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ABSTRACT: Colloidal CdSe nanoplatelets (NPLs) have sub-
stantial potential in light-emitting applications because of their
quantum-well-like characteristics. The self-trapped state (STS),
originating from strong electron—phonon coupling (EPC), is
promising in white light luminance because of its broadband
emission. However, achieving STS in CdSe NPLs is extremely
challenging because of their intrinsic weak EPC nature. Herein, we
developed a strong STS emission in the spectral range of 450—600
nm by building superlattice (SL) structures with colloidal CdSe
NPLs. We demonstrated that ST is generated via strong coupling
of excitons and zone-folded longitudinal acoustic phonons with
formation time of ~450 fs and localization length of ~0.56 nm.
The Huang—Rhys factor, describing the EPC strength in SL
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structure, is estimated to be ~19.9, which is much larger than that (~0.1) of monodispersed CdSe NPLs. Our results provide an in-
depth understanding of STS and a platform for generating and manipulating STS by designing SL structures.
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B INTRODUCTION

Ultrathin colloidal CdX (X = S, Se, Te) nanoplatelets (NPLs)
with a uniform atomic thickness form a new class of two-
dimensional material.'~* They have attracted considerable
attention in past decades for their excellent optical properties,
such as a narrow line width because of strong quantum
thickness confinement,”® a high luminescent quantum yield,
and large mode gain coefficients.”” ' These remarkable optical
properties, along with their cost-effective preparation and
notable stability, have made colloidal CdX NPLs promising for
light-emitting diodes and lasers.”"'~'® Therefore, manipulating
optical transition of elementary excitations and regulating
emission behaviors in these NPLs are fundamentally important
for their further applications.'*’

The self-trapped state (STS) is a localized carrier state
trapped by deformation potential from surrounding lattices
with strong electron—phonon coupling (EPC).*" STS has been
widely observed in various condensed matters, such as rare
gases, alkali halides, lead halides, and organic solids.*>?*
Radiative recombination from STS has typical features, such as
large Stokes shift and broad emission bandwidth, which
promote its application in one-step white-light illumination
and wide gamut display.”**> For colloidal CdX NPLs, the
realization of STS emission can further extend their
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optoelectronic application range and promote their “lab-to-
fab” transformation. However, the weak EPC nature in a CdX
NPL system makes it challenging to create STS.”*”” One
possible method is to increase the fluctuation of a rigid lattice
by reducing the geometric scale of II-VI colloidal nanocrystals
into the atom-cluster regime. However, it suffers from its
structural stability.”*~>*

To further relax restrictions of the lattice softness, a desirable
solution is to construct hybrid superlattice (SL) structures
constituted by self-assembly of colloidal nanocrystals with
long-range order for their rich phonon dynamics.”*”*® The
alternating order of soft organic ligands and rigid inorganic
frameworks can be analogous with the periodic bead-spring
system, where coherent longitudinal acoustic vibrations are
generated from building blocks. These acoustic phonons
propagate across the entire SL structure and introduce
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Figure 1. (a) Schematic structure of CdSe NPL SLs. (b) TEM image of CdSe NPL SLs with edge-on orientation. Center-to-center distance is
measured to be ~2.85 nm. Scale bar is 20 nm. (c) Small-angle X-ray scattering pattern of CdSe NPL SLs. The first and second scattering peaks with
scattering wave vector q of 2.17 and 4.35 nm™, corresponding to a SL structure period of ~2.88 nm. (d) Schematic of monodispersed CdSe NPLs.
(e) TEM image of monodispersed CdSe NPLs with face-on orientation. Scale bar is 100 nm. (f) AFM image of monodispersed CdSe NPLs on
SiO, substrate. Scale bar is 100 nm. Average height is ~3.90 nm along the red-dashed section line. (g) Room-temperature absorption and PL
spectra of CdSe NPL SLs. Two-peak emission is observed excited by CW laser of 400 nm (marked with blue arrow). Indistinguishable emission
(red line) is excited by a CW laser of 485 nm (marked with red arrow). (h) Room-temperature absorption and PL spectra of monodispersed CdSe
NPLs. The emission is excited by a CW laser of 400 nm (marked with blue arrow).

additional lattice deformation compared with individual units.
Coherent longitudinal acoustic phonons have been reported in
various hybrid SLs of silver and gold nanocrytstals,””** cobalt
nanocrystals,””*® CdSe nanocrystals, and two-dimensional
perovskites.*** In principle, it is feasible to use the collective
acoustic phonon modes from hybrid SLs to generate STS via
strong EPC.

