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ABSTRACT: Nanoplatelets (NPLs)colloidally synthesized,
spatially anisotropic, two-dimensional semiconductor quantum
wellsare of intense interest owing to exceptionally narrow
transition line widths, coupled with solution processability and
bandgap tunability. However, given large surface areas and
undercoordinated bonding at facet corners and edges, excitation
under sufficient intensities may induce anisotropic structural
instabilities that impact desired properties. We employ time-
resolved X-ray diffraction to study the crystal structure of CdSe
NPLs in response to optical excitation. Photoexcitation induces
greater out-of-plane than in-plane disordering in 4 and 5
monolayer (ML) NPLs, while 3 ML NPLs display the opposite
behavior. Recovery dynamics suggest that out-of-plane cooling slightly outpaces in-plane cooling in 5 ML NPLs with recrystallization
occurring on indistinguishable time scales. In comparison, for zero-dimensional CdSe nanocrystals, disordering is isotropic and
recovery is faster. These results favor the use of NPLs in optoelectronic applications, where they are likely to exhibit superior
performance over traditional, zero-dimensional nanocrystals.
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Two-dimensional materials, such as transition metal
dichalcogenides, black phosphorus, and graphene, present

remarkable properties that arise from their structures, which pair
spatial extension in the lateral plane with quantum confine-
ment.1−3 As a result, 2D semiconductors have received
significant attention for atomic-scale transistors, photocatalysts,
spintronics, and optoelectronics.1,4−7 The promise of 2D
colloidal nanomaterials such as nanoplatelets (NPLs) likewise
stems from their spatially extended lattices, coupled with the
benefits of tunable electronic bandgap and solution process-
ability of well-defined structures whose properties do not
depend on the selected substrate. The NPL bandgap can be
tuned via the number of unit cells comprising the particle
thickness,8−13 ligand identity,14−17 or composition (such as the
growth of a semiconductor shell or crown18−20 or compositional
alloying21,22). As a result of quantum confinement in one
dimension paired with spatially extended morphology, NPLs
exhibit nearly homogeneous ensemble emission line widths,8,23

large absorption cross sections,24,25 and reduced rates of Auger
recombination26,27 compared to zero-dimensional nanocrystals
(NCs). Notably, these features have led to the development of
high-performance light-emitting diodes (LEDs)28,29 and nano-
scale lasers with low gain thresholds.26,30 Although these devices

subject the optically active layer to high intensity excitation, the
potential of such conditions to engender structural modifica-
tions in NPLs is not known.
Following photoexcitation or electrical injection, deposited

energy in excess of the band gap heats the lattice through
electron−phonon coupling.31,32 Under low carrier loads, lattice
heating is typically negligible; however, at high carrier injection
conditions, such as those used in high current LEDs or lasers,
lattice heating becomes significant enough to potentially impact
structure and device performance.33−35 In NCs, heat deposition
is particularly consequential, as finite lattice sizes and large
surface-to-volume ratios reduce thermal conductivity36 and
reduce melting points via increased surface energy.37−39 In
highly anisotropic structures such as 2D colloidal NPLs, large,
flat facets appear, but the presence of higher surface energy
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corners and edges may confer greater susceptibility to
melting.40,41 Ultrafast electron diffraction and X-ray scattering
studies of 2D materials physically grown on substrates have
revealed anisotropic responses following photoexcitation with
large atomic displacements and wrinkling of the layers following
photoexcitation.42−44 Because NC structure and shape dictate
electronic structure, effects such as rippling of 2D materials can
impact bandgap and related optoelectronic properties.45,46

Here, we study the response of colloidal NPL crystal structure
upon optical excitation using time-resolved X-ray diffraction
(TR-XRD). TR-XRD has previously been used to measure
transient structural responses to ultrafast optical excitation in
semiconductor NCs, revealing effects such as thermal expansion,
disordering of the crystal lattice, and phase transitions.33,34,47−50

