Nearly
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Figure 2. QSR, TA, and occupancy spectra for excitation with 2.75
eV. (a) The TA spectrum at t = 35 ps (blue) is overlaid with the QSR
spectrum (gray) obtained by fitting the region shown (inset). (b) The
AAbsq(E, t) spectra, obtained for three time delays, are plotted with
the features labeled. (c) 2D color-contour plot of the AAbsy (E, t)
spectra for t < 4 ps.

identical universal QSR shifts of AEq(t) = 13(1) and
12(2) meV were determined in the fitting of the E.. = 2.75
and 2.26 eV TA data at long t, when carriers are presumably in
the lowest-energy quantum-confinement states of the CB and
VB. (5) Each of the occupancy features shift by additional,
independent amounts, especially at short t.

Carrier Occupancies and Dynamics. The occupancies of
charge carriers within the spectral features were quantified by
fitting the AAbso.(E, t) spectrum at each t to a sum of
Gaussian peaks using the amplitudes, center energies, and
widths as parameters. Examples of fits are included in Figures
S9 and S10. The integrated area of each Gaussian peak is
proportional to the occupancies of charge carriers in the
quantum-confinement states accessed by transitions within
that feature at that t. A plot of the integrated area of each peak
versus ¢ yields the temporal profile of the carrier occupancies in
those features, as shown in Figure 3. The temporal profile of
each occupancy feature was fit to a sum of exponential rises
and decays convoluted with a 200 fs Gaussian instrument
response function (IRF), as described and summarized in
Supporting Information Section 7. The rise and decay
constants, 7, and 74, obtained for the occupancy profiles are
included in Table 1.
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Figure 3. Occupancies plotted versus time. The occupancy profiles
for the features (a) 1®'/2IT1'/11"7, (b) 1A'/2%/, (c) 11T, (d) 1Z*/,
and (e) 1¥’ obtained for E,, = 2.75 and 2.26 eV are shown as filled
and open symbols, respectively. Each profile was fit to a sum of
exponential rises and decays (lines).

Table 1. Lifetimes of the Occupancy Profiles

E= 226 eV E= 275 eV
Quantum States 7. (ps) 74 (ps) 7. (ps) 74 (ps)
13 0.66(1)" 249(2)° 1.10(2)" 232(6)"
12 0.63(3)" 250(20) 1.3(3)° 230(30)“
i IRF 0.60(5) 0.50(2) 0.65(2)
1A7/2% IRF 0.47(8) 0.29(1) 0.62(2)
10/ /21T /1T IRF? 0.54(4)" IRF 1.03(6)

“Contained a sum of four decays, and values are average lifetimes.
as best fit with one component within the IRF and a second

component with the lifetime indicated. “Only points for £ > 0.60 ps

were available for fitting. “Included a vertical offset in the fitting.

The time constants of each profile collected with E,,. = 2.75
eV are longer than those collected with E,,. = 2.26 eV. This is
consistent with the preparation of the electrons and holes to
higher energies above the band edge, and the longer times
necessary to reach and relax out of these states. Using the
calculated transitions as a guide, E,,. = 2.75 eV results in the
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electrons and holes being prepared with ~0.65 and ~0.42 eV
above the lowest-energy quantum confinement states in the
CB and VB, respectively. For E . = 2.26 eV the electrons and
holes are prepared with ~0.48 and ~0.12 eV of excess energy.
In addition, the occupancies in the higher-energy features grow
in faster than in the lower-energy features, 7,(1®'/2I1'/1I"") <
7,(1A'/2%") < 7,(1IT") < 7,(1%' or 1X*’), for both excitation
energies. This suggests the carriers are relaxing sequentially
through the states energetically available until they reach the
states near the band edge. The major exception to this trend is
the occupancy profile of the 1X'-VB—1’ feature. As mentioned,
this feature likely includes overlapping contributions from
transitions between the VB and high-energy quantum-confine-
ment states in the CB and transitions between states in the
VB—1' and the 1X." state. Note that significantly different
profiles would be obtained if the temporal profiles of the
AAbs(E, t) data at the energies of the different spectral
features were used instead of the profiles of the occupancy
features obtained using the QSR model, as illustrated in
Supporting Information Section 8.

