Downloaded via WASHINGTON UNIV on January 12, 2025 at 01:49:03 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Wwww.acsnano.org

Quantum-State Renormalization in
Semiconductor Nanoparticles

Jie Chen, Rena C. Kramer, Thomas R. Howell, and Richard A. Loomis™

Cite This: ACS Nano 2024, 18, 35104-35118

I: I Read Online

ACCESS |

[l Metrics & More

| Article Recommendations ‘

ABSTRACT: A single photoexcited electron—hole pair within a
polar semiconductor nanocrystal (SNC) alters the charge screening
and shielding within it. Perturbations of the crystal lattice and of the
valence and conduction bands result, and the quantum-confinement
states in a SNC shift uniquely with a dependence on the states
occupied by the carriers. This shifting is termed quantum-state
renormalization (QSR). This Perspective highlights QSR in
semiconductor quantum wires and dots identified in time-resolved
transient absorption and two-dimensional electronic spectroscopy
experiments. Beyond the interest in understanding the principles of
QSR and energy-coupling mechanisms, we pose the contributions of ¢g4469
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QSR in time-resolved spectroscopy data must be accounted for to
accurately identify the time scales for intraband relaxation of the carriers within SNCs.

KEYWORDS: Semiconductor Quantum Nanostructures, Transient Absorption Spectroscopy, Two-Dimensional Electronic Spectroscopy,
Quantum-State Renormalization, Band-Gap Renormalization, Frohlich Interactions, Exciton—Photon Coupling

OVERVIEW

Semiconductor nanocrystals (SNCs) offer tunability of their
optical spectra through control of quantum-confinement
effects that depend on their chemical compositions, sizes,
and dimensionalities. Significant advances have been made in
optimizing synthetic schemes for making high-quality colloidal
SNCs with well-defined physical and electronic properties, and
SNCs are now being used in impactful applications, including
solar cells, lasers, photodetectors, and bioimaging.' ™ Despite
these successes, questions remain concerning the roles that the
energies and densities of the quantum-confinement states have
on photoluminescence (PL) quantum yields and on the
intraband relaxation dynamics of photoexcited carriers. It is
common to refer to SNCs as atom-like systems with discrete
states and quantized energies. Clearly, the energies of the
electron orbitals of a multielectron atom depend on the states
occupied since electron screening/shielding and orbital
renormalization depend on the electronic configuration of
the atom. In this Perspective, we pose that some of the
outstanding questions on SNCs are consequences of quantum-
state renormalization (QSR), or the energetic shifting of the
quantum-confinement states of a SNC induced by photo-
excitation, similar to the renormalization that occurs in atoms.
We provide an overview of QSR with a focus placed on the
contributions of QSR present in data collected in time-resolved
optical spectroscopy measurements. We illustrate the need to
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account for QSR when characterizing the intraband relaxation
dynamics of charge carriers within SNCs.

The valence and conduction bands (VB and CB) of a
semiconductor are commonly 7generellized using the effective-
mass approximation (EMA),*” where each band is approxi-
mated with a parabola scaled inversely with the effective mass
of the charge carrier, Figure 1(a)-black. The crystalline
properties of and electrostatic interactions within the semi-
conductor change with photoexcitation, and the effective
masses and band structures adjust accordingly. The strong
interactions of photoexcited electrons, holes, and excitons with
the ions in a polar semiconductor nanocrystal are termed
Frohlich interactions.””"> When an electron and hole are
bound as an exciton, the equilibrium separation of the electron
and hole results in contrasting Coulombic interactions with the
lattice ions; the electron(hole) in an exciton attracts(repels)
cations(anions). If the exciton radius is notably greater than
the lattice constant and if the effective mass of the hole is
significantly larger than that of the electron, the interaction can

Received: July 21, 2024
Revised:  November 25, 2024
Accepted: December 3, 2024
Published: December 18, 2024

https://doi.org/10.1021/acsnano.4c09833
ACS Nano 2024, 18, 35104-35118

- dJAll)Jd d4dd


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jie+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rena+C.+Kramer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thomas+R.+Howell"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Richard+A.+Loomis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.4c09833&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c09833?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c09833?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c09833?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c09833?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ancac3/18/52?ref=pdf
https://pubs.acs.org/toc/ancac3/18/52?ref=pdf
https://pubs.acs.org/toc/ancac3/18/52?ref=pdf
https://pubs.acs.org/toc/ancac3/18/52?ref=pdf
www.acsnano.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsnano.4c09833?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsnano.org?ref=pdf
https://www.acsnano.org?ref=pdf

ACS Nano WWW.acsnano.org
(a) (b) (c)
A ne=3 ng=4 A Unexcited Hot Excited
] i 200000 906000 906000
n=3 900098 000000
Excited n.=3 pocoso 90L060
-1 Ne=2 € | P ,
ng=2 e” ° 4
> . =2 » &
& Unexcited o] e ’:=1 A =) 9p3%08 0 2PR9e
5 =1 e o 299009
= i Egl |EeL == 999020
T e 7 o382
- =1 Fooo- = PR Y- FoweH =11 S
Unexcited ny=2 =2 )
Excited n,=3 =2 kO A n=3 $20'659
- =3 940000
VB n,=3 000~ =4 I g&%‘é? 9
=~ I ! ! I ' Unexcited Hot Excited v

T
k (nm™)

[1720] nonpolar

Figure 1. Quantum-state renormalization (QSR). (a) Schematics of the valence and conduction bands, VB and CB, using the effective-mass
approximation for an unexcited and excited semiconductor. Only discrete energies and k values exist along the bands of semiconductor
nanocrystals, symbols. (b) Photoexcitation and QSR results in a shifting of the quantum-confinement states to lower energies in comparison
to the unexcited SNC with a dependence on the states occupied by the carriers. The photoluminescence energy, Ep, is Stokes shifted from
the band gap energy, E,, identified in absorption spectra. (c) The crystal structure, shown for a wurtzite CdSe quantum platelet, becomes
perturbed with photoexcitation with a dependence on the quantum-confinement states occupied. Note, the number of electrons included in
(b) is not suggesting the degeneracy as each of these quantum-confinement states of a SNC with translational degrees of freedom has a

continuum of states.

be regarded as the sum of independent interactions of the
carriers with optical phonons.”*~'" The effective masses in
polar semiconductors usually increase with photoexcitation,
causing the bands to broaden and shift energetically closer to
each other,”*~*” Figure 1(a)-red. These photoinduced changes
termed bandgap renormalization (BGR), were initially
associated with a high density or a plasma of electron—hole
pairs prepared in the semiconductor,”> >’ but it also occurs
with low excitation fluence in the spatial regions near a
photoexcited electron/hole pair. The magnitude of BGR
depends on the constituents and polarity of the semiconductor,
effective masses and Bohr radii of the carriers, exciton binding
energy, and dimensionality and size of the semiconductor.?