Using three thicknesses of CdSe NPLs, we show that intense
optical excitation induces anisotropic disordering of the NPL
lattice with more significant out-of-plane than in-plane disorder-
ing in 4 and 5 ML NPLs, and the opposite effect in 3 ML NPLs.
Recovery dynamics in 5 ML NPLs are also probed, revealing
slightly faster out-of-plane than in-plane cooling, and overall
slower recovery dynamics than in quasi-spherical CdSe NCs.
CdSe NPLs of three different thicknesses, shown via

transmission electron microscopy (TEM) in Figure 1a and
UV−Vis absorption in Figure S1, were synthesized according to
previously published procedures.8,26 In the thickness (or z)
direction, NPLs are composed of n alternating monolayers
(ML) of Cd and Se (n = 3, 4, 5) and terminated by one final layer
of Cd to achieve NPLs that measure 0.9, 1.2, and 1.5 nm in
thickness, respectively. Lateral sizes measure 37 nm× 67 nm, 7.4
nm × 23 nm, and 7.6 nm × 41 nm for 3, 4, and 5 ML NPLs,
respectively (see also Supporting Information Table S1). Oleate
ligands passivate the Cd2+-terminated surfaces. Atoms pack in a
tetragonally distorted zinc blende crystal structure,14 giving rise
to the static XRD patterns shown in Figure 1b. Tetragonal

distortion manifests in the appearance of the forbidden (110)
peak and via multiple components in the (220) peak family,
which arise from expansion of the lattice laterally (in the x- and
y-directions) and contraction vertically (in the z-direc-
tion).14,51,52 More distortion in thinner NPLs, along with
different aspect ratios, result in distinct (220) line shapes for the
different NPL thicknesses. NPL thickness increases along the
[001] axis, as shown in Figure 1c, such that the large NPL lateral
surfaces are composed of (001) planes. Because of Scherrer
broadening that arises from reduced unit cell repeats in small
crystals, the sharp (400) diffraction peak arises primarily from
planes that repeat along the length of the NPL in the longest
direction (the [100] axis, or x-direction). Contributions from
the (040) and (004) planes, repeating along the much shorter
[010] and [001] axes, are likely too weak and too broad to be
observed. Similarly, diffraction from (220) planes in the xy plane
(parallel to the thickness, or z, direction) is sharp, compared to
the convolved, broader (202) and (022) planes (see Figure S3).
The (400) diffraction peak thus provides insight into in-plane
dynamics along the lateral extent of the NPL, whereas both in-
plane and out-of-plane dynamics are revealed via analysis of the
(220) peak family.
To investigate the impact that photoexcitation at elevated

fluences imparts on NPL structure, we employed TR-XRD at
Beamline 11-ID-D of the Advanced Photon Source (Argonne
National Laboratory) as illustrated in Figure S4. NPLs dispersed
in dodecane were photoexcited by 1.6 ps, 400 nm (3.1 eV) pump
pulses at 10 kHz and probed at fixed delay times by 79 ps, 11.72
keV X-ray probe pulses. The transient scattering X-ray response,
ΔS, was isolated by subtracting the diffraction pattern prior to
photoexcitation from that after photoexcitation (see the
Supporting Information for details regarding data processing).
Figure 2a shows TR-XRD patterns for 5MLCdSe NPLs at 40

ps, the time delay with the strongest observed transient

Figure 1. Static characterization of CdSe nanoplatelets. (a) Transmission electron microscopy images of 3, 4, and 5MLCdSeNPLs. Scale bars are 100
nm. (b) Baseline-subtracted static X-ray diffraction patterns of 3, 4, and 5 ML CdSe NPLs dispersed in solvent (dodecane for 3 and 4 ML,
heptamethylnonane for 5 ML) at 30 °C. For reference, the bulk zinc blende CdSe diffraction pattern is shown in black below the experimental data
(ICSD 41528). (c) Schematic of a 4 ML zinc blende CdSe NPL, showing alternating layers of Cd and Se stacked along the [001] direction. In-plane
dynamics can be observed by monitoring the response of the (100) planes after photoexcitation, whereas out-of-plane dynamics can be obtained from
the response of the (001) planes.

Nano Letters pubs.acs.org/NanoLett Letter

https://dx.doi.org/10.1021/acs.nanolett.0c03958
Nano Lett. 2021, 21, 1288−1294

1289

http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c03958/suppl_file/nl0c03958_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c03958/suppl_file/nl0c03958_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c03958/suppl_file/nl0c03958_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c03958/suppl_file/nl0c03958_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c03958/suppl_file/nl0c03958_si_002.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c03958?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c03958?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c03958?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c03958?fig=fig1&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.0c03958?ref=pdf


response. Inspection of the TR-XRD line shape for each
diffraction peak reveals the extent to which crystalline planes
transiently disorder after photoexcitation. Thermal expansion
only, with no disordering, shifts diffraction peaks to lower q
values, resulting in the TR-XRD patterns highlighted in Figure
2b in gray. (Temperature-dependent static X-ray diffraction
measurements of 5 ML CdSe NPLs, presented in Figure S7, do
not show the decrease in scattering intensity with q2 as expected
from Debye−Waller theory.) The (400) peak deviates only
minimally from this line shape, pointing to in-plane thermal
expansion with minimal in-plane disordering on the time scale of
this experiment. In contrast, the (220) peak family presents
more prominent negative features, signaling loss in diffraction
intensity that arises from significant out-of-plane disordering,
possibly consistent with buckling that decreases out-of-plane
unit cell registry.
As shown in Figure 2b, the excitation fluence dependence of

