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ABSTRACT: Perovskite nanoplatelets possess extremely nar-
row absorption and emission line widths, which are crucial
characteristics for many optical applications. However, their
underlying intrinsic and extrinsic line-broadening mechanisms
are poorly understood. Here, we apply multidimensional
coherent spectroscopy to determine the homogeneous line
broadening of colloidal perovskite nanoplatelet ensembles. We
demonstrate a dependence of not only their intrinsic line widths
but also of various broadening mechanisms on platelet
geometry. We find that decreasing nanoplatelet thickness by a
single monolayer results in a 2-fold reduction of the
inhomogeneous line width and a 3-fold reduction of the
intrinsic homogeneous line width to the sub-millielectronvolts

regime. In addition, our measurements suggest homogeneously broadened exciton resonances in two-layer (but not

necessarily three-layer) nanoplatelets at room-temperature.

KEYWORDS: semiconductor nanocrystals, lead-halide perovskites, homogeneous line broadening, multidimensional coherent spectroscopy,

electron—phonon coupling, excitation-induced dephasing

etal halide perovskites are a class of materials that
l \ / I have attracted tremendous interest in recent years
due to their superior performance in electronic
transport and optical interactions.'~* In particular, lead halide
perovskite nanocrystals have generated much excitement due
to their light absorption and emission properties.”°
Although perovskite nanocrystals were initially limited to
nanocube geometries, synthesis of perovskite nanoplatelets was
achieved shortly thereafter.”® Perovskite nanoplatelets share
the efficient and tunable photophysics of their nanocube
counterparts while possessing useful characteristics of their
own. Their planar geometry allows for directional light
absorption/ emission” and efficient energy transfer in stacked
superlattices,'® while precise control of the monolayer
thickness (more precisely each layer formed by Pb-halide
tetrahedra) results in homogeneity in the dominant out-of-
plane quantum confinement.'" Because the absorption and
emission energy of nanoplatelets are predominantly deter-
mined by the nanoplatelet thickness, variation in lateral
confinement of electronic excitations is commonly believed
to be negligible.
However, many practical applications of colloidal nano-
platelets are still hampered by spectral broadening due to size
and shape dispersion, known as inhomogeneous broadening.
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For example, overlap of absorption and emission bands of
nanoplatelet ensembles degrades their efficiency as lasing
media.'” Inhomogeneous broadening also obscures the
intrinsic homogeneous line width in absorption and
luminescence measurements, a fundamental metric for many
optoelectronic applications. In particular, elucidating the
dominant homogeneous broadening mechanisms is crucial
for optimizing energy transfer efficiencies of nanoplatelet
superlattices.'"”'" To properly determine the homogeneous
and inhomogeneous line widths and determine their under-
lying broadening mechanisms, a more advanced nonlinear
spectroscopic technique is required to separate and character-
ize the two contributions to line width broadening.

By correlating absorption and emission spectra, multidimen-
sional coherent spectroscopy (MDCS)'® is able to separate
homogeneous and inhomogeneous broadening mechanisms
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(b) FWM

Figure 1. (a) Diagram defining the time-delays 7, T, and ¢ that we Fourier transform along to generate an MDCS spectrum. (b) Experimental
schematic, consisting of three phase-stable laser pulses arranged in the box geometry that generate a photon echo. Inset shows transmission
electron microscopy image of studied 170 °C nanoplatelets (MDCS measurements are performed on a colloidal suspension).

into orthogonal directions in a multidimensional spectrum. In MAPDI; nanoplatelets to extract the homogeneous line width
particular, the ability of MDCS to circumvent inhomogeneous at a single temperature and excitation density,”” but such
broadening has already proven invaluable in studying the measurements return a single ensemble-averaged value for the
homogeneous properties of colloidal nanoparticles."*~"” In this homogeneous line width and provide no information about its
work, we apply MDCS at cryogenic temperatures to variation across the inhomogeneous distribution. In contrast,
simultaneously determine the homogeneous and inhomoge- the cross-diagonal line shape of a 2D spectrum at a given
neous line widths of two-layer and three-layer CsPbl, position along the diagonal iwcp = |hw,| = |hw|| reflects the
perovskite nanoplatelet ensembles. We find that a change in ensemble-averaged homogeneous response of nanoplatelets
thickness by a single layer drastically changes the degrees of with a resonance energy h@cp. Fitting the diagonal and cross-
both homogeneous and inhomogeneous broadening. Temper- diagonal lineshapes simultaneously”' then provides the