As the size of a SNC is reduced to nanometers in at least one
dimension, quantum confinement results in discrete states at
equal intervals of k along each parabolic band, symbols in
Figure 1(a).”” These quantized levels can also be depicted
using one-dimensional particle-in-a-box (1DPIB) diagrams,
Figure 1(b)-black for the unexcited SNC. It is the transitions
between these states that contribute to the steady-state
absorption, Absg(E), spectrum. The states of an unexcited
SNC are ultimately dictated by the constituents and properties
of the semiconductor crystal lattice, as depicted in Figure 1(c)-
left for a wurtzite CdSe 1D quantum platelet (QP).

The photoexcitation of the SNC shifts each quantum-
confinement state by a unique energy, AEqgy, Figure 1(b)-
middle and right, that depends on the states occupied by the
carriers due to their dissimilar wave functions. Consequently,
the EMA breaks down for an excited SNC as the energies of
the states do not fall along a single parabolic band.
Photoexcitation of the n, = 3 — n, = 3 transition of a QP
prepares an electron and hole in states with two nodes in the
wave functions along the confinement direction, Figure 1(c)-
middle panel. Once the carriers relax to the band-edge states,
Figure 1(c)-right, the interactions of the carriers with the
crystal lattice change due to the contrasting spatial
distributions of the wave functions. Ultimately, the lowest-
energy states from which the carriers may undergo radiative
recombination, n, = 1 and ny, = 1 for IDPIB systems, are each
perturbed by AEgg, and the PL occurs at lower energies than
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those of the band gap absorption feature, i.e., there is a Stokes
shift associated with QSR. The unique shifting of the quantum-
confinement states is QSR, and it can be likened to state-
specific BGR.

TIME-RESOLVED OPTICAL SPECTROSCOPY OF
SEMICONCUDTOR NANOCRYSTALS

Time-resolved, transient absorption (TA) spectroscopy is
often implemented to characterize the intraband relaxation of
carriers in SNCs.>"™>° TA experiments collect the differential
absorption spectra between the photoexcited and unexcited
sample across a wide energy region as a function of time.
Contributions from QSR are present in the TA data, but they
are typically not considered or characterized. The types of
optical transitions that contribute to TA data of a sample of
SNCs, AAbsy,(E, t), are illustrated in Figure 2(a). Transitions
between the quantum-confinement states of an unexcited SNC
dominate the profile of an Absg(E) spectrum, Figure 2(b)-top.
The states energetically shift with photoexcitation due to QSR,
and the transitions in the Absgg(E) spectrum become bleach
transitions, BLgg, Figure 2(a)-dashed arrows, that do not shift
with time. The sum of the BLp features results in BLgg (E, t)
spectra that remain as long as there is an excited electron or a
hole remaining in the SNC. Transitions between the shifted
states are induced-absorption, IA, transitions that make up
IAsr(E, t) spectra with properties that depend on the states
occupied by the carriers, Figure 2(b)-middle. At long times,
the carriers in an excited SNC populate the shifted band-edge
states, and the lowest-energy feature in the IAqsg(E, t) spectra
is at the same energy as the peak of the PL(E) spectrum. The
contributions of the IAqg(E, t) remain in the AAbsy,(E, t)
data as long as there are excited carries in the SNC, but the
transition energies shift independently with time as the carriers
undergo intraband relaxation. The contributions from QSR in
a TA measurement, AAbsygr(E, t), are a sum of the positive
IAQSR(E, t) and negative BLqsr(E, t) signals, and derivative-
like spectra result.

Absorptive interband transitions between shifted states
occupied by either an electron or hole become less likely for
an excited SNC, especially for quantum dots (QDs) due to

https://doi.org/10.1021/acsnano.4c09833
ACS Nano 2024, 18, 35104—35118


https://pubs.acs.org/doi/10.1021/acsnano.4c09833?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c09833?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c09833?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c09833?fig=fig1&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c09833?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano WWW.acsnano.org
(a)/ (b) (c)
N A 0
- n.=2 - 3 wé .
IAQER n.=2 2 e} -
A e < 5 Hot
. - 0 BL . .
o - ;0 T T T 1
h = ~ Occ T g
> | e 4+ -Ine—1 | g S [
I} < — Hot o \
G = Absss Blasr SEowz= T —— Excited EBL-' / Freied
° T T T T 1 n T T T T T T 1
- ; =1 glA] AT
ny=1 g - &5 4
_ N n=2 | % 0 % 0 v e 7 —
{m=2 - BLA T T T 1 BL T T T T T T 1
/ Unexcited Excited v Energy Energy

Figure 2. Spectroscopy of SNCs. (a) The transitions that contribute to Absgs(E) and AAbs;,(E, t) spectra of SNCs are illustrated in the
1DPIB diagrams for the unexcited and excited SNCs. (b) The Absg(E), black, is dominated by excitonic transitions between quantum-
confinement states. Electron—hole radiative recombination occurs from the shifted lowest-energy states, and the photoluminescence
spectrum, PL(E)-green, is Stokes shifted below the band gap feature in the Absg(E) spectrum. The quantum-confinement states in excited
and highly excited SNCs shift due to QSR, and 1Ay (E, t) spectra, middle, that depend on the states occupied result. The contributions
from QSR in AAbsy,(E, t) spectra are AAbsosr(E, t) = IAgsr(E, t) — Absgg(E), plotted in bottom panel. (c) Carriers occupying the shifted
states give rise to BL signals, AAbsg, . For photoexcitation above the band-edge states, the carriers occupy energetically excited states at
short times, top. The carriers relax to the band-edge states with time, middle. The data collected in a TA experiment are AAbsy,(E, t) =

AAbsysr(E, t) + AAbsg(E, t), bottom.

Pauli blocking. These transitions become bleach signals,
BLo.(E, t), that make up the occupancy spectra, AAbsg..(E,
t), that contribute to the AAbsy,(E, t) data. It is possible for
stimulated emission, SE.(E, t), to occur, but these signals
only become measurable with high excitation fluences®' and
are indistinguishable from the BL.(E, t) signals. The relative
intensities of the features in the AAbso (E, t) spectra track the
populations of the carriers in the different states as they relax
with time from the prepared highly excited states within the
SNC to the lowest-energy, excited states, as depicted in Figure
2(c)-top and middle, respectively.

The AAbsr,(E, t) data for SNCs contain the sum of the
AAbsqgr(E, t) and AAbsg, (E, t) signals, Figure 2(c)-bottom.
The short-time AAbsr,(E, t) data obtained for highly excited
SNCs, photoexcitation of a single electron—hole pair well
above the band gap states, contain contributions from
AAbsqr(E, t) throughout the spectral region and AAbs, (E,
t) signals associated with the higher-energy transitions, blue
spectrum. The positive AAbsy,(E, t) signals present below the
steady-state band gap feature observed at short times are
associated with the IAqgr(E, t) signals of the shifted band-edge
states and not with biexcitons.”******7% This discrepancy
will be discussed in more detail below. At longer times, the
electron and hole each relax into the shifted band-edge states,
and the BL.(E, t) signals of these carriers negate the low-
energy IAgsr(E, t) signals, red in Figure 2(c)-bottom. These
low-energy IAgsr(E, t) signals would not be observed if
exciting directly into the band-edge states as the BLy.(E, t)
signals would promptly cancel them. Ultimately, the strong BL
signals in the AAbsy,(E, t) data observed near the steady-state
band-edge energy at longer times are dominated by the
BLqsr(E, t) signals of the band-edge states. The undulations in
the AAbsy,(E, t) data at higher energies and longer times are
due to AAbsysr(E, t). Once the carriers are in the lowest-
energy states, all of the signals in the AAbsr,(E, t) data decay
with the population of the carriers within the SNC.