these two peaks is also anisotropic. Although the line shape of
the (400) peak remains relatively unchanged between 1.6 and 17
mJ/cm2, the (220) peak family progressively loses more
scattering intensity. This behavior suggests fairly constant in-
plane disordering with marginal fluence dependence, in contrast
to the strongly fluence-dependent out-of-plane disordering (see
also Figure S8). Notably, out-of-plane disordering may lead to
undesirable changes in electronic properties (such as transition
line width), as NPL thickness dominates these characteristics.
Such anisotropic response to photoexcitation is not present in

quasi-spherical wurtzite33 or quasi-spherical zinc blende CdSe
NCs, which both display isotropic changes to the lattice, as well
as substantial disordering at comparable fluences (see Figure
S9). Furthermore, the relative lack of in-plane disordering in

CdSe NPLs even at elevated fluences suggests that CdSe NPLs
are more robust to optical excitation than quasi-spherical CdSe
NCs. The highest fluence probed here of 17 mJ/cm2

corresponds to an average of 4 excitons/nm3 (based on an
absorption cross-section of 4 × 10−14 cm2; see Supporting
Information for details), yet NPLs retain in-plane crystallinity.
This is in contrast to quasi-spherical CdSe NCs, which exhibit
extensive disordering (akin to melting) at exciton densities
above 1 exciton/nm3.33 This is likely due to the prominence of
flat faces over much of the NPL surface, in comparison to the
highly convex surfaces of quasi-spherical NCs.
Figure 3 displays normalized TR-XRD patterns of the (220)

and (400) peaks for 3, 4, and 5 ML NPLs (see also Figure S10).

As the NPL thickness increases, the response of the (220) peak
family changes in accordance with the differing distributions of
the (220), (202), and (022) components observed in static
diffraction (Figure 1b). Interestingly, the 3 ML sample exhibits
disordering in the (220) plane at all examined powers, possibly
due to the enhanced flexibility of the thinner structures. As
shown in Figure S11, the lowest power at which we discern
changes in scattering intensity (1 mJ/cm2) in the (220) peak
family features the same extent of disordering as observed at
higher studied fluences. This is markedly different than the
previously observed behavior for quasi-spherical CdSe NCs,33

Figure 2. Time-resolved X-ray diffraction of 5 ML CdSe NPLs, 40 ps
after photoexcitation. (a) TR-XRD patterns as a function of increasing
fluence. (b) TR-XRD patterns, normalized to a maximum of 1, for the
(220) and (400) peaks. The area shaded in gray represents the TR-
XRD pattern that results from only a peak shift to lower q (i.e., thermal
expansion). Deviations from this line shape arise from loss in diffraction
due to transient disordering.

Figure 3. Thickness dependence of NPL thermal response. (a) TR-
XRD patterns, normalized to a maximum of 1, of the (220) and (400)
peaks 40 ps after excitation for 3, 4, and 5 ML NPLs at comparable
fluences. The areas shaded in gray represent the TR-XRD patterns that
result from only a peak shift to lower q (i.e., thermal expansion). (b)
Fraction of the integrated |ΔS| peak area that stems from transient
disordering for the (220) versus (400) planes at ∼10 mJ/cm2 for each
thickness.
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where thermal expansion is the dominant response at low
powers and disordering only arises with increasing fluence.
To quantify the extent of disordering in each plane as a

function of NPL thickness, in Figure 3b we plot the fraction of
the integrated peak area that stems from transient disordering
for the (220) versus (400) peaks at ∼10 mJ/cm2, which
corresponds to ∼2−3 excitons/nm3 in all three samples. The
area that arises from disordering is quantified as the component
that cannot be attributed to the gray shaded area in Figure 3a
arising from thermal expansion. Consistent with the qualitative
results obtained from Figure 2b, Figure 3b shows that
disordering for 5 ML NPLs is anisotropic. In the (400)
direction, disordering contributes to 40 ± 2% of the peak area,
while disordering contributes to 53 ± 2% of the peak area in the
(220) direction. Four ML NPLs display similar trends,
suggesting that thick NPLs respond to photoexcitation
anisotropically with more pronounced disordering in the out-
of-plane direction. On the other hand, disordering only
contributes to 18 ± 1% of the (220) peak area for 3 ML
NPLs, compared to 53± 9% for the (400) plane. Thinner NPLs
thus display anisotropic disordering in an opposite manner, with
stronger in-plane disordering, perhaps because of their enhanced
flexibility.
Recovery dynamics of the 5 ML diffraction peaks, generated

