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H
ighly luminescent colloidal semi-
conductor nanocrystals1 have been
widely explored as optical gain

media2�10 because of their tunable emis-
sion and gain wavelengths, low cost, and
solution processability. The early demon-
strations of optical gain and lasing using
colloidal quantum dots (QDs) showed that
high pump thresholds, typically on the or-
der of 1 mJ/cm2, were required to generate
amplified spontaneous emission (ASE).2�10

These high thresholds retarded the demon-
stration of multicolor lasing using QDs,
particularly in the blue. The major obsta-
cle is fast nonradiative Auger recombina-
tion,11 which causes the fast decay of the
biexciton state required for optical gain.
Various shapes and compositions of nano-
crystals, for example, spherical “giant”
QDs,12 quantum rods (QRs),5,9 and tetra-
pods,13 have been designed to reduce Auger
recombination rates. Alternatively, nano-
crystals supporting the single-exciton gain

mechanism,8,14,15 which bypasses losses
through Auger recombination, have also
been proposed to reduce the threshold.
These efforts have pushed the threshold
down to sub-100 μJ/cm2,12,13,15 and multi-
color lasing using QDs was further demon-
strated.15 Using colloidal nanoplatelets
(NPLs), with the electronic structure of quan-
tum wells,16 our recent work showed a
record low ASE threshold of 6 μJ/cm2.17

Green lasing using these NPLs thus became
possible.18 Moreover, the low threshold
renders continuous-wave lasing feasible,19

which opens up opportunities for pumping
NPL lasers with GaN LEDs and other inex-
pensive light sources.
ASE and lasing in the blue range are

particularly challenging because blue emis-
sion typically requires small nanocrystals, in
which the Auger rate increases inversely
with the nanocrystal volume.11 In addition,
small QDs havehigh surface-to-volume ratios
that can lead to a high density of trap states.
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ABSTRACT There have been multiple demonstrations of amplified spontaneous emission

(ASE) and lasing using colloidal semiconductor nanocrystals. However, it has been proven difficult

to achieve low thresholds suitable for practical use of nanocrystals as gain media. Low-threshold

blue ASE and lasing from nanocrystals is an even more challenging task. Here, we show that

colloidal nanoplatelets (NPLs) with electronic structure of quantum wells can produce ASE in the

red, yellow, green, and blue regions of the visible spectrum with low thresholds and high gains.

In particular, for blue-emitting NPLs, the ASE threshold is 50 μJ/cm2, lower than any reported

value for nanocrystals. We then demonstrate red, yellow, green, and blue lasing using NPLs with different thicknesses. We find that the lateral size of NPLs

does not show any strong effect on the Auger recombination rates and, correspondingly, on the ASE threshold or gain saturation. This observation

highlights the qualitative difference of multiexciton dynamics in CdSe NPLs and other quantum-confined CdSe materials, such as quantum dots and rods.

Our measurements of the gain bandwidth and gain lifetime further support the prospects of colloidal NPLs as solution-processed optical gain materials.

KEYWORDS: nanoplatelets . semiconductor nanocrystals . Auger recombination . optical gain . amplified spontaneous emission .
lasing
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Blue ASE was initially observed at liquid nitrogen
temperature,7 although blue lasing was achieved at
room temperature shortly after, with a threshold of
3.7 mJ/cm2.20 By carefully engineering core/shell
alloyed QDs,15,21 Auger recombination rates were par-
tially suppressed potentially due to a smooth confine-
ment potential,22 and the ASE threshold was further
reduced to 60 μJ/cm2.21 However, blue lasing from
these systems has not been demonstrated.
While the ASE threshold determines the lowest

energy input for lasing, the gain saturation limits the
maximumoptical output power. An ideal lasingmedium
should exhibit a high dynamic range, with low ASE
threshold and high threshold for gain saturation.
The gain saturation in QD lasing is expected to occur
at fluences of just twice the ASE threshold.12,23 In
contrast, gain saturation in NPLs occurs at fluences
over 2 orders of magnitude higher than the ASE
threshold.17 Understanding factors affecting gain satu-
ration in NPLs can provide clues to designing even
better lasing media.
Here, we expand the ASE measurements to red-,

yellow-, green-, and blue-emitting NPLs, and we show
that all these NPLs produce ASE with low thresholds.
We observed thresholds of 50 μJ/cm2 for blue ASE,
17 μJ/cm2 for green ASE, 28 μJ/cm2 for yellow ASE,
and 6 μJ/cm2 for red ASE, all from NPLs with differ-
ent thicknesses. In particular, the threshold for blue-
emitting NPLs is one of the lowest reported values for
blue-emitting nanocrystals. We also measured the
NPL's modal gain, reaching 690 cm�1, which is a
several-fold increase compared to the largest values
reported for colloidal quantum dots and rods.
We further demonstrate red, yellow, green, and blue
lasing by placing these NPLs in simple optical cavities.

We measure the gain bandwidth and gain lifetime of
red-emitting NPLs to provide more insights into their
superior performance. The gain bandwidth of red-
emitting NPLs is about 0.22 eV, and their gain lifetime
is 140 ps, which is longer than that of QDs. Moreover,
we tuned the lateral dimensions of NPLs to examine
the effect on the ASE threshold and gain saturation. We
find only a weak effect of lateral dimensions on NPL
gain properties. However, a significantly higher gain
saturation threshold is observed in NPLs emitting
at 550 nm compared to those emitting at 512 nm.
We explain these effects using measured multiexciton
recombination rates.