BANDGAP RENORMALIZATION IN SEMICONDUCTOR
NANOMATERIALS

Transition Metal Dichalcogenides. Recent investigations
have probed the BGR in transition metal dichalcogenides

(TMDs).°"® Pogna, et. al*® probed BGR in single-monolayer
(1 ML) MoS, using steady-state absorption and TA measure-
ments. The Absgs(E) spectrum of a 1 ML MoS, crystal, Figure
3(a),’ contains three peaks associated with the A, B, and C
excitonic transitions with the band gap feature centered at 1.90
eV. There are no detectable transitions between other, higher-
energy quantum-confinement states within these bands. The
AAbsyA(E, t) spectra at short time, t = 300 fs, acquired with
photoexcitation at excitation energies of E,,. = 3.10, 2.06, and
1.88 eV contain differential absorption signals that simulta-
neously appeared throughout the spectral window, regardless
of the excitation energy, Figure 3(b).°® The AAbsy,(E, t)
spectra contain BL signals at the energies of the steady-state
excitonic features, and significant IA signals below the band
gap energy, much like the model AAbsy,(E, t) spectrum, blue
in Figure 2(c)-bottom. These IA(E, t) features are associated
with the A excitonic feature, which is shifted by BGR, prior to
carriers relaxing into these states. The authors concluded there
is a dynamic BGR in the 1 ML MoS, crystals caused by the
presence of photoexcited carriers.*®

These conclusions are in agreement with the results of Lin et
al,*”*® who probed the ultrafast excitation-induced BGR in 1
ML MoS, on a conducting substrate using extreme-ultraviolet
time-resolved angle-resolved photoemission spectroscopy. In
those experiments,””*® the MoS, was photoexcited with 2.2 eV
photons and the momentum-dependent changes in the CB and
VB energies and effective masses, i.e., the BGR of the bands,
were quantitatively characterized as a function of time after
photoexcitation and the density of photoexcited carriers. They
were able to identify an increase of 40 meV in the band gap
energy at the K point that recovered with a decay time
constant of ~5 ps. In contrast, the energy separation of the CB
and VB at the edge of the discernible valley (k = Kyaltey edge)
decreased by ~100 meV with a slower recovery time. The
experiments were supported by high-level theory, and they
identified the contributions to the BGR from excitons versus
separate electrons and holes. Ultimately, this research®”®®
provided convincing evidence for BGR in 1 ML MoS,.

Perovskites. Due to noteworthy advances in terms of
making colloidal halide perovskites with excellent optical
properties, including large absorption coeflicients, tunable
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Figure 3. QSR in monolayer MoS,. (a) The Absg(E) spectrum of a
1 ML MoS, single crystal is plotted with three excitonic features
labeled. (b) TA spectra of the 1 ML MoS, were acquired at a delay
of 300 fs using the indicated excitation energies, E, .. This figure
was adapted with permission from ref 66. Copyright 2016
American Chemical Society.

absorption and emission ener%ies, high PL quantum yields, and
long carrier diffusion lengths, 9 these semiconductor nanoma-
terials have already been incorporated in high-performance
photovoltaics.”"’> Despite these developments in halide
perovskite materials, numerous questions related to carrier
relaxation and trapping dynamics, their structural and chemical
stabilities, and the roles of carrier-phonon coupling remain. A
growing body of work has provided strong evidence for
excitation-induced BGR in perovskite materials with varying
molecular and ionic compositions.”””>~*

Shukla et al.*” investigated the temperature and excitation-
energy dependence of BGR in CsPbCl; nanocrystals (NCs).
Their spectroscopic data highlighting the BGR of room-
temperature CsPbCl; cubic NCs with sizes of ~10 nm are
included in Figure 4. The room-temperature Absgs(E)
spectrum of a film of the NCs has a prominent exciton peak
just above 3.05 eV, black, and the PL(E), green, is Stokes
shifted by ~S0 meV, as shown in Figure 4(a). The authors
carefully analyzed the room-temperature PL(E) and identified
five contributing features with intensities, energies, and
number of features being dependent on temperature.”’
These features are associated with bound excitons, free
excitons, and biexcitons.

(a)

PL Int. / Abs. (arb. units)

—
o
-

AAbsTA(MOD)

238 30 32 34
Energy (eV)

Figure 4. Spectroscopic data measured on ~10 nm cubic CsPbCl;
NCs at room temperature. (a) There is a Stokes shift of ~50 meV
between the Absg(E) (black) and PL(E) spectra. These spectra
were digitized from Figures 1(a) and Supplementary Information
Figure S3(a), respectively.’” (b) The TA data were collected with
excitation at 4.42 eV with low fluences; the average number of
electron—hole pairs excited per pulse was ~0.05. These TA data
were scanned from Figure 2(a).®” These figures were adapted with
permission from ref 87. Copyright 2023 American Chemical
Society.

Room-temperature TA data collected for the CsPbCl; NCs
with excitation at 4.42 eV and low fluences are plotted in
Figure 4(b),*” and these are typical of the type and quality of
the data reported for perovskite NCs.”””>~* The prominent
features present in these TA data are similar to those presented
in Figure 3(b) for 1 ML MoS,.%° There is a prominent BL(E,
t) feature near 3.05 eV associated with band gap exciton
transitions that remains as long as there are carriers present
within the NCs, > 1 ns. There is an IA(E, t) feature to lower
energies that decays on shorter time scales, within ~1 ps. The
authors attribute this feature to probe laser-induced biexciton
transitions,”” but we and others’>™® associate these signals
with BGR caused by the excitation pulse. There are also broad
IA(E, t) signals to higher energies that remain for longer times,
>1 ns. These signals are similar to those in the central energy
region of the MoS, data.’° The Absg(E) data for the MoS,
and CsPbCl; NCs contain no excitonic or quantum-confine-
ment features in these regions.