ature- and excitation power-dependent measurements reveal

. . . _n
the dominant line width broadening mechanisms to be homogeneous and inhomogeneous line widths (y = T, and

acoustic phonon coupling and excitation induced dephasing o, respectively). Here, our 2D spectra are acquired at T = 1 ps,
(EID). By extrapolating their linear line width temperature to preclude effects of subpicosecond population relaxation and
dependences, we expect homogeneously broadened exciton pulse-overlap effects. However, because the nanoplatelet
resonances in two-layer nanoplatelets at room temperature but absorption line widths exceed the widths of our excitation
not necessarily for thicker nanoplatelets. spectra, the diagonal line widths in our 2D spectra do not
represent the total inhomogeneous distribution of nanoplatelet
RESULTS AND DISCUSSION resonance energies. To prevent distortion of fitted homoge-
To perform MDCS we use a multi-dimensional optical neous line widths by such finite pulse bandwidth effects, we
nonlinear spectrometer”’ in which three phase-stabilized laser further divide out zggi experimental excitation spectrum for
pulses generate a nonlinear four-wave-mixing (FWM) signal as each 2D spectrum.™ \
a function of three time delays 7, T, and t (shown in Figure The exciton Bohr diameter in bulk CsPbl; is 12 nm™ and
1a). Fourier transforming the FWM signal as a function of thus for nanoplatelets comprised of few monolayers the
delays 7 and t then generates a two-dimensional (2D) spectra absorption and photoluminescence peaks are predominantly
(with conjugate axes %, and hw,) which correlates determined by the nanoplatelet thickness (only weakly
absorption and emission dynamics.16’17 dependent on the lateral size). This results in spectrally well-
In 2D spectra, inhomogeneous and homogeneous broad- separated peaks as previously demonstrated by us and
ening manifest as broadening in the diagonal (lAw,| = |hw|) others.****” Both two-layer and three-layer thick nanoplatelets
and orthogonal cross-diagonal directions, respectively.”' We were synthesized at a reaction temperature of 170 °C, as
note that a time-integrated FWM study has been performed on evident from the appearance of two distinct peaks in low-
6500 https://doi.org/10.1021/acsnano.0c09244
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Figure 2. Temperature-dependent absorption spectra of nanoplatelets synthesized at 170 °C. A single broad absorption peak is visible at
room temperature, which splits into two distinct peaks attributed to different layer thicknesses at cryogenic temperatures.
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Figure 3. (a,c) Magnitude 2D spectra of (a) three-layer and (c) two-layer nanoplatelets synthesized at a reaction temperature of 170 °C and
acquired with excitation densities Ny = 1.753 X 10" and 1.875 X 10" cm ™, respectively, at the indicated temperatures. The waiting time
was set to T = 1 ps to avoid coherent signals during pulse overlap. (b,d) Cross-diagonal slices of the (b) three-layer and (d) two-layer 2D
spectra centered at 2045 and 2113 meV, respectively. The cross-diagonal slice location for the 10 K slice in (b) is indicated by the white
dashed arrow in (a). Experimental data and line shape fits are plotted as the shaded area plots and dotted lines, respectively.

temperature absorption spectra shown in Figure 2 (see
Supporting Information). The additional peak should be
distinguished from those of other origins such as light-hole/
heavy-hole splitting in CdSe nanoplatelets”® (which is not
relevant in the single-valence band structure in CsPbl,™”) or
internanocrystal coupling (which should be negligible in the
dilute colloidal suspensions studied here). Measurements were
also performed on three-layer nanoplatelets synthesized at a
reaction temperature of 110 °C, from which no spectral
contribution from two-layer nanoplatelets was observed (see
Supporting Information for low-temperature absorption
spectra). Although photoluminescence spectra of these
samples indicate the presence of even thicker nanoplatelets,
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their resonance energies lie outside of the tuning range of our
laser source and are not accessible in our current experimental
setup.