In this study, we demonstrate the strong STS emission in the
spectral range of 450—600 nm by building hybrid SL structures
of colloidal CdSe NPLs. Through systematic optical spectros-
copy studies, we discovered that STS is generated by the
strong coupling of excitons and zone-folded longitudinal
acoustic phonons (ZFLAPs) in SLs. ZFLAPs are formed by
bulk acoustic phonon folding into a mini-Brillouin zone of the
SL. We revealed that the STS is formed in a time scale of ~450
fs and localized in a spatial extent of ~0.56 nm. The Huang—
Rhys parameter, which describes the EPC strength in SL
structure, is estimated to be ~19.9, which is much larger than
that (~0.1) of monodispersed CdSe NPL. The in-depth
understanding of the STS emission mechanism in this study
bears important implications for manipulating STS through
optimal design of SL structures.

B RESULTS AND DISCUSSION

The SLs of colloidal wurtzite CdSe NPL (see Figure la) were
synthesized via a modified soft-template procedure and
dispersed in toluene as described in a previous study.*’ The
thickness of the NPL (regardless of surface ligands, c,) was
controlled to be ~1.41 nm (see Figure S1) with ~3.5
monolayer. Transmission electron microscope (TEM) images
(see Figure 1b and Figure S2) of these SLs showed a distinct
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stacking structure with center-to-center distance, d,, of ~2.85
nm, which is consistent with the data (~2.88 nm in Figure 1c)
measured by small-angle X-ray scattering. However, the
thickness (with surface ligands), ho, of the monodispersed
NPLs (Figure 1d,e) is ~3.90 nm (see Figure 1f) characterized
by atomic force microscopy (AFM), which is comparable with
a previous report.”’ The large differences between d, (2.85
nm) and ki, (3.90 nm) suggest ligands interdigitation of ~1 nm
in NPL SLs (see the schematic in Figure S3), implying that the
ligands are buckled with each other for 80% of their free length
(~1.25 nm).* Tt thus weakens the configurational entropy of
ligands and strengthens their van der Waals interactions,
promoting a stable SL framework.****

For CdSe NPL SLs, steady-state absorption spectroscopy at
room temperature (black curve, Figure 1g) exhibits two
discrete peaks at 426 and 451 nm, representing light-hole
exciton transition and heavy-hole exciton transition, respec-
tively.” Photoluminescence (PL) spectrum under continuous
wave (CW) laser of 400 nm (indicated by blue arrow, Figure
1g) shows two emission bands: an excitonic emission centered
at 456 nm with a full width at half-maximum (fwhm) of 75
meV and a lower energy peak at 516 nm with fwhm of 228
meV (fitting details see Figure S4 and Table S1). A below-
bandgap excitation observed using CW laser at 485 nm
(indicated by the red arrow) shows indistinguishable PL
(Figure 1g), suggesting that both 456 and 516 nm emissions
share the same excited states. Moreover, during the unbundling
process of NPL SLs, the broadband emission centered at 516
nm gradually disappeared (see Figures S5—S7). The
monodispersed NPLs exhibit monochromatic excitonic
emission centered at 452 nm and an almost unchanged
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Figure 2. Two-dimensional pseudo color map of the TA profile of (a) CdSe NPL SLs and (b) monodispersed NPLs. (c) Normalized AA intensity
of exciton (blue) and STS (red) as a function of pump fluence in CdSe NPL SLs. Curves are fitted based on the Poisson distribution model with
relative coefficient R = 0.995. (d) Photoexcited EPR spectrum of CdSe NPL SLs (dark blue) with g parameter of 2.002 + 0.001 excited with CW
laser of 360 nm. EPR signal with dark condition is plotted in gray. Inset presents an EPR sketch map. (e) Normalized decay dynamics of exciton
state and STS from CdSe NPL SLs and monodispersed NPLs, respectively. (f) Difference of onset time between exciton state and STS in CdSe
NPL SLs with 450 + 20 fs. The instrument response function with 120 fs is plotted in gray.

absorption spectrum (Figure 1h). The structure-sensitive
emission properties indicate that the broadband emission
peak, centered at 516 nm, can be attributed to the STS
emission rather than the defect or trap states emission. More
experimental data is provided below to confirm the role of
STS.