RESULTS AND DISCUSSION

Synthesis and Structural Characterization of Colloidal CdSe
NPLs. We synthesized CdSe NPLs with different thick-
nesses. The thickness is characterized by xmonolayers
of CdSe with corresponding numbers of Se layers as
required by the symmetry of a zinc blend crystal lattice,
which we term xCdSe. All CdSe NPLs were synthesized
by solution-phase colloidal synthesis following pre-
viously published procedures24 with slight modifica-
tions. Different combinations of Cd and Se precursors
were used to synthesize 3CdSe, 4CdSe, and 5CdSe
NPLs at different temperatures and precursor introduc-
tion sequences (see Methods for details). Moreover, by
growing CdS shells on the top and bottom surfaces
of the CdSe NPL using the colloidal atomic layer depo-
sition technique,25 shell/core/shell NPLs were also
synthesized, and they are termed xCdS/yCdSe/xCdS,
where x and y are the thicknesses measured in mono-
layers. Figure 1 shows transmission electron micro-
scope (TEM) images of 3CdSe, 4CdSe, 5CdSe, and
3CdS/4CdSe/3CdS NPLs. The thicknesses of these NPLs

Figure 1. Transmission electronmicroscope images of (a) 3CdSe, (b) 4CdSe, (c) 5CdSe, and (d) 3CdS/4CdSe/3CdS NPLs. Insets
are luminescence photographs of clear NPL colloidal solutions.
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are 0.9, 1.2, 1.5, and 3.0 nm, respectively. The lateral
dimensions differ significantly: 60( 5 nm by 40( 7 nm
for 3CdSe, 27( 3 nmby 7( 2 nm for 4CdSe, 25( 3 nm
by 10( 1 nm for 5CdSe, and 28( 3 nmby 8( 2 nm for
3CdS/4CdSe/3CdS. They form stable, clear colloidal solu-
tions (see luminescence photographs in Figure 1).16,26

Absorption and Emission Spectroscopy. The NPL emis-
sions transit from blue (3CdSe) to green (4CdSe and
5CdSe) and further to the red for core/shell NPLs (3CdS/
4CdSe/3CdS).25 The emission quantum yields of these
NPLs are generally high; for example, it is around 50%
for 5CdSe,16,27 and it can reach 80% for the core/shell
NPLs.28,29 Figure 2 shows the absorption and emission
spectra of NPLs in hexane emitting at 462 nm (3CdSe),
512 nm (4CdSe), 550 nm (5CdSe), and 630 nm (3CdS/
4CdSe/3CdS). Excitonic transitions involving light hole
(LH) and heavy hole (HH) states are readily observed in
each absorption spectrum, consistent with theoretical
predictions.16 For example, the peaks are located at
577 nm (LH) and 625 nm (HH) for 3CdS/4CdSe/3CdS.
Compared with the quantum-confined LH and HH
transitions, the absorption of xCdSe NPLs is relatively
weak in the blue spectral region (<420 nm). On the
contrary, 3CdS/4CdSe/3CdSNPLs absorbmuch stronger
in the blue region. This stronger absorption, combined
with the red-shift of LH and HH transitions, clearly
indicates growth of CdS shells on the CdSe NPL
because electron wave functions in the CdSe NPL

extend into the CdS layers. These CdS shells signifi-
cantly increase the absorption cross sections in the
blue region.17

Unlike any colloidal QD samples, NPL samples
effectively eliminate inhomogeneous broadening of
absorption and emission spectra by exploiting atom-
ically precise, identical thicknesses. Measurements of
photoluminescence excitation (PLE) spectra support
this claim (Figure S1). As a result, the emission (and the
lowest energy absorption) spectra of all these CdSe
NPLs are narrow (fwhm <40 meV)16,27,29 and typically
of Lorentzian shape.16 The line width becomes slightly
broader after growing the CdS shells on the CdSe cores
(3CdS/4CdSe/3CdS), likely due to increased electron�
phonon coupling.29 Similar to xCdSe NPLs, the core�
shell NPLs donot show inhomogeneous broadening.17,25

The NPLs form densely packed and optically trans-
parent films when spin coated on glass. The refractive
indices determined using ellipsometry are 1.9 ( 0.2,
1.7 ( 0.2, 1.9 ( 0.2, and 1.9 ( 0.1, for 3CdSe, 4CdSe,
5CdSe, and 3CdS/4CdSe/3CdS NPLs, respectively. We
estimated the volume fraction of CdSe (or CdSe/CdS)
in films using the equation D = (nfilm � n)/(nCdSe � n),
where D is the semiconductor volume fraction, nfilm is
the film refractive index, and n is the refractive index of
either ligands or air (nligands = 1.46, nair = 1, nCdSe = 2.4),
and we calculated the semiconductor volume fraction
to be in the range of 47% to 64% for 3CdSe, of 26% to
50% for 4CdSe, of 47% to 64% for 5CdSe, and of 47%
to 64% for 3CdS/4CdSe/3CdS. Because the refractive
indices of the NPL films are greater than that of glass,
these films serve as waveguides guiding emission to
the film edges.