Separation of Electron and Hole Dynamics. Scrutiny of
the occupancy data enables the relaxation dynamics of the
electrons to be separated from those of the holes. As already
described, the 1X’, 1X*’, and 1X'-VB—1' features are
attributed to transitions from different states in the VB to
the same 1X, state in the CB. The temporal profiles of the 1%/,
1X*’, and 1X'-VB—1' features collected with E,. = 2.7S5 and
2.26 eV are plotted in Figure 4 and Figure S12, respectively, as

1 L !
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e [P | L al
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Figure 4. Occupancy profiles of the 1%/, 1X*’, and 1X'-VB—1’
features acquired with E_ = 2.75 eV are plotted as black, gray, and
magenta symbols. Each profile is normalized to unity at t = 50 ps.
Inset: short-time region. A schematic of the dominant transitions
associated with each occupancy feature is also included.

black, gray, and magenta symbols. These profiles decay
proportionally to each other, and there are only small
differences present at the shortest times when contributions
from holes may contribute. Thus, the long-time dynamics
measurable in these TA experiments are associated with the
occupancy of electrons in the 1%, state. The measured decay
constants span three orders of magnitude in time, and the
decay profiles are proportional to the photoluminescence
decay profiles reported previously"” and plotted in Figure S7.
The time constants obtained from fitting the 1X’ and 1X*’
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Figure 5. Carrier occupancy near the band edge (E,,. = 2.75 eV) recorded at (a) t = —0.16 ps, (b) t = 0.24 ps, and (c) t = 2.64 ps. The AAbsq(E,
t) spectra were fit to a sum of Gaussians (yellow), and the integrated intensities of the 1X’, 1X*’, and 111’ features are indicated by the solid lines.
Schematics of the states and transitions giving rise to the observed occupancies are shown at the bottom.

temporal profiles, Table S3 and Table S4, are typical of NP
samples with low ®p; values and large contributions from
nonradiative pathways.

Additional insights into the IRD are gained through
inspection of the lowest-energy region of the occupancy
spectra, AAbsq(E, t). Occupancy spectra recorded at three
different t with E.. = 2.75 eV are included in Figure 5. The
spectra were fit to a sum of Gaussian peaks, and the integrated
intensities of the peaks are shown as vertical lines. At the
earliest times during the excitation pulse, AAbsq(E, —0.16
ps), there were discernible occupancies only in the 1%’ and
1IT" features and none in the 1X*’ feature. Recall, the 1Z*’
feature is a direct signature of electrons populating the 1%’
(CB1) quantum-confinement state. Thus, most of these
occupancy signals in this energy region and t are attributed
to holes that relaxed very quickly down to the low-lying
quantum states, as depicted in the energy-level diagram at the
bottom of Figure Sa. The occupancies in the 1%’ and 1IT'
features increased just after the excitation pulse, AAbsg. (E,
0.24 ps) in Figure Sb. These growths are attributed to the
continued relaxation of the holes to the few lowest-energy
states in the VB and electrons into the CB2/3 state. Because
there are no identifiable signals in the 1X*’ feature, there were
a negligible number of electrons present in the lowest-energy
CB1 state at this t. At slightly longer delays after photo-
excitation, t = 2.64 ps, there are no detectable signals in the
higher-energy occupancy features, with the exception of the
12'-VB—1’ feature. In the lower-energy region, Figure Sc,
occupancies only in the 1X" and energetically overlapping 1X*’
feature are measurable. The 1X*’ occupancy signal provides
evidence for electrons reaching the 1X. (CB1) quantum-
confinement state. Because there is very little or no signal in
the 11T’ feature, there was no discernible hole occupancy in the
VBI state by this t. We presume a majority of the holes near
the band edge either recombined radiatively or became
trapped outside of the CdTe QWs, and the relaxing electrons
in the 1X, state were in excess by these longer times.
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The TA and occupancy data in this spectral region recorded
with E,,. = 2.26 €V reveal similar electron and hole dynamics,
although the time scales for relaxing to the band edge are
shorter. The occupancy spectrum recorded at t = 0.24 ps,
Figure S13a, contains signals not only in both the 1X" and 1IT’
features, but also a weak signal in the 1X*’ feature. This
indicates there were electrons and holes populating the lowest-
energy CB1 and VBI1 quantum-confinement states just after
excitation. By t = 2.64 ps, the amplitude of the 1II" feature is
no longer discernible, and both the 1X’ and 1X*' features
reached their maximum amplitudes, Figure S13b. Once again,
these occupancy signals suggest there was an excess of
electrons present in the QWs in the CB1 state and negligible
holes in the VB states by this t.