We conducted transient absorption (TA) measurements for
both NPL SLs and monodispersed NPLs in toluene solution.
Figure 2ab shows the pseudo color map of differential
absorption (AA) as a function of delay time with 400 nm
excitation (pump fluence of, 2.7 yJ/cm?). Both NPL SLs and
monodispersed NPLs show negative excitonic bleaching at 452
nm. In NPL SLs (Figure 2a), the extra negative peak located at
508 nm stems from STS emission, which is supported by
pump-fluence dependent AA measurement (see Figure 2c).
The nearly identical saturation trends for exciton and STS
(after normalization) can be well fitted using a saturation
absorption model (details see in Supporting Information Note
S1) within the pump fluence range over 2 orders of magnitude
(0.77 to 154 uJ/cm?). This behavior eliminates the
identification of defect or trapped states. Other evidence,
such as linear power-dependent PL spectrum (see Figure S8),
similar PL excitation spectrum with exciton states (see Figure
S8), and balanced element distributions in X-ray photoelectron
spectroscopy (Figure S9 and Table S2), further strengthen the
nature of STS. The observed negative peak at 508 nm for STS
in TA spectra is stimulated emission (SE) instead of ground
state bleaching.*” This is because there is no ground state
occupation for STS, which is indicated by the negligible PL
(Figure 1g) and TA signal (Figure S10) with below-bandgap
excitation.

The type of STS as hole self-trapping is verified usm
photoexcited EPR spectroscopy, as depicted in Figure 2d.*
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The obtained g-factor of 2.002 + 0.001 for NPL SLs (see
details in methods in Supporting Information) is identical to
the value of the free electron in vacuum (g, 2.002),
indicating the trapped hole property according to previous
reports (see Table S3).*” However, no EPR signal was
observed (Figure S11) in controlled monodispersed NPL
samples. The hole self-trapping behavior can be explained by
the large effective mass of the heavy hole (0.45m,) compared
to that of electrons (0.13m)."*

To explore the forming process of STS, the decay profiles of
excitons and STS from TA spectra are normalized in Figure 2e.
All dynamics can be fitted via a triexponential decay model
(see Supporting Information Note S2 and Figure S12). STS
has an average lifetime of ~3.00 ns, which is 8.3 times longer
than that of excitons (~0.36 ns, Table S4). The time-resolved
PL data indicates the slow recombination processes of STS
(see Figure S13) than that of excitons. The typical long
lifetime of STS can be attributed to the reduced wave function
overlap induced by strong EPC.”> The normalized onset
dynamics of exciton and STS are plotted in Figure 2f. An
ultrafast onset time of 450 =+ 20 fs is obtained for the STS by
comparing the rising edge between STS and exciton. Because
STS is localized and stabilized through lattice distortions
induced by phonons, the STS formation time is always related
to one vibration cycle of phonon.”””>* Although other
processes, such as electron—electron and electron—phonon
scattering, can also contribute to the STS formation, they can
be negligible because their time scales are significantly longer
than 450 fs.>> > Considering that the formation time of STS is
known (450 fs), we can estimate the phonon energy Q, as 9.2
meV (or 74 cm™') through the time-energy uncertamty
relation of €2, = 7/7. This phonon is located in the energy
range of acoustlc phonon branch in bulk CdSe crystal.*®
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The observation of coherent phonons upon photoexcitation
in TA spectra facilitates the investigation of transient EPC
dynamics in STS (see details Supporting Information Note
$3).”” From the first 9 ps delay in the TA spectra for CdSe
NPL SLs, the strong oscillations originating from coherent
phonons are observed over time in the STS SE region between
475 and 580 nm (Figure 3a). Figure 3b demonstrated the AA
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Figure 3. (a) Contour plot TA spectra of CdSe NPL SLs in the first 9
ps delay window. (b) Oscillatory components probed at 508 nm as
the residual part are extracted by subtracting the population decay
background. (c) FFT power spectrum of the oscillatory components
probed at 508 nm (STS) and 456 nm (exciton state). A native noise
background from laser power fluctuation is plotted in gray. (d) Raman
spectroscopy of monodispersed CdSe NPLs and CdSe NPL SLs.
Raman signals from NPL SLs are fitted via multi-Lorentz peaks. Sum
of the overall fitting is plotted as a red-dashed line. A set of peaks are
labeled as LA,—LA,. (e) Calculated ZFLAP dispersion in colloidal
CdSe NPL SLs in mini-Brillouin zone (labeled as mBZ) is filled with
yellow. The longitudinal acoustic phonon dispersion of the CdSe
crystal in the first Brillouin zone is indicated by the red line. Inset
presents the lattice vibrational diagram for upper and lower acoustic
phonon branch.