Transmission electron microscopy (TEM) measurements
performed on each sample inform average lateral edge lengths
of 10.7 &+ 2.3 and 12.4 + 2.0 nm for the 110 and 170 °C
nanoplatelets with out-of-plane thickness statistics provided in
the Supporting Information. The lateral size uncertainties
represent the standard devations of the extracted size
distributions (see Supporting Information). No strong depend-
ence of lateral size on nanoplatelet thickness was observed (see
Supporting Information).
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Figure 4. Dependence of the fitted homogeneous line widths on temperature for three-layer (left) and two-layer (right) nanoplatelets
synthesized at a reaction temperature of 170 °C. Experimental parameters are the same as in Figure 3. The homogeneous line widths for
both samples follow linear temperature dependences. The linear fits shown are y = 1.67 + (0.045)T meV (three-layer) and y = 0.45 + (0.032)
T meV (two-layer). The values of y and ¢ extrapolated to room-temperature are plotted in the inset. The inhomogeneous line widths, found
by fitting the low-temperature absorption peaks to Voigt lineshapes as described in the text, are 6 = 21.32 meV (three-layer) and 6 = 9.84
meV (two-layer) and plotted as horizontal dotted lines in the insets. We note that the maximum two-layer measurement temperature of 45 K
is limited by a combination of the increase in resonance energy with temperature®* and the tuning range of our excitation laser.

Thermal Dephasing. Magnitude 2D spectra of three-layer
and two-layer nanoplatelets are shown in Figure 3a,c,
respectively. The vertical and horizontal axes represent the
absorption and emission energies of the colloidal nanoplatelets
as indicated, and the negative absorption energies reflect
inverse phase evolution between delays 7 and t. The diagonally
elongated lineshapes indicate that despite dominant out-of-
plane quantum confinement exciton resonances in perovskite
nanoplatelets still possess inhomogeneous broadening due to
varying confinement of lateral exciton center-of-mass motion.
The degree of inhomogeneous broadening depends strongly
on layer thickness, which is evident from the difference in
diagonal widths between Figure 3a,c.

With increasing temperature, the lineshapes in the cross-
diagonal direction broaden, which is characteristic of thermal
dephasing due to elastic exciton—phonon scattering.’”’’
Specifically, first-order exciton—phonon scattering processes
result in broadening that may be modeled by a linear
temperature dependence for the homogeneous line width**

r(T, Ny) = }’O(NX) + AT (1)
where yo(Ny) is the zero-temperature line width at a given
excitation density Ny and the second term represents coupling
to low-energy acoustic phonon modes with coupling strength
A. In anticipation of the experimental line width temperature
dependence, we neglect broadening due to discrete og)tical
phonon modes that result in a nonlinear increase.’”> To
quantify thermal broadening in each system, we plot cross-
diagonal slices centered at Aiwcp = 2045 and 2113 meV in
Figure 3b,d, which reflect homogeneous broadening of
nanoplatelets with resonance energy fiwcp. The lineshapes fit
well to expressions derived for exponential dephasing in the
Markovian limit.”' As the nanoplatelet bandgaps blue-shift
with increasing temperature, we adjust the slice locations by a
commensurate energy.

