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Abstract

Here, we systematically investigated the spontaneous and stimulated emission performances of

solution-processed atomically flat quasi-2D nanoplatelets (NPLs) as a function of their lateral

size using colloidal CdSe core NPLs. We found that the photoluminescence quantum efficiency

of these NPLs decreases with increasing lateral size while their photoluminescence decay rate

accelerates. This strongly suggests that nonradiative channels prevail in the NPL ensembles

having extended lateral size, which is well-explained by growing number of defected NPL sub-

population. In the case of stimulated emission the role of lateral size in NPLs influentially

emerges both in the single- and two-photon absorption (1PA and 2PA) pumping. In the amplified

spontaneous emission measurements, we uncovered that the stimulated emission thresholds of

1PA and 2PA exhibit completely opposite behavior with increasing lateral size. The NPLs with

larger lateral sizes exhibited higher stimulated emission thresholds under 1PA-pumping due to

the dominating defected sub-population in larger NPLs. On the other hand, surprisingly, larger

NPLs remarkably revealed lower 2PA-pumped amplified spontaneous emission thresholds. This

is attributed to the observation of “gaint” 2PA cross-section overwhelmingly growing with

increasing lateral size and reaching record high levels higher than 106 GM, at least an order of

magnitude stronger than colloidal quantum dots and rods. These findings suggest that the lateral

size control in the NPLs, which is commonly neglected, is essential to high-performance

colloidal NPL optoelectronic devices in addition to the vertical monolayer control.

KEYWORDS: Semiconductor nanoplatelets, colloidal quantum wells, lateral size,

photoluminescence quantum efficiency, amplified spontaneous emission, stimulated emission,

giant two-photon absorption cross-section.
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Since the first synthesis of colloidal semiconductor nanocrystals (NCs),1 there is an ever

increasing interest in colloidal nanomaterials owing to their unique optical and electronic

features that enable advanced optoelectronic devices.2–6 The physical properties of the colloidal

semiconductors can be engineered by tailoring their size and shape in addition to composition.

There are previous reports that studied strongly size dependent optical properties in colloidal

quantum dots including extinction coefficient, photoluminescence quantum efficiency (PL-QE)

and multi-exciton kinetics in relation to nonradiative Auger recombination.7–15 Recently, a new

type of atomically flat nanocrystalline colloids known as solution-processed nanoplatelets

(NPLs), or colloidal quantum wells, has been introduced.16 The NPLs have lateral dimensions

that are much larger than the exciton Bohr radius of the material (i.e., CdSe, CdTe, CdS, etc.)

and also than their well-defined and well-controlled vertical thicknesses, typically of several

monolayers (MLs).16,17 Therefore, there exists strong quasi-1D quantum confinement in these

NPLs.

Semiconductor NPLs offer advantageous optical properties including narrow photoluminescence

emission at room temperature (full-width at half-maximum as small as 30 meV) together with

their giant oscillator strength, which are tunable by controlling their vertical thickness.17–23

Thanks to these favorable features, the NPLs have become appealing for numerous applications

including light-emitting diodes (LEDs)24 and colloidal lasers.25–28 To date, core only NPLs have

been extensively studied because of their optimized synthesis conditions available in the

literature. Among various investigated properties are electroabsorption,29 anisotropic optical

properties,30 recombination dynamics,18 controlled stacking,31 and excitonic interaction between

NPLs.32 Additionally, various heterostructures have been developed and studied in the form of



core/shell and core/crown architectures allowing for further excitonic engineering.19,21,33–35 Thus

far, vertical thickness dependent optical properties have been heavily studied including

photoluminescence decay kinetics,18,20,22,36,37 temperature dependent trends,17,18 and exciton-

phonon coupling.23 For example, in the core/crown CdSe/CdS NPLs, optimization of the lateral

extent of the crown layer has been shown to be crucial for the stimulated emission.26 Also, it was

reported that increasing the lateral area alters the excitonic properties of the core/crown

CdSe/CdTe NPLs having Type-II electronic structure.33,38 In addition, increasing lateral size in

the NPLs have been shown to increase the oscillator strength transition at low temperatures.39

Furthermore, in the case of the stacked NPLs, the ratio of the phonon emission line intensity to

the main emission line increases with increasing lateral size at cryogenic temperature.40

However, the lateral size dependency of spontaneous emission kinetics and efficiency or

stimulated emission performance in CdSe NPLs have not been studied nor elucidated yet.