Weak trap emission bands are often noticeable for
xCdSeNPLs in solutions, particularly for 3CdSe (Figures 2b
and S2a).24 PLE spectrum measurements clearly indi-
cate that these emissions originate from trap states
in the NPLs rather than an impurity (Figure S2b). The
trap emissions appear more pronounced in NPL films
(Figure 2b), presumably due to energy transfer, which
can occur very efficiently between stacked NPLs,30

from nondefective to defective NPLs,31,32 and due to
self-absorption that reduces the band-edge emission
(the photon energies of trap emissions are too low to
be reabsorbed).33

Amplified Spontaneous Emission. ASE is observed by
exciting these optically uniform films at 400 nm using
femtosecond pulses andmonitoring emissions from the
film edge. Figure 3a shows the typical pump-fluence-
dependent ASE spectra from films of 3CdSe, 4CdSe,
5CdSe, and 3CdS/4CdSe/3CdS NPLs. Spontaneous
emission is observed at low pump fluences, while a
sharp ASE peak appears on the red shoulder of the
emission band at higher pump fluences. The plots of
pump-fluence-dependent total emission intensities indi-
cateASE thresholds, abovewhich the intensity increases
with a steeper slope (Figure 3b). Representative ASE

Figure 2. (a) Absorption (solid lines) and emission (dashed
lines) spectra of NPLs emitting at 462 nm (3CdSe), 512 nm
(4CdSe), 550 nm (5CdSe), and 630 nm (3CdS/4CdSe/3CdS) in
hexane solutions. The black and red arrows indicate the
excitonic transitions that involve light holes (LH) and heavy
holes (HH), respectively. (b) Emission spectra of 3CdSe,
4CdSe, 5CdSe, and 3CdS/4CdSe/3CdS NPLs in hexane
(dash lines) and in films (solid lines). The excitation wave-
length is 400 nm.
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spectra and thresholds are shown in Figure 3. After
measuring over 10 films for NPLs with each thickness,
we obtained a distribution of thresholds17 that is likely
due to variations of film microstructure. The lowest
thresholds are 50, 17, 28, and 6 μJ/cm2 for 3CdSe,
4CdSe, 5CdSe, and 3CdS/4CdSe/3CdS NPLs, respec-
tively. These thresholds are lower than the best results
for carefully engineered QDs emitting at the same
spectral range.12,15 Unfortunately, the distribution of
ASE threshold renders accurate comparison among
different NPLs difficult at this point.

The threshold for the blue-emitting 3CdSe NPLs is
particularly impressive: 50 μJ/cm2 is low compared
with the threshold of QDs emitting in blue, which is
typically on the order of 1mJ/cm2.15,21 In recent work21

by Demir et al., CdZnS/ZnS QDs were carefully engi-
neered to introduce a smooth confinement poten-
tial22,34 that causes a significant reduction of Auger
rates. This engineering led to a blue ASE threshold of
60 μJ/cm2.21 In the case of 3CdSe NPLs, the synthesis
does not involve great efforts to eliminate trap state
emissions (Figures 2b and S2a). Emission quantum
yield (QY) of 3CdSe NPLs is typically about 10%.
Improving the emission yield of 3CdSe NPLs and their
film quality will likely further reduce ASE threshold.

The modal gains of the NPL films were estimated
using the variable-stripe-length (VSL) method.35

We obtained a gain of about 600 cm�1 for 4CdSe and
3CdS/4CdSe/3CdS NPLs, similar to other recent re-
ports.17�19 These gains are a few times larger than
the largest values reported for QDs and QRs.4,36 The
gains are 86( 7 cm�1 for 3CdSe and 160( 10 cm�1 for

5CdSe (Figure S3). Although the gains for 3CdSe and
5CdSe are lower, likely due to film microstructure
defects or trap states, they are comparable to those
of the best QDs and QRs.4,21,36

Nanoplatelet Lasing. We demonstrated NPL lasing
using simple optical cavities between two mirrors, an
output coupler and an end mirror that were parallel to
each other (Figures 4a and S4). We dropcast NPLs on
the output couplers to form films with thicknesses
of 100 to 200 nm. The cavity lengths are typically 1 to
3 mm. Figure 4b shows pump-fluence-dependent
emissions of films of 3CdSe, 4CdSe, 5CdSe, and 3CdS/
4CdSe/3CdS NPLs in the cavities. Spontaneous emis-
sion is observed at low pump fluences, while sharp
lasing peaks appear on the red shoulder of spon-
taneous emission bands at higher pump fluences.
Given these long cavity lengths, the spacing between
different modes is on the order of 0.1 to 0.2 nm,
which cannot be resolved in our experiments with a
0.3 nm resolution. Hence, the lasing peak is a likely
convolution of several lasing modes, with peak widths
of 4 to 6 nm (full width at half-maximum). These lasers
are similar to the operation of a typical dye laser,
while they are different from single-mode or widely
spaced multimode lasers using whispering-gallery-
mode resonators,10 VCSEL,15 or self-assembled micro-
lasers.37 The sharp peaks in the emission spectra
observed for light propagating normal to the mirror
surface are evidence of lasing. The plots of pump-
fluence-dependent total emission intensities indi-
cate that the intensities increase more rapidly at flu-
ences greater than the lasing thresholds (Figure S5).