The photoexcitation of the CsPbCl; NCs with highly
energetic photons creates hot carriers at energies well above
the band gap states. The photoinduced changes within the VB
and CB give rise to BGR and a shifting of the band-edge
exciton states to lower energies.”> This band shifting results in
the generation of IA(E, t) features at energies below the band
gap and BL(E, t) features associated with the unperturbed
band-edge states. A derivative profile near the band gap is
consequently observed in time-resolved TA measurements at
short times. The IA(E, t) feature becomes negated with time as

https://doi.org/10.1021/acsnano.4c09833
ACS Nano 2024, 18, 35104—35118


https://pubs.acs.org/doi/10.1021/acsnano.4c09833?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c09833?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c09833?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c09833?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c09833?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c09833?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c09833?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c09833?fig=fig4&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c09833?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano WWW.acsnano.org
0.0 0.4 0.8 1.2 AAbs,, (MOD)
(a) (d)
a —~
g 8
0 [9)
2 £
8 [=
<
16 1.8 2.0 22
Energy (eV)
08 -06 -04 -02 00 02 AAbsp, (mOD)
(b) (e)
4 1 .
1 i S 1.0
» <<
=2 1 - <
o 24 - hel
£ ] I N 05+
= ©
14 B £
E L [
z
0 7 — 0.0
20 2.2 -0.5 0.0 0.5 1.0 1.5
Energy (eV) Time (ps)
(c) (f) ® 13 O 1T O 1A2%
1 L L L 1 L L L 1 L L L 1 1 | I S T T N1 1
0.5 -
<
(2] B -
S 00 I o
S | ] ] !
(0]
N 1 I
T -0.54 -
g i | g 3
5 ZS: L
Z 0 _ 90— IT = B
———7————7— ————T————7 77—
0 1 2 3 4 -0.5 0.0 0.5 1.0 1.5
Time (ps) Time (ps)

Figure 5. TA and occupancy data collected on wurtzite CdTe QWs. (a) The Absg(E) spectrum of the CdTe QWs contains numerous exciton
features, which are labeled using the electron quantum-confinement states accessed in the CB. The PL(E) spectrum, recorded with
excitation at 2.76 eV, has a maximum that is 49 meV below the centroid of the lowest-energy 1X absorption feature. The long-time, t = 7 ns,
AAbsqc(E, t) spectrum is nearly identical to the PL(E) spectrum, indicating the carriers are predominantly in the shifted band-edge states.
(b) The AAbsy,(E, t) data collected with excitation at 2.76 eV contain overlapping BL(E, t) (blue) and IA(E, t) (red) signals. (c) The
temporal profiles of the AAbsy,(E, t) data at the energies of the 1%, 1II, and 1A/2X absorption features, indicated by arrows in b, appear as
BL signals on the same time scales because of contributions from QSR. The instrument response function is also plotted. (d) AAbsq(E, t)
data, obtained as described in refs 30, 31, and 47, indicate the presence of carriers in the different shifted states. (e) The temporal profiles of
the shifted 1X’, 1IT’, and 1A/2X’ occupancy features reveal the time scales for intraband relaxation. (f) The energies of the occupancy
features shift independently with time after photoexcitation. These results were reported in ref 31.

the photoexcited carriers relax into these shifted states, and
only the BL(E, t) feature associated with the unperturbed
band-edge states remains. The decay of the amplitude of the
below-gap IA(E, t) feature indicates the intraband relaxation of
the carriers to the shifted band-edge states of the CsPbCl; NCs
occurs within ~1 ps, Figure 4(b). We propose the broad
continuum IA signals observed at higher energies have
contributions from BGR of the higher-energy continuum
states accessed in the Absg(E) spectra throughout this energy
region. There may also be contributions in these IA signals
from photoinduced changes in the refractive index of the
CsPbCl, NCs.”>7>77

There are also several reports on BGR in perovskite
materials with varying chemical compositions and morpholo-
gies. Soetan et al.® determined the BGR decreased, from 180
to 110 meV, with increasing Cl content in CsPb(Br,Cl,_,);
mixed-halide perovskite NCs. Telfah et al.”® measured similar
BGR for methylammonium lead bromide perovskite nano-
structures with (0D) nanocrystal, (1D) nanowire, and (2D)
nanoplatelet morphologies. In contrast, Yan et al.*” measured
giant and contrasting BGR energies of 480 and 336 meV for

35108

CsPbBr; microrods and microplates, respectively. These
reports indicate there are many factors that contribute to the
BGR of perovskites and continued investigations are needed to
create a better understanding of the photoinduced changes.

QUANTUM-STATE RENORMALIZATION IN CdTe
QUANTUM WIRES

The Absgg(E) spectra of II-VI and III-V SNCs typically
contain numerous excitonic features associated with transitions
between the quantum-confinement states within the VB and
CB. The electron—hole interactions are strong in semi-
conductor quantum wires (QWs) due to confinement in two
dimensions, and photoexcited electron—hole pairs can remain
bound as 1D excitons in high-quality QWs.*"**" Frohlich
interactions and exciton—phonon interactions can be large
enough to form exciton polarons that are spatially larger than
the lattice constant of the semiconductor.””~** In addition, the
lowest-energy fine-structure states in QWSs are optically
bright,”>’ and the energies of the SEq.(E, t) signals would
be the same as of the BLy(E, t) signals. The intensities of
both of these negative signals in the AAbsy,(E, t) data would
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be proportional to the number of carriers in the states. For
these reasons, semiconductor QWs are well-suited systems for
investigating QSR.

The results obtained for colloidal wurtzite CdTe QWs with a
PL quantum yield of 8.8% and reported in ref 31 are
summarized in Figure S. The Absy(E) spectrum of these QWs,
Figure 5(a), contains inhomogeneously broadened excitonic
features with each comprised of numerous transitions that tend
to access the same electron quantum-confinement states,
which are labeled. The ensemble PL(E) spectrum is Stokes
shifted by AEg = 49 meV from the lowest-energy 1X feature.
The AAbsps(E, t) data for these CdTe QWs, which were
collected using photoexcitation at E.,. = 2.7 eV and low
excitation fluences, are plotted in Figure S(b). These
AAbsp,(E, t) data are typical for most SNCs with a strong
BL(E, t) feature, blue, near the energy of the band-edge energy,
an IA(E, t) feature, red, to lower energies that lasts for <1 ps,
and additional BL(E, t) and IA(E, t) features to higher energies
that remain as long as there are carriers in the SNC. The
temporal profiles of the AAbsy,(E, t) data at the energies of
the three prominent features within the Absg(E) spectrum,
indicated by arrows below Figure S(b), are plotted in Figure
5(c). All three profiles begin as negative BL signals that appear
on the same time scale; the appearance of the 1 BL(E, t)
feature fits to a single-exponential function with a time
constant of 0.98(2) ps.”' The signals near the 11T and 1A/2%
energies, however, become positive IA signals within 2 ps. The
short-time BL near the 1II feature is centered at the same
energy as observed in the Absg(E) spectrum, but it shifts to
lower energies once it becomes an IA signal. The complicated
nature of the AAbsp,(E, t) data is associated with the
overlapping contributions from the AAbsq(E, t) and
AAbsg(E, t) signals.

A simple model®”*"*” that utilizes the Absgg(E) of a SNC
sample and assumes all of the quantum confinement states
shift by the same energy was implemented to approximate the
AAbsqsr(E, t) contributions within the AAbsy4(E, t) data and
to extract the AAbsq . (E, t) data, Figure 5(d). The assumption
the states experience the same QSR is not valid, but it does
enable much of the contributions from the BLygr(E, t) and
IAqsr(E, t) to be approximated. At long times, >4 ps, after the
photoexcited carriers relaxed to the 1X’ shifted band-edge
states, the shapes of the AAbsy.(E, t) spectra remain the
same, Figure S(a)-blue. The prime indicates that state has
shifted with photoexcitation. The peak energy of the 1X’
AAbso (E, t) spectra at long times is the same as the
maximum of the PL(E) spectrum. This is direct evidence that
the Stokes shift of the PL(E) spectrum has a significant
component from QSR of the band-edge states. Second, the
agreement indicates the energetic shift is not associated with
biexcitons, which would not be present at long times after
photoexcitation.