Although the strong quantum confinement in these NPLs is only in the vertical direction, it has

thus for remained unknown to what extent the lateral dimensions would affect the optical and

excitonic properties in the NPLs and how critical the lateral size is in spontaneous and stimulated

emission processes, which are crucial for high performance in light-generating device

applications.

Here, we report the systematic lateral size study of optical and excitonic properties of CdSe

NPLs in the weak lateral confinement regime for both spontaneous and stimulated emissions. We

synthesized CdSe NPLs having different lateral sizes. We observed that the spontaneous

emission spectra of the NPLs do not exhibit any significant spectral shift as their lateral size is

extended. However, the photoluminescence decay rate was found to strongly accelerate and PL-

QE of these NPLs was observed to considerably decrease with increasing lateral size. These



observations strongly suggest the increasing overall nonradiative decay with increasing lateral

area. To explain these observations, we have analyzed the PL decay kinetics via considering

defected and non-defected NPL sub-populations revealing that defected NPL population fraction

increases more than 2-folds as the lateral area is increased. With this understanding, we

systematically studied both single- and two-photon absorption pumping with increasing lateral

size. The NPL ensembles having fewer defected NPL fraction exhibits lower amplified

spontaneous emission threshold under single-photon absorption pumping, whereas the NPLs

with the larger lateral size achieve the lower threshold for two-photon absorption pumping owing

to the giant nonlinear absorption cross-section as high as 2 × 106 GM.

Results and Discussion

The synthesis of CdSe core-only NPLs having zinc-blende crystal structure was carried out using

a modified recipe.19 CdSe NPLs having different lateral sizes were synthesized using the same

recipe with different growth times (see experimental section for detail). The vertical thickness

and the mean lateral size of the NPLs are extracted from the transmission electron microscopy

(TEM) images (Figure 1). The synthesized CdSe NPLs have the same vertical thickness (~1.2

nm) corresponding to 4 MLs. This is consistent with the photoluminescence and absorbance

peaks in Figure 2.18,30 The lateral sizes of the NPLs were analyzed to be 170.0 ± 22.5 nm2 (NPL-

1), 269.6 ± 38.6 nm2 (NPL-2), 377.6 ± 56.4 nm2 (NPL-3), and 391.9 ± 65.7 nm2 (NPL-4).



Figure 1. Transmission electron microscopy (TEM) images of the 4 ML CdSe NPLs having different
lateral sizes: (a) 170.0 ± 22.5 nm2 (NPL-1), (b) 269.6 ± 38.6 nm2 (NPL-2), (c) 377.6 ± 56.4 nm2 (NPL-3)
and (d) 391.9 ± 65.7 nm2 (NPL-4), grown using different growth times.

Figure 2 shows the absorbance and steady state photoluminescence spectra of the NPLs in

hexane at room temperature. For each NPL, the absorbance spectrum exhibits two peaks: a sharp

peak at 512 nm and the broader peak at 480 nm, corresponding to the electron-heavy hole (e-hh)

and the electron-light hole (e-lh) transitions, respectively. The photoluminescence spectra show a

single narrow peak at 513 nm, resulting from the radiative recombination at the electron-heavy

hole transition,17 with very small Stokes shift (~1 nm). As the lateral size of the NPLs grows

larger, the photoluminescence emission peak does not change its spectral position. Also, the full-

width-at-half-maxima (FWHM) of the photoluminescence emission peaks remain unchanged (~



8 nm). The detailed information for the absorption and photoluminescence spectra is given in

supporting information (see Table S1). Having the same features in the UV-Vis and the

photoluminescence spectra with growing lateral size suggests weak quantum confinement in the

lateral plane owing to the fact that the lateral dimensions are much larger than the exciton Bohr

radius of CdSe.39,41

Figure 2. Absorption and photoluminescence spectra of the 4ML CdSe NPLs grown in lateral direction
with different growth times. The peaks labeled as e-lh and e-hh in the absorption spectrum correspond
to the electron-light hole and the electron-heavy hole transitions, respectively.

To understand the fluorescence decay kinetics of the NPLs as a function of the changing lateral

size, time-resolved fluorescence spectroscopy using time-correlated single photon counting



(TCSPC) system was performed (Figure 3). Here we used a pulsed pump laser (375 nm, 2.5

MHz repetition rate, < 100 ps pulse width) to excite the diluted NPL solutions in hexane. The

exciton density per NPL is very small (<N> << 1) due to very low intensity of the pump laser.