Figure 3. (a) Spontaneous emission (dotted lines) and amplified spontaneous emission (ASE, solid lines) spectra offilms of 3CdSe,
4CdSe, 5CdSe, and3CdS/4CdSe/3CdSNPLs. ASEpeaks appearon the red shoulder of spontaneousemissionbands at higherpump
fluences. Samples were excited at 400 nm using femtosecond pulses. (b) Pump-fluence-dependent total emission intensity. Dots
are experimental data. Solid lines are linear fits to the data in different regions. The arrows point to ASE thresholds.
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Therefore, these NPL films produce red (3CdS/4CdSe/
3CdS), yellow (5CdSe), green (4CdSe), and blue (3CdSe)
lasing.

To confirm the lasing, we adjusted the optical
cavities to manipulate the intensity of the lasing peaks.
Tilting the coupler will lead to the loss of feedback and
lower cavity Q factor. Since inorganic nanocrystals
typically have short gain lifetimes (for QDs it is typically
less than 100 ps), increasing the cavity length reduces
the number of photon round trips inside the cavity
before gain depletes. Indeed, the narrow-peak compo-
nents in the emission spectra decreased to zero when
the coupler angle was tilted by several degrees
(Figure 4c) or the cavity length was increased to 1 cm
(Figure S6), while the spontaneous emission remained
observable (Figures S7�10).

Gain Bandwidth and Lifetime. We measured the gain
bandwidth and lifetime of 3CdS/4CdSe/3CdS NPLs to
provide more insights into the properties of NPLs as a
gain medium. Figure 5a shows the transient spectrum
(gain spectrum), calculated as R = R0 þ ΔR, of 3CdS/
4CdSe/3CdS NPLs in hexane solution. The absorption
spectrum (R0) and emission spectrum are shown for
comparison. Optical gain occurs in the spectral region
from 595 to 655 nm (red-shaded area), where
R < 0. The same gain spectrum, calculated as �ΔR/R0,
is also shown in Figure S11. The gain bandwidth is about
0.22 eV, which is sufficiently broad for supporting
different lasing modes in practical laser applications.

Figure 5b shows the gain dynamics of 3CdS/4CdSe/
3CdS in hexanemonitored at 644 nm. The gain lifetime
is about 140 ps, where its amplitude decays until
crossing the gain threshold amplitude (�ΔR/R0 = 1).
This lifetime is longer than those of QDs and
QRs.4,38 The inset in Figure 5b shows pump-fluence-
dependent gain of solution-dispersed 3CdS/4CdSe/3CdS

Figure 4. Red, yellow, green, and blue lasing of NPL films.
(a) Scheme of lasing measurements. Arrows indicate light
propagation directions. L is the cavity length, and θ is the
cavity tilt angle. M1 is an end mirror with 100% reflectivity,
and M2 is an output coupler with 90�95% reflectivity
depending on wavelength. NPL films were dropcast on
the surface of output coupler M2 that is facing the end
mirror M1, indicated by green lines. (b) Red (3CdS/4CdSe/
3CdS), yellow (5CdSe), green (4CdSe), and blue (3CdSe)
lasing spectra, with the lasing peak width of ∼4, ∼6, ∼6,
and ∼6 nm, respectively. Dashed lines indicate the loca-
tions of lasing peaks. For each sample, the narrow lasing
peaks appear on the red side of emission at higher pump
fluences. (c) Cavity-tilt-angle-dependent lasing peak area,
showing the disappearance of lasing when the cavity angle
was tilted.

Figure 5. (a) Absorption (R0), emission, and transient spec-
tra (calculated as R = R0þΔR) of 3CdS/4CdSe/3CdS NPLs in
hexane solution. The optical gain refers to the red-shaded
region where R < 0. The excitation wavelength is 400 nm.
The pump fluence was 660 μJ/cm2, where the gain ampli-
tude is maximized. The gain bandwidth is about 0.22 eV.
(b) Dynamics of optical gain (calculated as �ΔR/R0) moni-
tored at 644 nm for 3CdS/4CdSe/3CdS NPLs in hexane. Inset
shows the saturation of optical gain in the region of
500�1000 μJ/cm2. The optical gain refers to the region
where �ΔR/R0 is greater than 1. The gain lifetime is 140 ps,
where its amplitude crosses the gain threshold (�ΔR/R0 = 1).
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nanoheterostructures, which saturates above 500 μJ/cm2.
Gaindecreasesatpumpfluenceshigher than1000μJ/cm2,
presumably because of significant Auger recombina-
tion, which reduces population inversion.17

NPLs with Different Lateral Dimensions. Besides the NPL
thickness, the lateral dimension is another potential
parameter to tune in the material design for optimiza-
tion of lasing and other physical properties. To explore
the role of lateral dimensions onmultiexciton dynamics
in CdSe NPLs, we synthesized NPLs with different
lateral dimensions while keeping the NPL thickness
constant. We explored the lateral dimensions within
two NPL families, 4CdSe and 5CdSe. For the 4CdSe NPL
family, the lateral size is tuned by controlling the
reaction temperature and time. For the 5CdSe NPL
family, the lateral size is tuned by varying combinations
of reaction temperature, time, and precursor concen-
tration (see Methods for details). Figure 6a�c show an
example of 4CdSe NPL samples with sizes increasing
from small (4CdSe_s), to medium (4CdSe_m), and
to large (4CdSe_l), of which their lateral dimensions
are 12 ( 2 nm by 6 ( 1 nm with corresponding NPL
area 72 nm2, 19 ( 3 nm by 7 ( 2 nm (133 nm2 area),
and 27 ( 3 nm by 8 ( 2 nm (216 nm2), respectively.
Similar tuning of lateral dimensions has been achieved
for the 5CdSe NPL family (Figure S12).