The AAbsq (F, t) spectrum at each time was fit to a sum of
Gaussians,>”*"*" one for each shifted excitonic feature, and the
integrated area of each Gaussian is proportional to the
population of carriers in those states. The time-dependences
of the populations in the different states, Figure S(e), track the
intraband relaxation of the carriers. Once QSR is approx-
imately accounted for, the time scales for carriers populating
the different features are significantly longer than the
appearance times of the AAbsy,(E, t) features; the appearance
time of the 1% feature in the AAbsy,(E, t) data is 0.98(2) ps
while that of the shifted 1X" occupancy feature is nearly twice

as long, 1.90(4) ps.”" The centroid energies of the occupancy
features are observed to shift independently with time, Figure
5(f). The energy of the 1%’ feature begins just below the
energy of the steady-state 1X absorption feature, and it
continues to shift to >30 meV as the carriers relax into the
band-edge states. In contrast, the energy of the 1I1" feature is
~85 meV below the energy of the steady-state 1I1 absorption
feature during the excitation pulse, then quickly shifts to only
~10 meV, and ultimately increases to a shift of 32 meV by 1.8
ps. This dynamic behavior of the quantum-confinement states
indicates: (i) all of the states do not shift by the same energy
with time, as assumed in the simple model®” used to analyze
the data; (ii) QSR is more than just BGR since the energies of
the states shift independently with time; and (iii) the amount
of QSR depends on the states occupied by carriers within the
SNC.

QUANTUM-STATE RENORMALIZAITON IN QUANTUM
DOTS

Colloidal semiconductor QDs, with three-dimensional quan-
tum confinement and no translational degrees of freedom for
the carriers, offer contrasting carrier relaxation dynamics,
energetics, densities of states, and carrier—carrier interactions
in comparison with those of QWs. Experiments probing QSR
and carrier dynamics in colloidal CdSe/ZnS core/shell QDs
were recently undertaken in our laboratory.”” The Absgs(E)
spectrum of these QDs, Figure 6(a), contains the well-
characterized features associated with transitions between
electron and hole confinement states and indicates a band
gap energy of ~2.004 eV. The PL(E) spectrum is Stokes
shifted by AEg = 38 meV, and a PL quantum yield of 37% was
measured with excitation at 2.48 eV. AAbsy,(E, t) data were
collected using E. = 2.60 and 2.00 eV and low excitation
pulse fluences, <20 uJ cm™ to limit contributions from
multiple carriers within each QD.

The AAbsp,(E, t) data collected for the CdSe/ZnS QDs
with E,. = 2.60 eV, Figure 6(b),”” are typical to those for the
CdTe QWs and other SNCs reported in the literature. The
properties of the transient signals are emphasized in the
AAbsy,(E, t) spectra measured at short and midtimes, t = 0.20
and 2.00 ps, Figure 6(c)-top, and the temporal profiles of the
AAbsy,(E, t) data at the three probe energies indicated with
arrows, Figure 6(d)-top. There is a prominent BLqgy feature
near the energy of the steady-state 1S;/,—1S, band-edge peak,
a short-lived TAqggy feature at lower energies, ~1.93 eV, and
long-lived TAqgg, BLqsp, and BLg, signals features to higher
energies. The differences in the amplitudes and energies of the
features within the time-dependent spectra, Figure 6(c)-top,
are associated with both carrier occupancy and dynamic QSR
of the states as the carriers relax through different quantum-
confinement states to the band-edge states. The prompt rise of
the positive IAqgy signal at 1.93 eV, black in Figure 6(d)-top, is
associated with QSR of the band-edge states. The carriers relax
into these states within 2 ps, after which the BLy signals
cancel the IAggy signals. The properties of the AAbsy,(E, t)
spectra remain the same at long times with an overall decay
that tracks with the population of carriers remaining in the
QDs.

The AAbspA(E, t) spectra recorded with excitation at the
band gap, E.. = 2.00 eV,”” exhibit very little changes in the
relative intensities of the features with time, Figure 6(c)-
bottom and 6(d)-bottom. There are no IAqgp signals observed
below the band-edge energy since the electrons and holes are
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Figure 6. Time-resolved data collected on CdSe/ZnS and CdSe QDs. (a) Absg(E) and PL(E) spectra of CdSe/ZnS QDs. (b) TA data of the
CdSe/ZnS QDs recorded with E,,. = 2.60 eV. (c) TA spectra recorded at the indicated delay times with E,,. = 2.60 and 2.00 eV. An *
indicates excitation scattering. (d) The temporal profiles at three different probe energies indicated by the arrows in (c), 1.93 eV (black),
2.10 eV (blue) and 2.42 eV (red), are shown for E,,. = 2.60 and 2.00 eV. (e) Absgs(E) and PL(E) spectra of CdSe QDs. (f) 2DES data of
CdSe QDs at t, = 40 and 200 fs. E, is the 2DES excitation energy, E; is the emission energy, and t, is the time between the excitation and
probe pulses. Six peaks within the 2DES spectra are marked with X. (g) 2DES amplitude spectra for E; = 2.17 and 2.05 eV plotted versus E;
for t, = 40 and 200 fs. (h) The temporal profiles of the 2DES amplitudes of the identified peaks. Data for (e)—(h) were published in a
different form in ref 106 and obtained from the authors, Brosseau et al.

directly excited into these band-edge states, and the
corresponding BL,. signals promptly cancel the TAqgy signals.
These IA signals would still be present if they were a result of
biexciton transitions. The shapes of the AAbsy,(E, t) spectra
at higher energies are associated with only IAqsg and BL g,
and all of the TA signals decay with the carrier population in
the QDs.

Extensive attempts were made to separate the contributions
from QSR and carrier occupancy within the AAbsp,(E, t)
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17 as well

collected on these QDs using the simple QSR mode
as more advanced models, but the results were not satisfactory.
The primary issues were the energies of most of the TAqgr and
BL,.. features do not shift together, and the amount of QSR
for each feature seems to separately depend on the states
occupied by the electrons and holes. For instance, the two
lowest-energy features, associated with the 1S;,—1S, and
2S;/,—1S, transitions, are observed to shift by dissimilar
energies. Since these transitions share a common electron state
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and different hole states, the energetic shifts of the hole states
are dissimilar. These results emphasize the state shifting cannot
be solely associated with BGR, but are better characterized as
QSR where the state shifting depends on the probability
densities of the states and what states are occupied by carriers.