by integrating the absolute value of the change in scattering
intensity at each diffraction peak as a function of delay time, are
plotted in Figure 4a. Analysis of recovery dynamics yields
information regarding the time scales of both cooling (the
reversal of thermal expansion) and recrystallization (the reversal
of disordering). Indeed, as shown in Figure 4a, recovery appears
biexponential with τ1 requiring about 100 ps and τ2 occurring on
a nanosecond time scale (see Table S5 for fits). Though
admittedly not outside error bars, a slight difference in fitted τ1
values appears to exist, as the (220) peak family recovers with τ1
= 107 ± 29 ps while the (400) peak recovers with τ1 = 147 ± 42
ps. Since the (220) peak family dynamics probe both in-plane
and out-of-plane recovery, these lifetimes point to potentially
anisotropic recovery dynamics, with faster out-of-plane cooling.
This can perhaps be attributed to shorter distances and more
rapid surface scattering in the out-of-plane direction compared
to the in-plane direction. The second, slower recovery
component of τ2 ≈ 1 ns is attributed to slower dissipation at
the surface/ligand interface. Notably, complete recovery in
CdSe NPLs is much slower than that of quasi-spherical CdSe

NCs, where the latter cool and recrystallize within a few hundred
picoseconds.33

TR-XRD line shape during recovery aids assignment of the
two lifetimes to cooling versus recrystallization. Figure 4b
displays normalized transient diffraction patterns for the 5 ML
(400) peak following photoexcitation, whereas Figure 4c
displays un-normalized transient diffraction patterns for both
the (220) and (400) peaks. Over the first 500 ps following
photoexcitation, the degree of disordering (i.e., the peak line
shape) in the (400) peak displayed in Figure 4b remains
unchanged, suggesting that any recrystallization thus far is
minor. Instead, the disappearance of the (220) peak positive
component and the shift of the (400) peak to progressively
higher q-values in Figure 4c indicate that the fast component of
the recovery dynamics corresponds to cooling. Recrystallization
occurs over nanoseconds, as evidenced by the loss of diffraction
intensity due to disordering remaining past 1 ns.
In conclusion, we have shown that CdSeNPL lattices respond

anisotropically to controlled fluence optical excitation. Follow-
ing excitation, the crystal lattice undergoes both thermal
expansion and disordering, but to different degrees along
different axes. Out-of-plane disordering is more significant than
in-plane disordering for 4 and 5MLNPLs, whereas the opposite
holds true for thinner 3 ML NPLs. These findings offer
significant implications for optoelectronic devices, where the
ability to operate at high excitation densities without loss of
tailored properties is advantageous. In particular, out-of-plane
disordering in NPLs could lead to changes in the bandgap,
resulting in lower color gamut in LEDs or detrimental transition
line broadening effects in lasing.53 Together, these results
suggest that both NC composition and structure influence
crystal lattice stability and resulting optical performance.
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Sample details (synthesis, UV−Vis spectra, transmission
electron microscopy, additional discussion regarding the
crystal structure, and absorption cross-sections); exper-
imental methods and data processing of time-resolved X-
ray diffraction data; calculation of heating-only TR-XRD
patterns; and supplementary data (temperature-depend-
ent static X-ray diffraction used to evaluateDebye−Waller

Figure 4. Cooling and recrystallization dynamics of 5 ML CdSe NPLs. (a) Recovery dynamics in 5 ML NPLs after 400 nm excitation at 11 mJ/cm2,
determined by integrating |ΔS| for each peak. For each curve, dynamics is normalized to 1. Solid lines are biexponential fits to the data. Inset shows fit to
longer time delays. (b) TR-XRD of the (400) peak at four different time points early in the recovery process, normalized to a maximum value of 1. No
change in line shape is apparent. (c) TR-XRD patterns of the (220) and (400) peaks up to 5 ns after photoexcitation.
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effects, fluence-dependent data for spherical CdSe NCs,
fluence-dependent data for 3 and 4 ML CdSe NPLs,
fluence-dependent data for in-plane and out-of-plane
disordering, and fitted recovery dynamics for 3 and 5 ML
CdSe NPLs) (PDF)
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