The temperature-dependent values of the homogeneous line
width y (each fitted from a 2D spectrum taken at its respective
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temperature) are plotted in Figure 4. By extrapolating to zero-
temperature, we find different intrinsic line widths of y, = 0.45
meV (170 °C two-layer) and 2.10/1.67 meV (110/170 °C
three-layer). These values are comparable to measured
homogeneous line widths of single CdSe nanoplatelets (y =
0.2 meV at 20 K*°) and single CsPbBr, nanoplatelets (y = 0.47
meV at § K*’). To explain the surprising difference in line
widths between the different thicknesses, we note that optical
line widths are fundamentally limited by the excited population
relaxation rate. In CdSe colloidal nanospheres and nano-
platelets, the dominant population relaxation channel is a spin-
flip process between an optically active bright-exciton manifold
and an optically inactive dark state which inhibits light-
emission.””**?” Waiting time dependence of the integrated
FWM signal reveals biexponential population relaxation
dynamics, which indicates that this model also applies to
perovskite nanoplatelets (see Supporting Information).
Decreasing nanoplatelet thickness (increasing electron—hole
exchange interaction) results in a larger bright-dark energy
splitting,28 and consequently a slower spin-flip relaxation rate.
The line width also increases linearly with temperature, which
is characteristic of acoustic phonon coupling as described by eq
1. The thermal dephasing parameters extracted from the linear
fits shown in Figure 4 are A = 0.032 meV/K (two-layer) and A
= 0.045 meV/K (three-layer), which indicate relatively weaker
acoustic phonon coupling in the former. Weaker vibrational
coupling in two-layer nanoplatelets is also reflected in their
smaller thermal band gap renormalization shown in Figure 2 in
which the exciton absorption peak center energy shifts by 31
meV for the three-layer nanoplatelets and only 16 meV for the
two-layer nanoplatelets. Both values are comparable to that of
similar two-dimensional systems such as monolayer WSe,
(0.06 meV/K)* and quantum wells (~0.01 meV/K).**
Although optical phonon coupling is not manifest in the
temperature regime shown in Figures 3 and 4, it is worth
considering their possible effects at higher temperatures. There
are two main pieces of evidence that point toward negligible
optical phonon coupling in CsPbl; nanoplatelets, even at

https://doi.org/10.1021/acsnano.0c09244
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higher temperatures. First, in recent works on MDCS of
CsPbl; nanocubes,'” clear sidebands (the equivalent of
phonon replicas) were observed due to electron—phonon
coupling involving optical phonons.”” This is qualitatively
different from the multidimensional spectra of CsPbl,
nanoplatelets studied here, which always exhibit a single,
inhomogeneously broadened peak. Second, another signature
of electronic coupling to optical phonons is in the thermal
band 8p renormalization. This was the subject of previous
work®® which examined the shifts in absorption resonances of
CsPbl; nanocubes and nanoplatelets. While the nanocubes
exhibited highly nonlinear shifts in absorption energy with
temperature (see also ref 40), the nanoplatelets only exhibited
a linear increase in absorption energy with temperature due to
acoustic phonon coupling (see Supporting Information). This
behavior persists from liquid helium to room temperature,
which implies a linear increase of y up to room temperature as
well. In the insets of Figure 4, we plot the inhomogeneous line
width (found by fitting the absorption peaks at 10 K to Voigt
profiles*" by using our respective measured values of y) and
extrapolate the homogeneous line widths to room temperature.
Although the extrapolation is not optimal due to lack of data in
the intermediate temperatures, these curves lead to a rough
prediction of the crossover temperature at which homoge-
neous broadening exceeds inhomogeneous broadening. The
crossover temperatures for two-layer and three-layer nano-
platelets are 292 and 434 K, which indicate that thinner
nanoplatelets are indeed homogeneously broadened at room
temperature. In three-layer nanoplatelets, the extrapolated
homogeneous line width at room temperature (y(294 K) =
14.98 meV) is still significantly smaller than the inhomoge-
neous line width (¢ = 21.32 meV), suggesting that further
work is required to minimize size inhomogeneity in thick
nanoplatelets for homogeneous exciton resonances at long-
wavelengths.