For the 4CdSe NPL family, the smallest lateral
dimensions slightly blue-shift the absorption and emis-
sion peaks by <5 nm when comparing 4CdSe_s and
4CdSe_l (Figure 6d,e). The peak shift is even smaller
for the 5CdSe NPL family, with a <3 nm of peak shift
when comparing 5CdSe_s and 5CdSe_l (Figure S12).
The emission quantum yields of 4CdSe_s, 4CdSe_m,

and 4CdSe_l are 55%, 48%, and 34%, respectively
(Figure 6e). No significant difference in emission quan-
tum yield (∼21%) is observed for 5CdSe NPLs with
different lateral dimensions. We speculate that the
high PL efficiency of NPLs with smaller lateral dimen-
sions can be explained by two effects: (i) smaller sur-
face area of “small” NPL reduces the probability of
nonradiative exciton recombination at a surface trap
and (ii) NPLs with large lateral dimensions have
a tendency to aggregate, forming NPL stacks that
increase reabsorption and energy transfer.30

Effect of the NPL Lateral Dimensions on Multiexciton Dy-
namics and ASE. We then examined how the lateral
dimension affects lasing properties including ASE
threshold and gain saturation. While a lower ASE
threshold helps to achieve lasing at low pump power,
a high gain saturation threshold will lead to high lasing
power output. We thus measured and compared ASE
threshold and gain saturation of the two NPL families,
4CdSe and 5CdSe, that have different lateral dimen-
sions. We did not notice any strong effect of lateral
dimensions on the ASE threshold. Since each NPL
can hold a large number of excitons,39�41 and ASE
requires only biexciton states,19 tuning the lateral
dimension in the size range in this work is not expected
to affect the ASE threshold. Indeed, a recent paper by
the Demir group42 reported relatively weak depen-
dence of the ASE threshold on the lateral dimensions of
CdSe NPLs. These threshold differences are within our
measurement uncertainty.

Our measurements show that the gain saturation of
5CdSe NPLs occurs at a fluence significantly higher
compared to that of 4CdSe NPLs, while there is little

Figure 6. Transmission electron microscope images of (a) 4CdSe_s, (b) 4CdSe_m, and (c) 4CdSe_l. (d) Absorption spectra of
4CdSe_s, 4CdSe_m, and 4CdSe_l NPLs in hexane solutions. (e) Emission spectra of 4CdSe_s, 4CdSe_m, and 4CdSe_l NPLs in
hexane solutions.
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difference for NPLswith different lateral dimensions. This
comparison is indicated in Figure 7,which showsnormal-
ized pump-fluence-dependent integrated ASE intensity
from 4CdSe_s, 4CdSe_m, 4CdSe_l NPLs (Figure 7a), and
5CdSe_s, 5CdSe_m, 5CdSe_l NPLs (Figure 7b). The
arrows show the positions of gain saturation fluence,
which is defined as the fluence at which the intensity is
50% of the saturated intensity at the plateau. The satu-
ration fluence for 4CdSe NPLs is 500( 100 μJ/cm2, and
it is 1100 ( 100 μJ/cm2 for 5CdSe NPLs.

The independence of ASE intensity of lateral dimen-
sions in eachNPL series and a higher saturation fluence
in 5CdSe NPL films may be understood by examining
the dynamics of multiexciton decay in CdSe NPLs. The
multiexciton dynamics has been extensively studied
for CdSe QDs and QRs.43,44 It has been shown that in
CdSe QDs and QRs biexciton lifetimes (τ2) scale with the
nanocrystal volume.43WemeasuredAuger recombination

rates for 4CdSe and 5CdSe NPL samples with different
lateral dimensions using time-resolved photolumines-
cence spectroscopy. Since single-exciton decay times
(Figure S13) are at least 1 order of magnitude longer
than the lifetime of multiexciton states observed at
high pump fluence (Figure S14), the Auger recombina-
tion rate can be extracted by subtracting the single-
exciton decay at low fluence (0.8 μJ/cm2) from multi-
exciton decay at high fluences after normaliza-
tion at 1.9 ns (Figure 7c and d).11 The analysis of the
pump-fluence-dependent photoluminescence decay
(Figure S15) supports the biexciton Auger recombina-
tion mechanism, in agreement with recent reports
showing that carrier recombination in NPLs is gener-
ally determined by the two-exciton recombina-
tion rate.40,41 The Auger lifetime for 4CdSe_s is 160 (
20 ps, slightly shorter than 210 ( 20 ps measured for
4CdSe_m and 4CdSe_l NPLs (Figure 7c). Given the fact