Figure 3(a) shows the fluorescence decay curves measured at the peak emission wavelength

(~513 nm) of the NPLs for four different samples. The fluorescence decay curves of the NPLs

were numerically fitted with multi-exponential decay functions indicating the presence of

multiple decay channels in the ensemble of the NPLs. The fitting parameters are given in Table

S2. The multi-exponential decay behavior in both a single NPL and ensemble of NPLs were

previously reported.23,37,41 Tessier et al. have performed single NPL based time-resolved

fluorescence spectroscopy and measured PL decay curves that could be fitted by three

exponential decay functions.41 This indicates that individual NPLs exhibit complex decay

dynamics possibly due to the presence of more than one radiative channels (i.e., direct radiative

recombination and trap-related radiative recombination) in addition to nonradiative (i.e., electron

and hole traps) channels present in the NPL ensembles. Figure 3(b) presents the fluorescence

lifetime components of the measure in different NPL ensembles of varying mean lateral size.

These four exponential decay components have distinct lifetimes: ~90 ns, ~16 ns, ~4 ns and ~0.5

ns. Amplitude-averaged photoluminescence lifetime τav of the NPL ensembles with increasing

lateral size is presented in Figure 3(c) showing that the τav decreases from 7.61 to 2.73 ns as the

mean lateral size of the NPLs is increased. This shortening in the photoluminescence lifetime

was previously reported in epitaxial quantum wells that was studied as a function of well

thickness.42 In the colloidal NPLs, photoluminescence lifetime has been studied as a function of

temperature revealing the giant oscillator strength transition in these materials, although lateral

size dependence has not been understood to date.17,39,41



Figure 3. (a) Time-resolved fluorescence decays of the NPLs having different lateral sizes. The inset
shows the zoom-in of the same TRF decay. Evolution of (b) the lifetime components of fluorescence
decays, (c) the amplitude-averaged photoluminescence lifetimes, (d) photoluminescence quantum
efficiency (PL-QE) (e) the percentage steady state contribution from each decay component of the NPLs
and (f) calculated fraction of NPL sub-populations as a function of the lateral size. The dotted lines are a
guide for eyes.



One possible hypothesis to explain the accelerated photoluminescence decay rates with extended

lateral size is the increasing radiative rates due to increasing oscillator strength. To check this

hypothesis, photoluminescence quantum efficiency (PL-QE) of different NPL ensembles was

measured using a reference dye Rhodamine 6G (Rh6G) having 95% PL-QE in its very diluted

ethanol solution at room temperature (see Figure S1). Previously in core-only NPLs, PL-QE was

reported to be 30-50%.16,17,27,40,43 However, the relation between the PL-QE and the lateral size

of the NPLs has not been studied. Here, we find that the PL-QE substantially decreases from

76.8% to 33.3% as the lateral size of the NPLs increases (see Figure 3(d)). This shows that the

hypothesis concerning increasing radiative rates cannot be correct. Thus, the observed strong

decrease of the PL-QE in the larger lateral size NPLs cannot be accounted for the increasing

oscillator strength. The decrease in the PL-QE of the NPLs together with the accelerated

photoluminescence decay rates strongly suggests the increased overall nonradiative

recombination in these NPLs. A simple calculation (PL-QE = γRad/( γRad + γNonrad)) indicates that

effective nonradiative decay rate increases by 8-folds in the larger lateral area NPLs (i.e., NPL-4)

as compared to the smaller ones (i.e., NPL-1), whereas the radiative decay rate (and, thus, the

oscillator strength) increases only by 1.2-folds.

To understand the effect of nonradiative recombination channels in the NPLs, we look into the

exponential photoluminescence decay components and their steady state contributions, which are

quantified with Ai×τi products (i = 1 to 4) where Ai represents the amplitude of the exponential

decay and τi is its characteristic lifetime, extracted from numerical fits to the photoluminescence

decay curves using the relation:
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Each Ai×τi term corresponds to the area under the corresponding exponential decay curve giving

its specific steady state contribution within the total emission. Figure 3(e) exhibits the fractional

change of the steady state contribution of each lifetime component for four different NPL

samples being studied here. As the size of the NPLs is increased, the relative contribution of

A4×τ4 term increases from 3.15% to 14.94%. The fractional contributions of other lifetime

components (i.e., A1×τ1, A2×τ2, and A3×τ3) are observed to decrease with increasing lateral size.