Intraband Relaxation. The comparisons of the occupancy
signals enabled the contributions from the electrons and holes
to be identified. After photoexcitation, the prepared electron
and holes promptly relaxed within the IRF of the TA
experiments through the highly excited quantum-confinement
states detected within the 1®’/2I1'/1I"" occupancy feature.
The electrons and holes continued to relax through the lower-
lying states and features until they reached the band edge,
likely with dissimilar rates, or until they became trapped. The
actual dynamics incurred by the charge carriers while
undergoing intraband relaxation are much more complicated
than suggested by the lifetimes included in Table 1. The
measured rate for the growth of the 1A’/2%’ profile, (0.29
ps)~! for E, = 2.75 €V, is much faster than the decay of the
next higher-energy 1®’/2I1' /11" profile, (1.03 ps)~". Similarly,
the growth rate of the 111’ feature, (0.50 ps)~', is faster than
the decay rate of the 1A’/2Y feature, (0.62 ps)~". The kinetics
of the 1X* and 1%’ occupancy features are even more
complicated; the rise of the 1X’ feature grows in with a sum of
two exponential terms and decays with a sum of four
exponential decays. We unsuccessfully attempted to numeri-
cally model the carrier IRD in the CdTe QWs using the
measured time constants, Tables S3 and S4, and including
dissimilar relaxation rates for the electrons and holes for each
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occupancy feature. Additional modeling attempts were made
that included variable trapping rates. These efforts were also
not successful in fitting the kinetics of the occupancy features
without over-parametrizing the terms utilized.

There are several contributions in the IRD of the
photoexcited charge carriers that could contribute to the
occupancy data and that were likely not properly accounted for
in the modeling. Each feature does not contain a single
transition. The 1A’/2X’ feature, for instance, contains the two
prominent transitions indicated in Figure 1b, and their
transition strengths are not the same. Furthermore, the
transitions within each feature are associated with a few states
or even just a single state in the CB, but numerous states in the
VB. The results presented in the previous section indicate the
holes either became relaxed to the lowest-energy quantum-
confinement states within the VB or became trapped on very
fast time scales. In contrast, the electrons relax to the band
edge on slower time scales, even though they sample fewer
states. We recently characterized the excitation energy
dependence of the @y of CdTe QWs, and the efficiency for
carrier relaxation to the band edge is not unity, and there are
competing pathways for carrier relaxation.** It is likely that the
closely spaced quantum-confinement states in the VB, the
continuum of states associated with each state, and the
nonradiative relaxation pathways all contribute to the fast IRD
of the holes. By comparison, the larger energetic spacings
between the states in the CB and fewer nonradiative relaxation
pathways may contribute to the slower relaxation of the
electrons than the holes in these CdTe QWs. The temporary
trapping of electrons during their relaxation to the band edge
can also result in delayed relaxation to the band edge and
extended carrier lifetimes.* ™% As a result, there are additional
steps and rates than those identifiable in the TA spectra, and
more complicated relaxation schemes would be necessary to
model the carrier dynamics.