Figure 7. Normalized pump-fluence-dependent integrated ASE intensity from films of (a) 4CdSe_l, 4CdSe_m, 4CdSe_s NPLs
and (b) 5CdSe_l, 5CdSe_m, 5CdSe_s NPLs. The dots are experimental data. The solid lines are fits using single-exponential
rises. The arrows show the positions of saturation fluence, which is defined as the fluence at which the intensity is 50% of the
saturated intensity at the plateau. No dramatic difference in the saturation fluence is observed for NPLs with the same
thickness. The saturationfluence for the three 4CdSeNPLs is 500(100μJ/cm2, and it is 1100( 100μJ/cm2 for the three 5CdSe
NPLs, whose lateral dimensions are shown in Figures 6a�c and S12a�c. Auger recombination dynamics of (c) 4CdSe_l,
4CdSe_m, 4CdSe_s NPLs and (d) 5CdSe_l, 5CdSe_m, 5CdSe_s NPLs in hexane solutions. The dots are experimental data.
The solid lines are fits using single-exponential decays. The lifetime is 350 ( 60 ps for 5CdSe_l, 5CdSe_m, and 5CdSe_s. It is
210( 20 ps for 4CdSe_l and 4CdSe_m, and 160( 20 ps for 4CdSe_s. The pump fluence for all the dynamics measurements is
86 μJ/cm2. (e) Dependence of biexciton decay time (τ2) on volume of 4CdSe and 5CdSeNPLswith different lateral dimensions.
The scaling of biexciton decay time for CdSe quantum dots (QDs) and quantum rods (QRs), taken from ref 43, are shown as
dashed lines for comparison.
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that the volume of 4CdSe_l is 3 times larger than that of
4CdSe_s, this difference appears small compared to
previous reports for CdSe QDs11 and QRs.38 The Auger
lifetime is 350 ( 60 ps for 5CdSe_l, 5CdSe_m, and
5CdSe_s NPLs (Figure 7d) and was independent of
lateral dimensions. This similarity of Auger lifetimes with-
in each NPL family explains the lack of significant differ-
ences in gain saturation. However, the Auger lifetime is
about 2 times longer in 5CdSe NPLs compared to 4CdSe
NPLs. When Auger recombination competes with ASE at
high fluences, gain saturation becomes more apparent.
Because a longer Auger recombination lifetime helps to
maintain the population of biexciton states, a higher gain
saturation is expected in the 5CdSe NPL family.

We also notice a qualitative difference between
biexciton dynamics in two-dimensional CdSe NPLs in
comparison to both zero- and one-dimensional CdSe
structures (Figure 7e). In contrast to CdSe QDs and QRs
where τ2 scales with nanocrystal volume, in CdSe NPLs
τ2 is nearly independent of lateral dimensions but
strongly depends on the NPL thickness, producing a
staircase-type relation between Auger rates and nano-
crystal volume.

When multiple excitons are present in an NPL, their
interaction can result in a biexciton state, similar to that
observed in GaAs quantum wells (QWs) at cryogenic
temperatures.45 In a two-dimensional system, the
binding energy of biexcitons (Ebxx) is expected to be
about 20% of the heavy-hole/electron binding energy
in a single exciton (Ebx), regardless of the material.46

For CdSe NPLs surrounded by a low dielectric medium
(εm≈ 2), Ebxwas predicted to beas largeas∼200meV.47

Thus, an estimate for Ebxx is ∼40 meV, which is much
larger than the 1�2meV observed in epitaxially grown
GaAa quantum wells,45 but is in agreement with some
experimental observations.19 Within 200 ps following
excitation with 86 μJ/cm2 pulses, a second emission
peak appeared on the red side of the band-edge
emission of NPLs (Figure S16). This peak is shifted by
several tens of meV from the single exciton emission
and is likely to originate from the biexciton state.
Moreover, the shifts between spontaneous emission
and ASE peaks in Figure 3a are also close to the
estimated Ebxx values, suggesting that ASE occurs from
the biexciton state. These observations suggest the
formation of the biexciton state with Ebxx > kBT that
decays either radiatively or via the Auger process. For a
perfect quantum well, the ratio of the Bohr radii of the
biexciton and single exciton, axx/ax, was calculated to

be ∼2.74, which is independent of the material.46 It is
also suggested that an exciton confined to a quantum
well adopts a near-spherical shape due to an increased
electron�hole Coulomb interaction.48 As a result, the
exciton volume is only a small fraction of the volume of
the NPL. axx will all be smaller than the lateral dimen-
sions of the NPL, which explains the weak dependence
of the multiexciton decay rate on the NPL's lateral size
(Figure 7c�e). The increase of τ2 in 5CdSe NPLs com-
pared to 4CdSe NPLs can be explained by the linear
scaling of Auger rates with biexciton volume observed
in low-dimensional CdSe and other semiconduc-
tors.43,44 If the biexciton shape does not change much
with NPL thickness, one can obtain a rough estimate of
the ratio τ2(5CdSe)/τ2(4CdSe), which equals (5.5/4.5)3≈
1.8. We used 5.5 and 4.5 as the thickness factors for
5CdSe and 4CdSeNPLs to account for Cd terminationon
either side of the NPL. This ratio is close to the experi-
mentally observed value of 1.7 (Figure 7e). These simple
arguments provide a qualitative explanation of our
experimental results, although further studies will be
necessary to fully rationalize the structure and dynamics
of multiexcitonic states in CdSe NPLs.