Increasing contribution from A4×τ4 term as the PL-QE decreases would strongly imply that τ4

component, which is the fastest lifetime, is related to a nonradiative decay channel within the

NPL population. For example, fast hole-trapping is widely observed in Cd-based NCs especially

due to poor surface passivation and Cd-vacancies.44–46 Recently, Kunneman et al. have also

shown that large fraction of the NPL populations contain NPLs with hole traps exhibiting

lifetimes on the order of 10s or 100s of picoseconds.36 As the lateral size of an NPL is increased,

the probability of finding a hole trap state such as a Cd-vacancy within that NPL would be

increasing. Therefore, the population fraction of the NPLs having hole traps would be higher in

an NPL ensemble having a larger mean lateral size, which would in turn strongly decrease the

ensemble PL-QE. Recently, we have shown that such defected NPLs can strongly quench the

photoluminescence emission of the stacked NPLs due to ultra-fast exciton transport within the

stacked NPLs through Förster resonance energy transfer.31 The lateral size dependent

photoluminescence decay components (τi) and fractional emission contributions (
� � ×� �

∑ � � × � �
), which

are listed in Table S2, indicate that while the lifetime components do not change significantly as



a function of the lateral size (see Figure 3(b)), the fractional emission contributions do (see

Figure 3(e)). Therefore, the amplitude average lifetimes change considerably with the lateral

size. The shortening in the amplitude average lifetimes might be explained by changing relative

contributions of the lifetime components due to the changing population fractions of the defected

and non-defected NPLs in the ensemble. With increasing lateral size, the number of defected

NPLs grows larger. As a result, the overall nonradiative channels in the NPL ensembles are

increased with the increased lateral size. We also observe exactly the same lateral size dependent

behavior in the NPL populations synthesized using the core-seeded approach (see Table S3 and

S4, and Figure S2 and related discussion in the supporting information). Similarly, such complex

PL decay kinetics have been previously observed in the CdSe NCs47,48 and in CdSe NPLs31,36

arising due to dynamic surface trapping. Furthermore, the surface trapping in the NCs has been

shown to be highly sensitive to temperature and time since these can excitonically alter the

heterogeneity of the NC populations.

To develop a better insight, we quantitatively calculate the change of the NPL sub-populations

for the different NPL ensembles. Here, we assume that the NPL population consists of two types

of NPLs: non-defected and defected (i.e., having rapid nonradiative recombination).31,36

Previously, Dubertret group has observed the presence of three distinct fluorescence lifetime

components in emissive NPLs via single particle measurements.41 These lifetime components

match very well with τ1 (80-100 ns), τ2 (15-18 ns), τ3 (1-3 ns) lifetime components that we found

in our work. Therefore, we relate these lifetime components (τ1, τ2 and τ3) as the distinct radiative

states in non-defected NPLs. In the case of defected NPLs, the fastest lifetime component τ4 (0.6-

0.8 ns) is attributed to as the nonradiative channel (i.e., hole trapping) since its contribution

significantly increases (from 3% to 15%) as the PL-QE of the NPLs decreases. We assume that



x% of the NPL population consists of non-defected NPLs and the rest (1-x)% consists of

defected NPLs (see Figure S3). Non-defected NPLs are assumed to have a PL-QE of 100% and

exhibit only τ1, τ2 and τ3 lifetime components. On the other hand, defected NPLs have the fast

nonradiative lifetime of τ4 in addition to three distinct radiative lifetime components. The PL-QE

in the defected NPLs is found by considering that the nonradiative channel (τ4) would compete

with each of the radiative channels (τ1, τ2 and τ3) individually. Therefore, τ1-τ4, τ2-τ4 and τ3-τ4

combinations (see Figure S3) would result in PL-QEs (PL-QE = γRad/( γRad + γNonrad)) of ~0.7%,

~3.5%, and ~18%, respectively. Considering that these three distinct radiative emission channels

have almost equal contribution to the total radiative emission, which can be justified by

considering their almost equal fractional emission contributions as shown in Table S2, the PL-