QUANTUM-STATE RENORMALIZATION IN
TWO-DIMENSIONAL ELECTRONIC SPECTROSCOPY

Four-wave mixing techniques, such as time-resolved two-
dimensional electronic spectroscopy (2DES), are well suited
for explorin% the energetics and dynamics of charge carriers in
SNCs.0"0>%87105 Typical 2DES data contain on-diagonal
BL(E, t) features associated with transitions to excitonic states
of the unexcited SNCs at short times, and these may shift
below the diagonal with time.®"*>?*7'%* Off-diagonal BL(E, t)
features or cross-peaks lying above and below the diagonal are
also present in the data, and these are typically associated with
interactions or couplings between states.®"*>?%7192 Cross
peaks below the diagonal can also be associated with relaxation
of carriers from higher-energy states to lower-energy states.

We propose the accounting for QSR in the 2DES data
collected on SNCs would likely change some of the
conclusions drawn. The high-quality 2DES results obtained
by Brosseau et al.'”® on colloidal CdSe QDs are highlighted
here. The low-energy region of the Absgs(E) spectrum of the
CdSe QDs contains two features associated with the 1S;,,—1S,
and 28;/,—18, transitions, and the peak of the PL(E) spectrum
is Stokes shifted by AEg = 44 meV,'" Figure 6(e). The 2DES
experiments were performed using 17 fs pulses and a spectral
bandwidth of ~250 meV, spanning the 1S;,—1S, and 2S;,,—
1S, features. The 2DES spectra for pump—probe delay times of
t, = 40 and 200 fs are plotted in Figure 6(f), and slices of the
2DES spectra along the emission energy, E;, are plotted for
excitation energies of E; = 2.17 and 2.05 eV in Figure 6(g).
The temporal profiles of the peaks identified in Figure 6(f) are
plotted in Figure 6(h).

Similar to the TA results just described for CdSe/ZnS QDs,
the 2DES spectra of the CdSe QDs for excitation at the 2S;,,—
1S, energy, E; = 2.17 eV, at short t, contain IA signals at E;
values below the band gap, ~2.00 eV, magenta spectrum in
Figure 6(g)-top. We propose this IA feature is associated with
1S;/,—18, transitions that have shifted because of QSR. This
E, excitation energy results in some BL,,. signal associated
with electrons in the shifted 1S, state that partially cancels the
[Aqsr signal of the shifted 1S;/,—1S, transition. As holes
quickly relax from the 2S;,, state to the 1S;/, state, within
~100 fs, the contribution from the BLy,. of the shifted 1S;,,—
1S, transition increases, canceling this TAqsr signal, burgundy
spectrum in Figure 6(g)-top. There is a very weak, extremely
short-lived IA signal near E; = 2.00 eV for excitation of the
band-edge states, E, = 2.05 eV, as shown in Figure 6(g)-
bottom and 6(h)-bottom. Since this excitation is on the 1S;,,—
1S, transition, a prompt canceling of the IAqgg signal by the
BL,.. signal of the carriers. The short lifetime, <40 fs, of this
signal may be representative of the time scale for the QSR and
coupling of the carriers with the crystal lattice.

The 2DES amplitudes for the CdSe QDs with E; = 2.05 and
2.17 eV remain beyond 200 fs as BLqgp signals at E5 = 2.05 and
2.17 eV.'% Since all quantum-confinement states experience
QSR when there are excited carriers within a SNC, there
should be cross peaks associated with the shifted states that are
not directly occupied by the E, excitation. The cross peaks
above and below the diagonal will have different temporal

dependences since those below the diagonal can have
contributions from carrier relaxation and BLy... We hypothe-
size that it may be possible to separate the contributions from
QSR and carrier occupancies in the different states through
detailed comparisons of the amplitudes and temporal profiles
of the cross peaks. The 2DES data collected on the CdSe QDs
illustrates the differences in the profiles of the cross peaks. The
upper cross peak, E; = 2.05 eV, E; = 2.17 eV, red in Figure
6(h)-bottom, should have contributions from QSR, with
BLqsx(E, t) dominating. Thus, the rise time of this peak can be
associated with QSR. In contrast, the lower cross peak, E; =
2.17 eV, E; = 2.06 eV, blue in Figure 6(h)-top, should also
have contributions from BLg.(E, t). Thus, the difference
between the temporal profiles of these peaks should more
accurately reveal the time scale for relaxation of holes from the
283, to 1S5, state.

HISTORIC INTEPRETATIONS

Biexcitons. The short-lived IA(E, t) signals at just lower
energies than the band gap energy are often referred to as
excited-state absorption (ESA) features associated with
biexciton transitions.>>>7% In reviewing the literature, we
find the meaning of the term biexciton to be particularly
unclear or inconsistent. Historically, a biexciton in a semi-
conductor referred to two excitons, thus two electrons and two
holes, bound to each other through Coulombic interac-
tions.””'*”~""* This scenario is particularly relevant when
performing experiments with high excitation fluences, so that
multiple electron—hole pairs can be prepared and interact
within a single SNC. This low-energy IA(E, t), or ESA, feature
present at short times in TA or 2DES spectra can even be
observed with low excitation fluences, thereby minimizing
contributions from bound biexcitons or multiexcitons, but it is
still typically referred to as a biexciton feature.*>*>7%* These
biexciton features are associated with the transition energies of
an electron—hole pair in those SNCs that are already excited.
As such, these spectral features would be present in nonlinear
spectroscopy measurements incorporating multiple laser pulses
to excite and probe the dynamics of the carriers. Furthermore,
the biexcitons are short-lived due to Auger relaxation, and
radiative recombination is assumed to occur from the lowest-
energy exciton states thermally occupied by the carriers. This
interpretation of biexcitons has been broadly adopted in the
literature and was thoroughly reviewed by Klimov.>*

The QSR model, on the other hand, assumes the quantum-
confinement states shift uniquely after photoexcitation with
dependences on the states occupied by the electron and hole as
they relax to the band-edge states. This dynamic state shifting
is probed by the second laser in time-resolved pump—probe
spectroscopy experiments. Once the carriers reach the shifted
band-edge states that are shifted by QSR, they can relax via
radiative recombination, and the PL Stokes shift has significant
contributions from QSR. As these contrasting models should
have important impacts on our understanding of the energetics
and carrier relaxation dynamics within SNCs, we emphasize
the differences between the models here.