CONCLUSIONS

We show that CdSe and CdS/CdSe/CdS shell/core/
shell NPLs produce amplified spontaneous emission
with low thresholds and high gains across the entire
visible range. In particular, we show a threshold of
50 μJ/cm2 for blue-emitting NPLs, lower than any
previously reported value. We further demonstrate
red, yellow, green, and blue lasing using these NPLs
placed in optical cavities. For red-emitting shell/core/
shell NPLs, the gain bandwidth is about 0.22 eV,
sufficiently broad for practical lasing applications,
and the gain lifetime is 140 ps, longer than that of
QDs. Moreover, we show that the lateral dimension of
the NPLs does not affect either the ASE thresholds or
gain saturation levels. We also notice that multiexciton
recombination in NPLs is largely independent of lateral
dimensions, which is different from QDs and QRs. The
higher gain saturation in 5CdSe NPLs is explained by a
slower Auger recombination rate. These results sug-
gest that this class of materials can be superior to
traditional nanocrystals for lasing and optical amplifi-
cation. Further work toward practical lasing devices
would include understanding carrier dynamics in the
NPLs and exploring ways of electrically pumping these
materials.

METHODS
Synthesis. CdSe nanoplatelets were synthesized in a nitro-

gen environment following a previously published procedure24

with slight modifications.
3CdSe:. In a three-neck flask, 240 mg of Cd(Ac)2, 150 mL of

oleic acid, and 15mL of ODEwere degassed for over 1 h at 80 �C.

Then, under nitrogen flow, the flask was heated to 180 �C, and
150 mL of TOPSe at 1 M was quickly injected. The reaction was
stopped after 20min. Finally, the NPLs were washed three times
with ethanol and were redispersed in hexane.

4CdSe (also termed as 4CdSe_l):. In a three-neck flask, 170mg
of Cd(myristate)2, 12mg of Se, and 15mL of ODE were degassed
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for 1 h at room temperature. Then, under nitrogen flow, the flask
was heated rapidly to 240 �C. When the temperature reached
190 �C, 40 mg of Cd(Ac)2 was quickly introduced. The solution
was held at 240 �C for 5 min, and the reaction was then stopped.
The temperaturewas reduced to 70 �C, and 2mLof oleic acid and
15mL of hexane were added. The mixture was then centrifuged,
and the precipitate containing the NPLs was resuspended in
hexane.

4CdSe_m:. The synthesis procedure is the same as that for
4CdSe, except that the reaction was kept at 240 �C for 1 min
instead of 5 min.

4CdSe_s:. The synthesis procedure is the same as that for
4CdSe, except that the reaction was stopped at 225 �C before
reaching 240 �C after introducing 40 mg of Cd(Ac)2.

5CdSe (also termedas 5CdSe_s):. In a three-neck flask, 170mg
of Cd(myristate)2 and 14mL of octadecene (ODE) were degassed
for 30 min at room temperature. Then, under nitrogen flow, the
flask was heated to 240 �C and 1 mL of a 0.15 M solution of
selenium powder sonicated in ODE was injected. After 20 s of
reaction, 60mgof Cd(Ac)2 was introduced. The solutionwas held
at 240 �C for 10 min, and the temperature was then rapidly
reduced to stop the reaction. A 2 mL amount of oleic acid and
15mL of hexane were added. The mixture was then centrifuged,
and the precipitate containing the NPLs was resuspended in
hexane.

5CdSe_l:. In a three-neck flask, 170 mg of Cd(myristate)2 in
13.5 mL of ODE was degassed at room temperature. Under
nitrogen flow, the flask was heated to 250 �C, and then 12mg of
Se powder predispersed in 1.5 mL of 0.1 M Se-ODE was injected
into the solution. A 120 mg portion of finely ground Cd(OAc)2
was then introduced after 60 s. The reaction was then kept for
10 min. Then 2 mL of oleic acid in 15 mL of ODE was injected,
when the reaction was cooled to 100 �C.

5CdSe_m:. The procedure is similar to that of 5CdSe except
that 90mg of Cd(OAc)2 was used and that the reaction was kept
at 245 �C for 10 min.

3CdS/4CdSe/3CdS:. These shell/core/shell NPLs were syn-
thesized following one of the variants of the colloidal atomic
layer deposition approach25 with some modifications and
optimizations. Before shell growth, 4CdSe NPLs, synthesized
as described above, were redispersed in hexane three times to
remove free Cd2þ in the solution. Then, the first layer of S2�was
introduced by phase transferring 4CdSe NPLs from hexane to
5 mL of N-methylformamide (NMF), in which 50 μL of aqueous
solution of ammonium sulfide (40%) was dissolved. After phase
separation, acetonitrile and toluene were added to precipitate
the NPLs, and theywere then dispersed in 5mL of NMF. To grow
the first layer of Cd, we redispersed the solution in 2mL of NMF,
introduced 2.5mL of 0.2M cadmium acetate in NMF, and stirred
the solution for 1 min. Then, we precipitated the NPLs with
toluene, centrifuged them, and redispersed the precipitate in
5 mL of NMF. The first monolayer of CdS shell growth was
completed at this stage, with the surfaces terminated by Cd
layers. To grow a thickness of x monolayers of CdS, the above
steps were repeated x times. The final shell/core/shell NPLs
were dispersed in 5 mL of hexane with the addition of 250 μL of
dried 70% technical-grade oleylamine.