QE of a defected NPL would be calculated to be ~8%. We match the calculated PL-QEs to

experimentally measured PL-QEs for the different NPL samples (NPL-1, -2, -3 and -4) via

choosing the population fraction (x%) of the non-defected and ((1-x)%) defected NPLs properly

(PL-QE = 100% × x + 8% × (1-x)). We observe that NPL-1 has the lowest defected NPL

population fraction (~30%) since it has the highest PL-QE. As the lateral area of the NPL

samples increases, the defected NPL population fraction increases up to 70% (for the NPL-4)

(see Figure 3(f)). This explains the significantly reduced the PL-QEs in the larger lateral area

NPLs. Furthermore, to check the consistency of the calculated defected and non-defected NPL

sub-population fractions with the time-resolved fluorescence measurements, we calculated the

contribution of the fluorescence lifetime components to the total emission of the NPL ensemble

(see Table S5) for the two NPL sub-populations. In this calculation, we assumed the

contributions of the radiative channels τ1, τ2 and τ3 to the total emission to be almost equal (i.e.,

35, 35 and 30%, respectively). We justify this by the observation of the fractional contributions



of the τ1, τ2 and τ3 lifetime components to the experimental data in Table S2. In the case of the

contribution of the lifetime components to the total emission in the defected NPLs, the presence

of the fast nonradiative τ4 component and the low PL-QE (~8%) are considered. In Table S6, we

summarize the calculated emission contributions of all lifetime components for the four different

NPL ensembles and the calculated values were compared to the experimental ones. The

calculated emission contributions exhibit a very good match with the experimental ones.

Therefore, the change of the population fraction of the defected NPLs causes the reduced PL-

QEs in the increased lateral area NPLs. This good agreement between the calculated and the

experiment data for each NPL ensembles (NPL-1, -2, -3 and -4) exhibits a strong support for the

hypothesis that the nonradiative decay pathways dictate the decreasing trend in the PL-QE due to

poorly passivated surfaces (acting as fast hole traps) becoming dominantly stronger with

increasing lateral size.

Recently, optical gain has been shown in the colloidal NPLs independently by She et al.25 using

core/shell architecture and Guzelturk et al.26 using core/crown architecture. A record high optical

gain coefficient among all colloidal optical gain media, which is as high as 650 cm-1, has been

achieved using the core/crown NPLs.26 Most recently, Grim et al. have shown that continuous

wave pumped optical gain is possible in the NPL based gain media.27 These recent works

strongly suggest that colloidal NPLs are extremely promising materials for lasers.26,27 However,

the dependency of the optical gain threshold, at which pump intensity the amplified spontaneous

emission (ASE) can be initiated, on the lateral area of the NPLs has not previously been

elucidated. Here, we studied the optical gain performance of the CdSe NPLs having varying

lateral sizes. To this end, we investigated both single- and two-photon absorption pumped ASE

(1PA- and 2PA-ASE) in the NPL samples mentioned above. We prepared solid film samples of



the NPLs (i.e., NPL-1, NPL-2, NPL-3 and NPL-4) on glass substrates via drop-casting from

concentrated solutions.

Single-photon absorption pumped (400 nm, 120 fs, 1kHz) ASE measurements were performed

via using stripe excitation configuration to excite the samples through a cylindrical lens (f = 20

cm). We used a variable neutral density filter before the cylindrical lens to adjust the excitation

intensity. The pump intensity dependent emission spectra are presented in Figure 4(a) for the

exemplary case of NPL-1. In 4 ML thick CdSe NPLs, the ASE peak was observed at ~532 nm

arising due to the biexcitonic optical gain.26,27 Here, in accordance with the previous reports, we

observed a red-shifted ASE peak that has a FWHM as narrow as 6 nm at room temperature.The

transition from the spontaneous emission to the stimulated emission is visible for the excitation

intensities higher than 45 µJ/cm2. The emission intensity vs. single-photon pump intensity

measurements are shown in Figure 4(b) for all of the NPLs. The 1PA-ASE threshold is the

lowest for the NPL-1, which has the smallest lateral size. As the lateral size is increased, the ASE

threshold becomes progressively larger (see Figure 4(c)). This indicates that for single-photon

absorption pumping, there is a strong correlation between the PL-QEs of the NPLs and the

stimulated emission thresholds. As the NPL lateral size is increased, the defected NPL (i.e., NPL

with a fast nonradiative trap channel) population also increases in number. Therefore, in the

dense solid-state films of the NPLs, which are required for the optical gain purposes, strong

nonradiative energy transfer among the same type of NPLs can quench the emission

considerably.31 Therefore, NPL populations having lower defected NPL fraction will be

favorable for optical gain and light-generation application.