The biexciton interpretation is overviewed in Figure 7(a)
and (b), which were adapted from Figure 6 in ref 54, using
common labels appropriate for CdSe QDs.”>”® The absorption
of a high-energy photon generates hot carriers, an electron and
hole in energetically excited states in the CB and VB. The
1S(e)—1S; and 1S(e)—1Sy transitions experience an energetic
shift with excitation referred to as the biexciton binding energy,
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Figure 7. Schematic illustrations of the transient transitions of the band-edge states that result from excitation of a SNC. The state labels,**
appropriate for CdSe QDs, are included for the lowest-energy electron state, 1S(e), and the two lowest-energy hole states, 1S; and 1Sy. The
bright 1S(e)—1Sy and 1S(e)—1S, absorptive transitions of the unexcited QD and the spectrum, @, are shown as black. The transitions and
absorption spectra of the QD with hot carriers in highly excited states and with excited carriers in the band-edge states are shown as blue «
and red &, respectively. The photoinduced changes probed in transient absorption experiments, Aa/a,, are included in the insets. (a)—(b)
Schematics overviewing the biexciton effect as presented by Klimov and illustrated in Figure 6 of ref 54. (a) Photoexcitation of an unexcited
QD accesses transitions between the unperturbed quantum-confinement, black levels. The 1S(e)—1Sy and 1S(e)—1S, transitions accessed
by a second excitation are shifted by the biexciton binding energy, Ayy, and the A/, spectrum has a derivative shape. (b) Once the
electron and hole relax to the band-edge states, the electron in the 1S(e) state blocks one of the two 1S(e)—1S; and one of the two 1S(e)—
1Sy, transitions. These transitions are shifted to lower energies in & as they access the biexciton state. The Aa/a, spectrum is dominated by
the partially bleached 1S(e)—1Sy transition. Photoluminescence (PL) of room-temperature QDs in this model is primarily from the
unperturbed 1S(e)—1S, transition. (c)—(d) Schematics overviewing the QSR interpretation. Photoexcitation shifts each quantum-
confinement state by unique energies that depend on the states occupied by carriers. (c) Photoexcitation to highly excited states results in a
full bleach of the steady-state transitions, @y, and the appearance of induced-absorption (IA) transitions between the shifted states, a. The
Aa/a, spectrum appears with a derivative shape. (d) Once the carriers relax into the band-edge states, the 1S(e)—1S; IA signal is fully
bleached, and the 1S(e)—1Sy signal is partially bleached, and the Aa/a, spectrum is dominated by the bleach signal of the unperturbed
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1S(e)—1Sy transition. The resultant PL is associated with the shifted 1S(e)—1S; transition.

Axy, black versus blue absorption line profiles, Figure 7(a). At
short times, the amplitudes of these transitions are not affected
by state filling, and the transient absorption signal near the
band edge, Aa/ay, appears with a first derivate profile, blue
spectrum minus black spectrum. After intraband relaxation of
the carriers is complete, the photoexcited electron and hole
occupy the lowest-energy state, 1S(e) and 1S;, Figure 7(b).
The single electron in the 1S(e) state bleaches by 50% the
1S(e)—1Sy transition, and there is induced-absorption
associated with the biexciton-shifted state, red arrow. The
single hole in the 1S, state will bleach by 50% the 1S(e)—1S,
transition with the remaining transition energy shifted by Ayy.
As a consequence, the Aa/a, transient signal at longer times
contains less contributions from the biexciton state. The
amplitude of the below-gap induced-absorption signal thus
quickly decreases after excitation, and these time scales are oft
associated with the biexciton lifetime for the QDs. Ultimately,
the QD may undergo radiative recombination of the 1S(e)
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electron and the hole in the 1S state,* as indicated by the
green arrow.

The energetics and transitions associated with QSR are
overviewed in Figures 7(c) and (d) using the same QD system
just described for biexcitons. The absorption of a high-energy
photon generates hot carriers, and all of the quantum-
confinement states experience unique AEQSR, Figure 7(c).
This state shifting gives rise to an energetic lowering of the
absorptive transitions, blue arrows and blue a feature, and to
IAQSR(E, t) signals in transient spectroscopy measurements.
These signals appear on time scales that depend on the
photoinducted changes in screening and the coupling with LO
phonons via Frohlich interactions. The energies of the states
continue to shift by varying amounts as the carriers relax to the
band-edge states. This represents the distinct difference of
QSR from that of the biexciton model: It is the initial
electron—hole pair that shifts the quantum-confinement states,
not the second excitation associated with the probe laser
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pulses. The dynamic QSR induced with photoexcitation of a
SNC alters the energies of the quantum-confinement states
and induces phonon coupling, and these likely contribute to
the relaxation mechanisms of the carriers to the band-edge
states.

Once the carriers relax into the band-edge states, each
quantum-confinement state experiences a unique but constant
AEgg as long as an excited charge carrier remains in the QD,
indicated by red in Figure 7(d). At these long times, the
IAqsr(E, t) signal associated with the shifted 1S(e)—1S,
transition is fully are negated by the BLo(E, t) due to the
electron and hole in the shifted 1S(e) and 1SL states. The
IAqsr(E, t) signal associated with the 1S(e)—1S; transition is
depleted by 50%, and the BLQSR(E, t) signal of the
unperturbed 1S(e)—1Sy transition dominates the transient
Aa/ay signal at these long times, as shown in the inset in
Figure 7(d). These below-gap IAqsr(E, t) signals tend to be
absent or are greatly diminished even at short times for
excitation energies close to the band edge, as shown in Figure
6(c) and (d), since the electrons are directly prepared in the
lowest-energy state, and the BLo.(E, t) contributions
promptly negate the IAqgr(E, t) signals. The decay of the
1S(e)—1Sy, bleach signal, as well as all of the higher-energy 1A
and BL features associated with unoccupied states decay with
the population of the electron and hole in each QD. Lastly, the
radiative recombination of each electron—hole pair occurs
from the carriers in the band-edge states shifted by AEqg, as
depicted by the green arrow in Figure 7(d), and not from
carriers in the unshifted states as inferred by the biexciton
model, green arrow in Figure 7(b).

Fine Structure. Scrutiny of the Stokes shift of the PL(E)
spectrum from the lowest-energy Absgs(E) feature of SNCs
provides further evidence for QSR induced by the photo-
excitation of a single electron—hole pair. The Stokes shift, AEs,
is commonly attributed to the fine structure of the band-edge
transitions.”* The shapes and structures of the SNCs and
electron—hole exchange interactions within them lift the
degeneracy of the lowest-energy hole states, and there is fine
structure present with contrasting oscillator strengths for
transitions to the electron band-edge states P99 1137119
Schematics illustrating these fine-structure energetics and
contributions are included in Figure 8. Calculations indicate
there are five different fine-structure transitions spanning an
energy window <20 meV for wurtzite CdSe QDs with
diameters of 6 nm.'"> The Absgs(E) spectrum would have
contributions from all of these transitions with those associated

with the I1"), 11V), and 10Y) hole states dominant. After
excitation, the electron and hole relax to the band-edge states,
forming a quasi-equilibrium that results in a thermal
distribution occupying those states. The concept often
presented is that the lowest-energy hole states would be
preferentially occupied, including the lowest-energy, optically
dark 12) state, and that gives rise to the observed AEq, as
depicted in Figure 8(a). Due to the small energetic splitting of
the fine-structure states the PL(E) spectrum of a room-
temperature sample of the wurtzite CdSe QDs would likely
have contributions from transitions associated with most if not
all of the hole states, and only a small AEg would be expected if
this were the origin of the Stokes shift. Furthermore, it might
be expected that the breadth of the room-temperature PL(E)
spectrum would be narrower than the lowest-energy feature in
the Absg(E) spectrum, especially for colloidal samples of
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Figure 8. Schematics representing the contributions to the room-
temperature Stokes shift for SNCs. The Absg(E) (black) and
PL(E) (green) spectra are plotted versus the energy relative to the
band-edge absorption feature with the Stokes shift, AE, indicated.
(a) The spectral data for wurtzite CdSe QDs plotted with the
calculated fine-structure transitions.''* It is common to assume the
AE; is due to the unperturbed fine-structure of the hole states,
even at room temperature. (b) The same data for CdSe QDs
included in (a) with the calculated transitions (red lines) shifted
by an assumed AEgy to account for the observed AEg. (c) The
spectral data for wurtzite CdTe QWs plotted with the calculated
fine-structure calculations.’>*” The calculated absorption lines
were shifted by 20 meV (red lines) to reproduce the observed AE;.
The extracted AAbsqs(E, t) measured at t = 3§ ps>”*” overlaps
very well the profile of the PL(E) spectrum.