The occupancy profiles of the features near the band edge
do provide insight into the overall relaxation rates of the
electrons and holes. The temporal profile of the integrated area
of the 1X’ feature collected with E.. = 2.75 eV, plotted in
Figure 3e, was fit to a sum of two exponential rises, and an
instrument-limited component of ~200 fs and a lifetime of
1.10(2) ps was obtained. The fast component was attributed to
the relaxation of the holes to the VB2/3 and VB4 states near
the band edge, and the slower component to the relaxation of
the electrons to the lowest-energy 1X.', CBI, state. Based on
the calculations, we estimate E_,. = 2.75 eV promotes electron
to ~0.65 eV above the 1X. state. This energy combined with
the 1.10 ps rise-time component of the 1X" occupancy profile
yields an estimate of ~0.6 eV ps™' for the overall electron
relaxation rate for E_ . = 2.7S eV. In comparison, the hole was
prepared with ~0.42 eV of excess energy, and the rise
component is instrument limited, < 200 fs. Thus, only a lower
limit of 2 eV ps™" for the overall hole relaxation rate can be set.
The fitting of the 1X" occupancy profile collected with E,,. =
2.26 eV yielded a slow component of 0.66(1) ps, and the fast
component was instrument limited. This lower-energy
excitation prepared the electrons and holes with ~0.48 and
~0.12 eV of excess energy, respectively. From these data, the
overall electron relaxation rate for E,,. = 2.26 eV is estimated
to be slightly higher, ~0.7 eV ps™', and a lower limit of 0.6 eV
ps~! is set for the hole.

Studies of the carrier IRD within semiconductor QDs have
shown that the large spacing between quantum-confinement
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states results in relaxation through a two-body Auger relaxation
mechanism. The overall rate for electron relaxation to the band
edge was estimated to be 1.2 eV ps™ in CdSe QDs.”® This
two-body, Auger mechanism couples the kinetic energy of an
excited electron to that of a hole. In the case of the CdTe
QWs, the low ®p; of the sample, ~0.2%, and the absence of
hole occupancy signals within the 1I1" feature at t > 2.64 ps
suggest there was not a large excess of holes present with which
the electrons could couple. Furthermore, the measured overall
rates of hole relaxation were determined to be notably higher
than those of the electrons, and there were no delayed
occupancy signals that could be associated with re-excitation of
the holes. As a result, we deduce that two-body Auger
relaxation is not a prominent relaxation mechanism in these
CdTe QWs. Instead, we conclude the electrons and holes relax
to the band edge via efficient phonon coupling and by
accessing the continua of states above each quantum-
confinement state. The relaxation rates measured for the
electrons in these CdTe QWs, ~0.6 and ~0.7 eV ps™', are near
the range of the rates for electron-LO phonon scattering
relaxation in bulk CdSe, 0.2—0.5 eV ps~'.>*> Following this
comparison, we propose the slightly slower electron relaxation
rate estimated for E,. = 2.75 eV in comparison to that for E,,
2.26 eV is due to increased temperatures and phonon
excitation within the QWs associated with the excess energies
with which the charge carriers were prepared. The electron
relaxation may also be slowed or delayed by becoming
temporarily localized in shallow potential traps.*’~>>

Transient QSR during IRD. Within the QSR model, a
universal AEqgp(t) value of 13(1) meV with E,, = 2.75 eV was
determined from fitting the higher-energy features in the
AAbsy4(E, t) spectra with t > S ps. There is, however, no a
priori reason that all of the quantum-confinement states and
occupancy features should shift by the same AEqg(t) value
after photoexcitation, especially at short t, when there are
carriers within the manifold of higher-energy quantum-
confinement states in the CB and VB states. Any additional
shifting due to QSR or occupancy of electrons or holes in the
individual quantum-confinement states at a given ¢ would
appear in the AAbsq . (E, t) spectra. The peak energies of the
occupancy features are plotted relative to those measured in
the steady-state Abs(E) spectrum in Figure 6, and these short
time windows emphasize the transient QSR, AEq(t) that can
occur.