We also performed two-photon absorption pumping (800 nm, 120 fs, 1 kHz) to realize frequency

up-converted ASE in the NPLs, which is interesting for nonlinear optical applications including



frequency up-converted lasers and bio-imaging. Recently, 2PA-ASE has been shown to be

possible in the NPLs by our group.26 However, the lateral size dependency of the frequency up-

converted optical gain has not been considered before. In the nonlinear processes such as two-

photon absorption, the physical volume becomes critical.28,49–51 Therefore, one might expect to

observe different trends for the two-photon pumped optical gain performance of the NPLs as

compared to single-photon pumping. Figure 4(d) shows the emission spectra of the exemplary

case NPL-4 for different pump intensities revealing the transition from spontaneous to stimulated

emission. The emission intensity vs. two-photon pump intensity measurements are depicted for

all four NPLs in Figure 4(e). The 2PA-ASE threshold is found to be the lowest for NPL-4, which

has the largest lateral size. As the lateral size is decreased, the threshold for ASE increases (see

Figure 4(f)). This shows an opposite trend to that of 1PA-ASE. Increasing the lateral size of the

NPLs is important for boosting the nonlinear optical response. Therefore, larger area NPLs offer

better response in terms of optical gain threshold despite the increasing overall nonradiative

decay channels in the ensemble. The single- and two-photon absorption pumped ASE thresholds

are given in Table S7.



Figure 4. (a) Single-photon absorption (1PA) pumped ASE of the 4ML CdSe NPLs (NPL-1) having a
lateral size of 170.0 nm2. (b) 1PA pumped luminescence vs. pump intensity of the NPLs having different
lateral size. (c) Evolution of the 1PA pumped ASE thresholds with lateral size. (d) Two-photon
absorption (2PA) pumped ASE of the NPL-4 having a lateral size of 391.9 nm2. (e) 2PA pumped
luminescence vs. pump intensity of the NPLs having different lateral size. (f) Evolution of the 2PA
pumped ASE thresholds with lateral size. The dotted lines are a guide for eyes. The 1PA- and 2PA-ASE
thresholds exhibit opposite trends over for varying lateral size.



To understand the trend of decreasing 2PA-ASE threshold with increasing lateral size, we

measured the two photon absorption (2PA) cross-section of the NPL ensembles by open-aperture

z-scan technique (see SI for the details of the experiment). We dissolved 0.497 µM (NPL-2) and

0.299 µM (NPL-4) solutions of the NPL ensembles in hexane in a 1 mm quartz cuvette. The

concentration of the NPL solutions were determined via analysis of the concentration by the

elemental analysis using inductively coupled plasma optical emission spectroscopy (ICP-OES).

We fit the normalized transmittance data using Eq. S1. Two-photon absorption cross-section of

the smaller NPL ensemble (NPL-2) is found to be 0.537 × 106 GM (1 GM = 10-58 m4 × s ×

photon-1), while 2.247 × 106 GM is measured for the largest NPL ensemble (NPL-4). This

comparative measurement shows that 2PA cross-section grows overwhelmingly stronger with

increasing lateral size and reaches extraordinarily high levels. To the best of our knowledge, this

“giant” two-photon absorption cross-section measured in our largest NPL ensemble is the highest

reported nonlinear absorption cross-section in all colloidal semiconductor NCs. Previously, in

the case of colloidal quantum dots, two-photon absorption cross-section was measured to be up

to 50,000 GM.28 In the case of colloidal nanorods, two-photon absorption cross-section was

found as high as 2.3 × 105 GM.52 In the organic semiconductors, the maximum two-photon

absorption cross-section was reported up to 106 GM.53 Therefore, this giant two-photon

absorption cross-section makes colloidal NPLs highly attractive and suitable materials for bio-

imaging in deep tissues via using near-infrared (NIR) sources. To understand the observed

unprecedented nonlinear optical properties further, our detailed studies are currently ongoing.



Figure 5. Comparative open aperture z-scan measurement of the NPL ensembles having lateral area of
269.6 nm2 (NPL-2) and 391.9 nm2 (NPL-4). The fit of the z-scan measurement gives a giant two-photon
absorption cross-section of 0.537 × 106 GM and 2.247 × 106 GM for the NPL-2 and NPL-4, respectively.