oscillation component probed at 508 nm (belongs to STS)
following population background subtraction. The correspond-
ing frequencies of the coherent phonons determined by fast
Fourier transform (FFT) are presented in Figure 3c. The noise
spectrum from the pump laser is provided as a baseline (see
details in Figure S14). A set of vibrational frequencies are
observed and indexed with Q; ~ 22 cm™, Q, # 48 cm™, Q, ~
62 cm™!, Q, ~ 80 cm™, and Qg ~ 115 cm™ .. For comparison,
coherent phonons modulated on the exciton state probed at
456 nm (see details in Figure S15) show the vibrational
frequencies at 22 and 180 cm™" (Figure 3c). The former (22
cm™!) is similar to Q, in STS, whereas the latter (180 cm™)
belongs to the reported surface optical phonons.” Different
coherent phonons observed between exciton and STS indicate
that Q,—€2 are mainly coupled on STS rather than exciton
state. For the STS part, time-frequency analysis demonstrates
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that all of the five modes (£2,—;) work together almost
simultaneously (Supporting Information Note S4, Figure S16).
Therefore, the mean phonon energy can be estimated to be 65
cm™, which is comparable to the value of Q, (74 cm™)
estimated from the STS onset time. Moreover, the five modes
(Q,—€) are not observed from monodispersed NPLs (see
Figure S17), indicating that these modes are tightly related to
the CdSe NPL SLs structure.

We used low-frequency Raman spectroscopy to further
study the origin of these five phonon modes (Q,—€;). The
CdSe NPL SLs are spin-coated onto silicon oxide and
measured using a 532 nm CW laser. SLs and monodispersed
NPLs exhibited both characteristic first-order longitudinal
optical phonon (208 cm™) and surface optical phonon (199
cm™") peaks (see Figure S18 and Table S5). However, a set of
narrow peaks located below the optical phonon band was only
observed in CdSe NPL SLs (Figure 3d). These modes are
denoted as follows: LA, of 23.7 cm™, LA, of 41.0 cm™, LA; of
58.9 cm™, LA, of 78.5 cm™, LA, of 98.4 cm™!, LA4 of 106.6
cm™!, and LA, of 117.4 cm™" (summarized in Table S6). These
observed values are consistent with Q- modes with small
deviations because of the limited resolution of TA measure-
ment. These LA;—LA; modes are regarded as the signatures of
the ZFLAPs in the SLs.” Zone-folding effects transform the
propagated acoustic phonons from the bulk first Brillouin zone
with wave vector kg, into the Raman-detectable ZFLAP with
wave vector kg, = kg, /N in the mini-Brillouin zone of SL.®°
Folding number N is experimentally calculated as 7, deduced
by N = dy/ay, where SL periodicity d, and lattice constant a,
are 2.85 and 0.40 nm, respectively, along the stacking direction.
The zone-folding effects for optical phonon can be ignored due
to the intrinsic short coherent length of optical phonon.”"®*
Bulk longitudinal acoustic phonon dispersion of wurtzite CdSe
in the first Brillouin zone is calculated, as shown in Figure 3e;
the inset illustrates the schematic of corresponding vibrational
modes.”® Theoretically, ZFLAP dispersion with N = 7 is built
by implementing a linear chain model (see Supporting
Information Note SS), as shown in Figure 3e. The calculated
zone-center phonon modes are extracted as follows: 21.0, 41.7,
61.7, 80.9, 98.7, 114.1, and 122.2 cm™!. These modes agree
well with the experimental data obtained by Raman,
confirming the existence of ZFLAPs.

The spatial localization of ST is illustrated in Figure 4a. For
charge carrier self-trapping via coupling with acoustic phonons,
the carriers are spatially localized through short-range
deformation interactions. STS localization length is compara-
ble to the length of lattice repeat unit.”> The fwhm value of
half-period of acoustic phonon wavelength (4,), which is
written as Iy, = 0.33 4, is used to estimate the localization
length of STS.>” In our work, A, of ZFLAP modes is calculated
as vr = 1.67 nm and I, is deduced to 0.56 nm with v; = 3700
m/s in bulk CdSe and 7 = 450 fs from TA spectra.’* As the
schematic illustrated in Figure 4a, the STS localization length
of ~0.56 nm is approximately equal to one unit cell (~0.40
nm) of wurtzite CdSe, suggesting that STS is highly localized.
As a comparison, the coherent motion length of exciton in
CdSe NPL is longer than 10 nm as reported in a previous
study.'' The strong spatial localization further relaxes the
momentum conservation of STS, enabling the EPC through
multiphonon participation.®®