SNCs with narrow size distributions. This narrowing of the
PL(E) spectra, however, are not typically observed.

The QSR of the band-edge states at long times, as depicted
in Figure 8(b), seems to be a more realistic explanation of the
significant values of AEg that are typically observed for room-
temperature SNCs. Following photoexcitation of the carriers to
high-energy states they undergo intraband relaxation to the
band-edge states, which are shifted by QSR. The electrons will
predominantly occupy the shifted 1S(e) state while the holes
will occupy a thermal distribution of the shifted fine-structure
states. Unless the unique AEqgg values for all of the hole fine-
structure states are drastically different, the PL(E) of a SNC
will have a AEg that is dominated by the AEqg of the 1S(e)
and hole states with little difference between the breadths of
the PL(E) spectrum and the lowest-energy band-edge
absorption feature observed.
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The steady-state spectroscopy and time-resolved TA data
collected on CdTe QWs*>*"*" provide strong additional
evidence for the significant contributions of QSR in the room-
temperature Stokes shift. Spectroscopic data collected for
wurtzite CdTe QWs with a PL quantum Zield of 0.2% are
included in Figure 8(c) to illustrate this.*>*’ The dimension-
ality of the QWs results in the lowest-energy fine-structure hole
states being optically bright,””° and the calculated transitions
for the CdTe QWs,””*” included in Figure 8(c), support these
trends. The calculations indicate the two lowest-energy
transition are optically bright, dominating the band-edge
absorption.’>*” Tt is necessary to shift these transitions by
~20 meV to lower energies to best reproduce the PL(E)
spectrum. Furthermore, The AAbsg..(E, t) spectra for t > 10
ps, after the carriers have relaxed into the band-edge states,
blue sgectrum in Figure 8(c), were extracted as described
above.””*” The peaks of the AAbso.(E, t) spectra at these
long times are shifted by a constant energy that aligns very well
with the peak of the PL(E) spectrum. These results indicate
the QSR of the band-edge states contributes significantly to the
Stokes shift, and the contributions of the fine structure to the
Stokes shifts is likely small for most room-temperature SNCs.

SUMMARY AND FUTURE DIRECTIONS

In this Perspective, we highlight the concept of QSR within
SNCs, or the independent shifting of the quantum-confine-
ment states that depends on the states occupied by
photoexcited charge carriers. QSR results in BLogg(E, t) and
IAQSR(E, t) features in time-resolved TA and 2DES data that
energetically overlap the BLy(E, t) signals associated with the
occupation of carriers in the different states. These QSR
contributions in the time-resolved data appear on ultrashort
time scales and remain as long as there are carriers in the
SNCs. Thus, it is essential to account for QSR when evaluating
TA and 2DES data to extract the time scales for intraband
relaxation. The data collected on CdTe QWs indicate the
intraband relaxation occurs on time scales that are ~2X longer
than the TA data itself would suggest. We propose that
considering QSR when evaluating 2DES data and detailed
comparisons of the temporal evolution of the cross peaks
should provide details of these contributions.

The IAqsr(E, t) features present just below the band gap at
short times in data collected with low-fluence photoexcitation
to high-energy electron and hole states are akin to the BGR
signals observed in many types of semiconductor materials.
These features are short-lived since BLo.(E, t) signals
associated with carriers filling these states cancel the IAQSR(E,
t) signals. These below-gap IAqsr(E, t) features are not
observed when exciting at the band edge, as shown in Figure 6,
since the carriers in these states promptly bleach these IA
signals. We argue these IAqsr(E, t) features observed with low
excitation fluences should not be considered biexciton features
that would decay on time scales associated with Auger
relaxation. The agreement between the long-time AAbsOcc(E,
t) spectrum and the steady-state PL(E) spectrum measured for
CdTe QWs provides strong evidence for that QSR provides a
more accurate depiction of the interactions than the often
implemented biexciton model.

Continued experimental and theoretical investigations
undertaken on quantum-confined SNCs with varying dimen-
sionalities and compositions that directly probe the energetics
and dynamics of carriers with state specificity are essential for
developing a better understanding of how photoexcitation

perturbs the band structure and carrier dynamics within them.
These agenda should include performing time-resolved TA
spectroscopy as a function of excitation to different quantum-
confinement states, identifying the contributions of separate
electrons and holes versus bound excitons and the binding
energies of the excitons, as well as characterizing the Frohlich
interactions on BGR and QSR. Improved models and excited-
state calculations that include state-specific QSR contributions
are needed to accurately separate and identify these
contributions.

Lastly, the energetic consequences of BGR and QSR cause
energetic perturbations of the quantum-confinement states, on
the order of 10s to 100s of meV, but there are also structural
changes incurred with photoexcitation and carrier recombina-
tion that may be of importance when implementing SNCs in
devices and applications. Strategies that can minimize BGR,
QSR, and carrier-phonon coupling within SNCs may prove
particularly beneficial in device designs. The development of
radially gradient multishell semiconductor QDs, for instance,
has been shown to significantly suppress Auger relaxa-
tion."”*""*° It would be interesting to characterize how the
smoothly varying crystal structure in gradient QDs impacts the
photoexcited BGR and QSR within them.
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ABBREVIATIONS

SNC Semiconductor nanocrystal
QSR Quantum-state renormalization
PL Photoluminescence

VB Valence band

CB Conduction band

EMA Effective-mass approximation

BGR Bandgap renormalization

IDPIB  One-dimensional particle-in-a-box

QP Quantum platelet

Absgg Steady-state absorption spectrum

TA Transient absorption

E.. Excitation energy

BL Bleach

BLogr  Bleach transitions associated with QSR

BLo Bleach transitions associated with carriers occupying
a state

SEq.. Stimulated emission associated with carriers occupy-
ing a state

IA Induced-absorption

TAqsr Induced-absorption transitions associated with QSR
AAbsqgg Spectral contributions from QSR

AAbsg.. Spectrum containing all BLy,. contributions
AAbsy, Transient absorption signals

AEqgsr  Energetic shift of a state attributed to QSR

QD Quantum dot

TMDs  Transition metal dichalcogenides

IML Single-monolayer

NCs Nanocrystals

Qw Quantum wire

2DES Two-dimensional electronic spectroscopy

E, Excitation energy in a 2DES experiment

E; Emission or detection energy in a 2DES experiment
Axx Biexciton binding energy

ESA Excited-state absorption
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