Film Deposition. We first precipitated the NPLs from the
above solution using ethanol to remove excess oleylamine.
We then redispersed the NPLs in 1 mL of a 4:1 (v/v) hexane/
octane mixture and filtered the solution through a membrane
filter. The resulting solution was then spin coated on a glass
substrate for ASE measurements. For the measurements of
refractive index, the NPLs were spin coated on silicon sub-
strates. For lasing demonstration, NPLs were dropcast on partial
reflective mirrors (output couplers).

Electron Microscope Imaging. TEM images were obtained using
a 300 kV FEI Tecnai F30 microscope.

Absorption and emission. Absorption and emission spectra
were collected on a Cary 5000 spectrometer (Agilent) and a
Nanolog fluorometer (Horiba JY), respectively.

Film Properties. The refractive indices (nsample) of the NPL
films were measured using an ellipsometer (Gaertner Scientific
LSE-WS, wavelength of 632 nm for CdSe NPL films; Horiba Jobin
Yvon UVISEL, wavelength of 650 nm for 3CdS/4CdSe/3CdS NPL

films). Average values were determined over areas 10 mm in
diameter. From these values, the packing densitywas calculated
according to D = (nsample � nair)/(nCdSe � nair), with nair taken to
be 1 and nCdSe taken to be 2.4.

Amplified Spontaneous Emission. The films were excited with
400 nm pulses obtained by frequency doubling the Ti:sapphire
amplifier output. The laser beam was focused onto a stripe
along the NPL films using a cylindrical lens. The width of the
stripe, defined as the width that contains 60% of the power
in the laser beam, was determined using the knife-edge tech-
nique. In a typical ASE experiment, the stripewas 2mm in length
and 60 μm in width. The emission was measured from the edge
of the films along the direction of the strip, and it is perpendi-
cular to the propagation direction of the incident pump beam.
All measurements were made at room temperature in air. Two
different excitation�detection systems were employed in this
work. In the first system, the excitation was provided by an
amplified Ti:sapphire laser system (Spectra-Physics Spitfire Pro,
35 fs, 800 nm, 100 Hz), and the emission was collected by a
grating spectrometer (Acton SP2300, Princeton Instruments)
coupled with a charge-coupled device (CCD) detector. In the
second system, the excitation was provided by an amplified Ti:
sapphire laser system (Legend, Coherent Inc., 35 fs, 800 nm,
100 Hz), and the emission was detected using a USB spectro-
meter (QE Pro, Ocean Optics). Consistent results were obtained
using these two systems.

In the gain saturation measurement, the films were covered
by another glass slide tominimize sample exposure to air under
high pump fluence. The films were also constantly moved
during the measurements to ensure that ASE spectra came
from undamaged areas on samples.

In a variable stripe length measurement of emission and
ASE, the stripe width is fixed while the length is controlled by
blocking a portion of the laser beam using a razor blade
mounted on a micrometer. The maximum stripe length is less
than 2mmand is located near the center of a laser beam (>5mm
in diameter) to achieve uniform illumination.

Lasing in Optical Cavities. The typical optical cavity consisted
of two mirrors aligned in parallel. One is a partial reflective
mirror (CVI Laser Optics, 90�95% reflectivity depending on
wavelength), and the other is a silver mirror (Thorlabs, 100%
reflectivity). The angle of output coupler is adjustable. The end
mirror is placed on a translation stage. The films were dropcast
on the output couplers without pretreating the coupler
coatings because the identity of the reflective coatings is
unknown. Consequently, NPL films on the output couplers
were not uniform. The excitation pulses (400 nm, 100 Hz) were
gently focused onto the films from the back side of the
couplers (15� from the normal). The emission collected from
the normal was sent to the first detection system mentioned
above. Reflection from the back side of the output couplers
and scattering from nonuniform films caused losses of excita-
tion pump power. In each of the three spectra in Figure 4b,
from low to high intensities, the pump fluences are 254,
306, and 408 μJ/cm2 for 3CdSe, 153, 174, and 245 μJ/cm2 for
4CdSe, 254, 326, and 438 μJ/cm2 for 5CdSe, and 217, 334, and
427 μJ/cm2 for 3CdS/4CdSe/3CdS, respectively. The fluences
have been corrected to exclude the reflection loss by the
output coupler.

Gain Bandwidth and Dynamics. A single-channel Si detector was
used to measure the absorption (R0) and transient absorp-
tion (ΔR) at each wavelength. The gain spectrum (R) was then
calculated as R = R0 þ ΔR at each wavelength. The gain
dynamics (ΔR/R0, maximum at 644 nm) was measured at
660 μJ/cm2.

Time-Resolved Photoluminescence Measurements. Excitation of
the films is provided by frequency doubling the output of an
amplified Ti:sapphire laser system (Spectra-Physics Spitfire Pro).
The pulses have a wavelength of 400 nm, a duration of
approximately 35 fs, and a repetition rate of 2000 Hz. We
resolved PL as a function of wavelength and time after excita-
tion using a streak camera (Hamamatsu C5680) with photon-
counting detection.
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