The energy diagram of STS is summarized in Figure 4b.
Here, the EPC strength is quantified by a set of inter-related
parameters [S, AQ, E¢r].%° S is the dimensionless Huang—
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Figure 4. (a) Schematic of the STS localized via ZFLAP modes induced short-range deformation interactions. The dots between adjacent NPL
layers represent the ligand chains. (b) Schematic energy diagram of STS under the normal coordinate. GS and ES are ground state and excited
state, respectively. S is the Huang—Rhys parameter; Egr is self-trapping energy; AQ represents displacement between STS and ES. (c) Continuous
emission color changing during the unbundling process of CdSe NPL SLs from stacking into the monodisperse labeled in CIE chromaticity

coordinates with a total duration time of 300 min.

Rhys parameter representing the average phonon number
change during optical transitions,”” AQ is the dimensionless
displacement on normal coordinates equal to ~/2S (see
Supporting Information Note S6),%” and Egp is the self-
trapped energy induced by acoustic modes with Egr = SAQ,
where /iw represents the average phonon energy. Among these
parameters, the Huang—Rhys factor, S, plays the dominant
role. The S parameter in CdSe NPL SLs is calculated to be as
large as ~19.9 (see Supporting Information Note S7).
However, this value is slightly lower than that of existing
STS materials, such as Cs,AgInCl (38.7),” Sb,S; (38.5),"
and NaCl (42.0)® but is close to that of CdSe nanoclusters
(23.0).° However, for monodispersed NPLs the S value is
only 0.1 (see Supporting Information Note S7), which is
comparable to a previous report.”” The dramatic change in S
value in NPL SLs can be attributed to the following two
reasons: (1) the increased phonon density of states at the mini-
Brillouin zone center (Figure 3e); (2) the increased elastic
strain energy concentrated in the inorganic layer (see
Supporting Information Note S8, Figure $19).”"7?

After determining the Huang—Rhys parameter, S, in CdSe
NPL SLs, the recombination kinetics of STS are fully
established according to the parameters set [S, AQ, Egr], as
depicted in Figure 4b. The strong EPC shifts the potential
surface of the excited state upon excitation to the STS position
on normal coordinate with displacement of AQ in a time scale

of ~450 fs. The AQ (v/2S) reduces the wave function overlap
between the ground state and STS, leading to 8.5 times longer
lifetime of STS than that of exciton state (see Supporting
Information Note S$9). This value is consistent with the
experimental result (8.3 times) obtained from TA measure-
ments.”* The recombination processes of STS involve energy
reduction deduced by Eg; and multiphonon assistant deduced
by S, resulting in the observed below-bandgap and broadband
STS emission. Therefore, the STS emission can be well fitted
by a simulated line shape determined by Egr and S (Supporting
Information Note S10 and Figure S20). Figure 4c presents a
simple demonstration of STS manipulation via SL structure
control. The sonication assistance facilitated the unbundling of
CdSe NPL SLs. Thereafter, the ZFLAP modes gradually
vanished, and the [S, AQ, E4] continuously changed. The
emission spectra, illustrated in Figure S7, can be widely tuned

from green (0.22, 0.64) to blue (0.17, 0.09) in International
Commission on Illumination chromaticity coordinates.

B CONCLUSIONS

In summary, we demonstrated the strong STS emission from
CdSe NPL SLs in the spectral range of 450—600 nm. Through
comprehensive optical measurements, we revealed that STS is
generated via strong coupling of excitons and zone-folded
longitudinal acoustic phonons. The formation time scale of
STS is ~450 fs and the localization length is ~0.56 nm. To
evaluate the coupling strength, we estimated that the S
parameter in CdSe NPL SLs is as large as ~19.9, although its
monodispersed counterpart is only ~0.1. The increased
phonon density of states at the mini-Brillouin zone center
and the increased elastic strain energy concentrated in the
inorganic layer are the primary reasons for the strong coupling.
Our results suggest that an optimized design of the colloidal
nanoplatelet structures may provide new research opportu-
nities for EPC mechanisms and phenomenon beyond STS
emission.
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