The large inhomogeneous broadening in three-layer nano-
platelets also invites further resolving their temperature
dependence analysis in terms of resonance energy, which
corresponds to the cross-diagonal slice position in a 2D
spectrum. The extrapolated zero-temperature homogeneous
line width y, is plotted in Figure S as a function of slice
position, which exhibits an increase with increasing slice
position (resonance energy). The slice position (resonance
energy) dependence of the thermal dephasing parameter A is
then plotted for both samples in Figure 5 which appear to vary
inversely with y,. These trends undoubtedly relate to edge
effects, since the resonance energy distribution may be directly
related to the size and shape anisotropy in the lateral direction.
Furthermore, the average edge length of the 110 °C
nanoplatelets is 10.7 nm which approaches the exciton Bohr
diameter in CsPbl, (which is half of its bulk value of 12 nm*’
for an ideal two-dimensional system). The inflection point near
2047 meV may therefore arise from a change in lateral
confinement regime. In the weak confinement regime of the
170 °C sample, the intrinsic line width decreases while the
thermal broadening parameter increases with shrinking nano-
platelet area. The inverse is true for the intermediate
confinement regime of the 110 °C sample, which indicates
different underlying physics that determine the exciton
dephasing dynamics.

Excitation-Induced Dephasing. Another dominant ex-
trinsic dephasing mechanism in semiconductors is excitation-
induced dephasing (EID),*>*** which arises from electronic

6503

°

< 0.06 | ° 1
E004F S o 0, o 1
< O

0.02f | \ \ . -

3 : . T
00%° 042 00%° © o0 o U
28} SRR e e 1
":Lf:g;gaiayer'#z: ) o
T

26 e 1
— 24} O 10cC 1
2 ® 170C O
E ,o} 1
o
&~ oo O

2F o . 1
18 B . ] -
® o
16} ° 1
14l \ , \
2040 2050 2060 2070 2080

Slice Energy (meV)

Figure 5. Dependence of the zero-temperature line width 7,
(bottom plot) and thermal broadening parameter A (top plot)
on slice position for both three-layer samples synthesized at 110
and 170 °C reaction temperatures. The values y, are found by
extrapolating the fitted line widths to zero-temperature, as shown
in Figure 4.

many-body interactions. MDCS is ideal for studying EID, as
exciton and biexciton dynamics are well-separated in both the
temporal and spectral domains (see Supporting Information).
Our narrow excitation bandwidths, well-matched to the probed
exciton resonances, restricts the source of EID to exciton—
exciton scattering.””** In two-dimensional systems, this may be
described by a linear dependence on excitation density Ny for
the homogeneous line width

y(T, Ny) = y(T) + BNy (2)

where y(T) is the zero-density line width at temperature T and
B is the exciton—exciton interaction strength. The excitation
densities are calculated from the experimental laser parameters
and sample optical density.

The homogeneous line width at 10 K is plotted in Figure 6a
as a function of excitation density for both two-layer and three-
layer nanoplatelets. We find that the line width increases
linearly with excitation density for both thicknesses and
reaction temperatures, a clear signature of EID, as described by
eq 2. The EID parameter B for three-layer nanoplatelets
synthesized at both temperatures is then plotted as a function
of slice location in Figure 6b, which, most notably, exhibits a
rapid increase in EID below 2055 meV. The sharp increase in
EID with decreasing resonance energy for 170 °C nano-
platelets may be understood by noting the linear dependence
of absorption cross-section on lateral area®* and by considering
the effect of nanoplatelet size on multiple exciton dynamics. In
large nanoplatelets (smaller resonance energy) multiple
excitons may form, which may then undergo scattering events
that result in EID. This explains the increase in EID with
decreasing slice energy below 2055 meV. The observed
increase in EID beyond 2055 meV (with decreasing nano-

https://doi.org/10.1021/acsnano.0c09244
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Figure 6. (a) Fitted values of the homogeneous line width as a
function of excitation density for three-layer (top) and two-layer
(bottom) nanoplatelets at 10 K. The three-layer line widths are
fitted from slices taken at 2070 meV (110 °C, inset) and 2042 meV
(170 °C) whereas the two-layer line widths are fitted from slices at
2113 meV. (b) Dependence of the EID parameter B on slice
position in three-layer nanoplatelets.

platelet size) is unexpected, which we speculate as due to
polaronic effects that result in increasing sensitivity to EID.*
Because the nanoplatelet size is still comparable to the exciton
Bohr diameter, the EID parameters measured here are much
smaller than the EID parameter in, for example, monolayer
WSe, (2.7 X 1072 meV cm?®). We note that the EID
parameters measured for two-layer nanoplatelets (see Support-
ing Information), for example B = 1.43 X 107'* meV cm® at
lhw,| = |hw] = 2113 meV, lie between the range of values
measured for three-layer nanoplatelets synthesized at the same
temperature, which indicates minimal effect of nanoplatelet
thickness on EID in this size regime.