The AEq(t) of the lowest-energy 1X' feature obtained with
E . =2.75 and 2.26 eV are plotted as filled and open circles in
Figure 6a. When exciting with 2.75 eV photons, the 1% feature
is shifted by nearly 30 meV at the shortest t, and it shifts to
nearly 0 meV within 0.5 ps. The 1X’ energy then increases
again on a longer time scale to AEq.(f) ~ 17 meV. This
AEq.(t) value is slightly more than the universal shift of 13
meV, which was obtained by fitting several of the higher-
energy features at the longest time delays. This long-time shift
of the 12" occupancy feature, 17 meV, was shown to give rise
to the measured Stokes shift of the PL in these QWs.*> The
evolution of the 1X' feature measured with E, . = 2.26 eV is
similar, although the range of the peak energies is smaller and
the time scales are shorter by ~0.5 ps. These shorter time
scales are consistent with the preparation of the carriers closer
in energy to the band-edge states. The smaller shifting of the
features measured at short t in the E,,. = 2.26 eV data indicate
the QSR is higher when the carriers are occupying higher-
energy states.
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Figure 6. Time-resolved QSR. (a) The peak energy of the 1%’ feature
obtained with E,,. = 2.75 eV (filled symbols) and 2.26 eV (open
symbols) is plotted versus time. AEy. = 0 meV is the peak of the 1X
absorption feature, and the universal QSR shift of 13 meV is indicated
(cyan dashed line). Fits of the data to a sum of a single-exponential
rise and decay (yellow) are included. (b) The energetic shifting of all
of the features (E,,. = 2.75 eV) are plotted versus time. The energies
of the peaks of the 1¥’ (black), 1Z*' (gray), 1IT' (red), 1A’/2%’
(green), 1®'/2I1'/1I" (blue), and 1X’-VB—1’ (magenta, open)
features are plotted relative to the energy of the corresponding feature
in the steady-state Abs(E) spectrum. Note that the time scales of (a)
and (b) are different.

After photoexcitation, the fraction of holes that did not
become trapped during relaxation should have promptly
reached a thermal distribution within the lowest-energy VBI,
VB2/3, and VB4 states. The calculations, Table S2, indicate
the VB2/3 states are ~10 meV to lower energy than the VB4
state. Thus, the population of holes in the VB2/3 states should
have been significantly higher, and the [1,2/3] transition
should have been the major contributor to the 1X’ occupancy
feature. The center energy of the 1X’ occupancy feature
measured using E,. = 2.75 eV is 1.673 eV at this short ¢. This
energy is ~30 meV below the calculated [1,2/3] absorption
transition energy. This energy difference is associated with the
QSR of the CB1 and VB2/3 states at the shortest ¢, when the
holes were in the lowest-energy states, and the electrons were
still in higher-energy states. At longer ¢, the transient QSR of
these and all of the states should depend on the electron
densities within the QWs as the electrons continued to relax
and on the changing electron and hole populations.

The numerous transitions within each occupancy feature
and the changing populations of the carriers in the states
associated with these transitions can also give rise to amplitude
modulations and a temporal evolution of the shapes and
AEq.(t) values of the occupancy features. This behavior is
observed in the temporal evolution of the 1X’ occupancy
feature. As just discussed, the 12’ occupancy feature at short ¢
is dominated by holes in the VB2/3 states and the [1,2/3]
transition. As the electrons begin to reach the 1X. state, all of
the transitions within the 1X’ feature become bleached, and
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the energy of the feature shifts to smaller values due to
contributions from other transitions, including the [1,4]
transitions. The increasing breadth of the 1X’ feature with ¢,
shown in Figure S14, reflects these changing contributions of
the electrons and holes within the 12’ feature. At the shortest
t, the breadth of the 1%’ feature, ~55 meV, is dictated by hole
occupancy in the VB2/3 states. Within ~2 ps, the occupancy
signals become dominated by the electrons in the 1X,” state,
and the breadth of the 1X' feature increases to ~75 meV.