Conclusion

In summary, we have investigated the effect of lateral size variation on the optical and excitonic

properties of the colloidal CdSe NPLs having 4 ML of thickness both for spontaneous and

stimulated emissions. In the spontaneous emission, we found accelerating photoluminescence

decay rate and decreasing PL-QE at room temperature with increasing lateral size. Contrary to

expectations, this reveals that the nonradiative channels dictate the observed trend due to

increasing fraction of the defected NPL sub-population with extended lateral size. In the case of

stimulated emission, both the single- (1PA) and two-photon absorption (2PA) pumping ASE

measurements exhibit size-dependent behavior. However, their ASE threshold trends over

varying laterals size are completely opposite. The NPLs with a larger lateral size show a higher

threshold in 1PA-pumped ASE due to their decreased quantum efficiency, as compared to the



smaller ones. On the other hand, the larger NPLs enable a lower threshold in 2PA-pumped ASE

owing to their strongly increased nonlinear absorption cross-section. This increase is so large that

the nonlinear absorption cross-section reaches record high levels above 106 GM.

Lateral size control of the NPLs, therefore, proves to be critical in the resulting optical and

excitonic properties. The vertical dimension of the NPLs, though leading to the strong quantum

confinement, does not alone set the properties of spontaneous and stimulated emissions. In

particular, a careful selection of the NPL lateral size is essential to low-threshold 1PA- and 2PA-

ASE. Also, the “giant” nonlinear absorption cross-section observed in the NPLs, measured here

as high as 2.25 × 106 GM for a lateral size of ~392 nm2, is at least an order of magnitude stronger

than those of colloidal quantum dots and rods ever reported to date. We believe that these new

findings will help to realize high-performance solution-processed NPL devices.
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METHOD

Synthesis of the 4 ML CdSe NPLs: For a typical synthesis, 170 mg of cadmium myristate, 12 mg

of selenium (Se) and 15 mL of octadecene (ODE) are loaded into a three-neck flask. After

evacuation of the mixed solution at room temperature for 1h, it is heated to 240 0C under argon

(Ar) atmosphere. When the temperature reaches 1950C, the color of solution becomes yellowish,

55 mg of cadmium acetate dihaydrate is introduced swiftly into the reaction. After 2, 4, 6 and 8

min of growth of CdSe NPLs for NPL-1, NPL-2, NPL-3 and NPL-4 at 240 0C, respectively, the

reaction is stopped and cooled down to room temperature with the injection of 0.5 mL of oleic

acid (OA). The resulting 4 ML CdSe NPLs are separated by other reaction products with

successive purification steps. First, the resulting mixture is centrifuged at 14500 rpm for 10 min,

and the supernatant is removed from the centrifuge tube. The precipitate is dried under nitrogen

and dissolved in hexane and centrifuged again at 4500 rpm for 5 min. In the second step, the

supernatant is seperated into another centrifuge tubes and ethanol is added into supernatant

solution untill it becomes turbid. In the last step, after the turbid solution is centrifuged at 4500

rpm for 5 min, the precipitate is dissolved in hexane and filtered with 0.20 micrometer filter.

Core-seeded approach for growth of the 4 ML CdSe NPLs in lateral dimensions:

The synthesis of the 4 ML CdSe having different lateral size with crown-like growth process is

performed with the injection of cadmium (Cd) and selenium (Se) precursors which are prepared

with a modified recipe.19 The starting core-only 4 ML CdSe NPLs (csNPL-1) is synthesized with



using 40 mg of cadmium acetate dihaydrate for 5 min growing time. The certain amount of NPLs

that is dissolved in hexane and 5 mL of ODE is loaded into a three-neck flask. The solution is

degassed to remove all hexane, water, and oxygen inside the solution. Then, under the argon

atmosphere, the solution is heated to 240 0C. When temperature reaches 240 0C, 0.25 mL (for

csNPL-2) and 0.50 mL (for csNPL-3) of Cd-Se precursors are injected with the rate of 4 mL/h.

After the injection of Cd-Se precursors, the reaction is stopped with the injection of 0.5 mL of

OA and the system is cooled to room temperature. The resulting NPLs are purified with

successive purification steps as described before.
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