CONCLUSIONS

In conclusion, we have measured the intrinsic homogeneous
line width and its broadening mechanisms in CsPbl; perovskite
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nanoplatelets as a function of platelet geometry. By informing
the relevant design parameters for optical resonances, our
results are directly relevant for implementing colloidal
nanoplatelets in practical devices. For example, we find that
large-area nanoplatelets offer advantages such as narrow
intrinsic homogeneous line widths and lower thermal broad-
ening and are therefore likely to be advantageous in coherent
optoelectronic devices. However, small-area nanoplatelets
(that suppress multiple exciton formation) may be required
for narrow and stable exciton resonances in high optical
intensity applications. We realize the narrowest, sub-milli-
electronvolts intrinsic line widths by reducing the nanoplatelet
thickness to a mere three polyhedral layers, which represents
an important step toward engineering ideal atomlike emission
from colloidal materials.

METHODS

CsPbl; Nanoplatelet Synthesis Method. CsPbl; nanoplatelets
were synthesized according to a procedure detailed elsewhere.”®
Briefly, 15 mg of Cs,CO; and 158 mg of Pb(acetate),3H,0 were
loaded into SO mL, 3-neck flask along with 1 mL of oleic acid (OA),
0.5 mL of oleylamine (OLA) and 4.5 mL of 1-octadecene (1-ODE).
The mixture was kept at 100 °C for 1 h under reduced pressure. After
complete degassing of the mixture, the system was kept under
nitrogen flowing and heated-up until the specified reaction temper-
ature (either 110 or 170 °C). Then, a solution containing 130 mg of
Snl, in 1 mL of 1-ODE, 0.5 mL of OA, and 0.5 mL of OLA (all
solvents were predegassed before using) was swiftly injected. The
mixture was rapidly placed into a water bath until room temperature.
The nanoplatelets were separated from the crude solution by
centrifugation at 13500 rpm for 10 min and resuspended with
anhydrous n-hexane.

Cryogenic Temperature Measurements. The CsPbl; nano-
platelets are suspended in heptamethylnonane, a branched alkane that
forms a transparent glass at temperatures below 100 K. Importantly,
perovskite nanocrystals may degrade due to interactions with their
environment. To minimize such effects, the samples, held in a sealed
beaker, were stored in a dark refrigerator for the duration of their
lifetime. Upon each experimental measurement, a subset of the
nanoplatelets was pipetted out of the main beaker and loaded between
two sapphire windows in a custom sample holder approximately 0.5
mm thick, which is then mounted to a liquid helium coldfinger
cryostat and cooled to cryogenic temperatures.

MDCS Measurements. The excitation laser pulses used to
perform multidimensional coherent spectroscopy (MDCS) are
generated at a 250 kHz repetition rate by an optical parameteric
amplifier (Coherent OPA 9400) pumped by a regenerative
Ti:sapphire amplifier (Coherent RegA 9000). The FWM signal is
isolated by wave-vector phase-matching in the box geometry (shown
in Figure 1b), measured via spectral interferometry”’ with a fourth
phase-stabilized local oscillator pulse. All pulses are colinearly
polarized and measured to be approximately 70 fs in duration via
intensity autocorrelation.

Exciton Density Calculation. To calculate the exciton excitation
density, we use

B (1 = 107°7)

2
ar fr o En

I =

()

is the average power per excitation beam, A = 1-107°P js
the linear absorbance of each respective nanoplatelet ensemble, r = 55
pm is the focused beam radius at the sample, f,, = 250 kHz is the
excitation repetition rate, and E,, is the excitation photon energy.

where P,

avg
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