The AEq.(t) values obtained for all of the occupancy
features in the AAbsq (E, t) spectra collected with E . = 2.75
eV are plotted in Figure 6b. Recall, the occupancy features are
only present when there are carriers in the quantum-
confinement states associated with each feature. The energetic
differences between the AEq . (t) values and the universal shift,
13 meV, obtained when extracting the AAbsq . (E, t) spectra
from the AAbsy,(E, t) spectra are attributed to additional QSR
caused by the occupancy of charge carriers in any of the
excited quantum-confinement states. These features are
significantly weaker than the 1X’ features, due in large part
to the smaller number of electrons and holes within these
excited-states at any £. The largest AEq (t) values are observed
at the very short t, when the holes are quickly relaxing to the
band edge and the electrons are still highly excited. The
features shift to lower energies within t = 0.3 to 0.5 ps, after
which the AEq () values remain approximately the same. The
AEq (t) values for the 1A’/2%’ and 1®'/2IT' /11" excited-
state features are larger than those of the lower-energy 1%/,
12*’, and 1IT" features. These differences are observed for as
long as there are occupancies in these higher-energy features, >
1.5 ps. Trends for the 1I1" occupancy feature are difficult to
generalize as systematic changes are not clear, but the AEo(t)
values remain between those of the lower- and higher-energy
features. The perturbations of the electron density created by
the photoexcitation results in the largest QSR for the higher-
energy quantum-confinement states.

The AEq(t) values and spectral breadths of the occupancy
features obtained with E .. = 2.26 eV, Figure S14 and Figure
S1S, have similar characteristics as those measured with E,, . =
2.75 eV. There are subtle, justifiable differences between the
data sets. The lower excitation energy results in the electrons
and holes being prepared with less excess kinetic energies. As a
result, the time required for the carriers, especially the
electrons, to reach the band edge is less than when exciting
with E.,. = 2.75 eV. The lower excitation energy also likely
results in a smaller perturbation of the electron density in the
QWs, and QSR that is initially smaller and closer to the long-
time values. The observation of the 1X'-VB—1' occupancy
feature enables the relative amounts of QSR in VB’ and VB—1’
to be estimated. The average AE.(t) values of the 1%’ feature
at long t are 19(2) meV and 20(3) meV for excitation with E,
=2.75 eV and E,,. = 2.26 eV. The AEq(t) values of the 1¥'-
VB—1' feature, which we assign to be associated with
transitions between the same quantum-confinement states as
1%, are 30(4) meV and 34(4) meV for the two excitation
energies. This suggests the degree of QSR in the lowest-lying
quantum-confinement states within the VB—1 band is ~1.5X
to ~1.7X greater than in the comparable states in the VB.

In summary, the QSR model was successfully applied to TA
data collected on as-synthesized CdTe QWs (®p =
0.20(3)%). The occupancy spectra extracted contain details
of the energetics and populations of charge carriers within the
quantum-confinement states in the CB and VB. Time-
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dependent occupancy profiles were obtained for each of the
features to quantify the time scales for the relaxation of the
charge carriers after initial excitation. Analyses of the spectral
features and temporal profiles revealed separate time scales for
the electrons and holes to reach the states near the band edge.
Holes were determined to relax within the instrument
resolution of the TA measurements, ~200 fs, while electrons
relaxed slower, ~0.6 and ~0.7 eV ps™' for excitation with E,
= 2.75 and 2.26 eV, respectively. These electron relaxation
rates are consistent with previously reported values for phonon
scattering in bulk CdSe,> as opposed to two-body Auger
relaxation. In general, the temporal profiles of higher-energy
occupancy features were also consistent with the rapid
relaxation of charge carriers through the manifold of high-
energy states after initial excitation. Analyses of state-
dependent relaxation within this manifold, however, were
likely complicated by the numerous transitions underlying each
of the occupancy features and competing nonradiative
pathways that can occur at each step. The QSR model also
allowed for the quantification of the energetic shifting of the
quantum-confinement features within the Abs(E) spectrum.
For both excitation energies used, a universal shift of ~13 meV
to lower energy was determined at longer times when carriers
occupy quantum-confinement states near the band edge.
Additional energetic shifting for all of the features was
observed at earlier times. In general, the higher-energy features
shift by larger amounts than the lower features.
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