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ABSTRACT: Two-dimensional CdSe nanoplatelets are promising lasing materials. Their large
lateral areas reduce the optical gain threshold by increasing the oscillator strength and
multiexciton lifetimes but also increase the gain threshold by requiring multiple band-edge
excitons (>2) to reach the optical gain. We observe that the optical gain threshold of CdSe
nanoplatelets at 4 K is ∼4-fold lower than that at room temperature. Transient absorption
spectroscopy measurements indicate that the exciton center-of-mass coherent area is smaller
than the lateral size at room temperature and extends to nearly the whole nanoplatelets at 4 K.
This suggests that the reduction in the optical gain threshold at a low temperature can be
attributed to exciton coherent area extension that reduces the saturation number of band-edge
excitons to enable biexciton gain and increases the radiative decay rate, consistent with the giant
oscillator strength transition effect. This work demonstrates a new direction for lowering the optical gain threshold of
nanomaterials.

Compared to conventional bulk semiconductor lasers,
quantum dot (QD) lasers have many potential

advantages induced by the quantum confinement along all
three dimensions, including the tunable lasing wavelength
achieved through size-dependent quantum confinement
effects.1 Moreover, the density of states of QDs near the
band edge reduces to a Dirac delta function-like distribution so
that carriers are concentrated to fewer states, which reduces
the optical gain (OG) threshold as fewer injected carriers are
required for population inversion.2,3 QD lasers have shown
promise in recent years, and continuous-wave lasing4 and
direct current electrical pumped optical gain5 in QD films have
been reported. Cadmium chalcogenide (CdX, where X = Se, S,
or Te) nanoplatelets (NPLs), with atomic-precise thickness (of
∼1.2−1.8 nm) and a large lateral dimension (hundreds of
square nanometers), make up an emerging class of nanocryst-
als6 and, by some metrics, have shown potential for lasing
applications even greater than that of QDs.7−10 The
continuous-wave lasing of CdSe NPLs has been reported,
and the best reported threshold of amplified spontaneous
emission (ASE) of CdSe NPLs is as low as 6 μJ/cm2,7 which is
>1 order of magnitude lower than that in similar QDs1,11 and
nanorods (NRs).12 The low optical gain (OG) threshold of
NPLs is attributed to low multiple exciton Auger recombina-
tion rates,13−15 large absorption cross sections,16 and narrow
emission peaks (due to precise confinement energy)17 of these
materials, all of which are a consequence of their unique two-
dimensional (2D) morphology. Compared to QDs, 2D NPLs
have much a larger absorption cross section per unit volume,16

and biexciton Auger lifetimes in NPLs have been shown to
increase with their lateral dimension,13 which would suggest

that increasing lateral size as a potential approach for further
reducing the OG threshold. However, the extended lateral
dimension of NPLs allows spatially separated excitons, which
increases the maximum number of band-edge exciton states
(NS) to >2. Previous studies have shown that in cadmium
chalcogenide QDs11 and NPLs,18−20 optical gain is achieved
when the band-edge exciton states are just more than half-
occupied. Thus, the OG threshold corresponds to an average
number of excitons per nanocrystal (mth) of >1 for QDs and
>NS/2 for NPLs (Scheme 1a). As a result, the OG in NPLs is
achieved at higher-order (>2) multiexciton states. These
higher multiexciton states are generated by the absorption of
multiple photons (>2) and are much shorter-lived compared
to the biexciton state, both of which increase the OG threshold
intensity.
In this paper, we demonstate a new strategy for reducing the

OG threshold in NPLs by exploiting the giant oscillator
strength transition (GOST) effect in these 2D colloidal
quantum well materials.6,21,22 Because of the atomically precise
thickness of 2D CdSe NPLs, the confinement energy is the
same along the lateral dimension. It has been suggested that, in
the absence of scattering by phonons and surface imperfec-
tions, the band-edge transition oscillator strength concentrates
to a single transition state with the lowest energy in k-space,
giving rise to the GOST effect, and correspondingly, the
exciton center-of-mass (COM) delocalization in real space can
coherently extend over the entire NPL.6,21,22 This notion is
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supported by the observation of increased radiative decay rate
at lower temperatures.6,21 Note that this COM spatial
coherence is different from the temporal coherence of
excitonic states, which have been shown to be short-lived
(<1 ps).23−25 The extent of COM coherent delocalization is
often characterized by a coherent spatial area (SX). We
hypothesize that at low temperatures, the COM coherent
spatial area can extend to the whole NPL, which results in a
doubly degenerate band-edge exciton state (Scheme 1b),
similar to QDs, and a greatly enhanced exciton radiative decay
rate (GOST effect). The combination of these factors without
reducing the large absorption cross section of 2D NPLs should
further reduce the OG threshold in 2D NPLs.
Herein, we report a study of the temperature-dependent OG

threshold and exciton COM coherent delocalization in
colloidal CdSe NPLs using pump fluence-dependent transient
absorption (TA) spectroscopy. We observe an ∼4-fold lower
OG threshold at 4 K compared to that at room temperature
(298 K). We develop a new method for direct measurement of
SX in colloidal NPLs based on the TA spectroscopic study of
the saturation number of band-edge excitons. We show that SX
is smaller than the CdSe NPL lateral area at room temperature
but increases at lower temperatures until it extends to nearly
the NPL lateral area at 4 K. Our results demonstrate the
strategy of reducing the OG threshold by the extension of
exciton COM spatial coherence and the resulting GOST effect
in colloidal NPLs.
For OG studies, we synthesized CdSe NPLs with a thickness

of four monolayers (MLs) (∼1.2 nm)26 following reported
procedures with slight modifications.6 These CdSe NPLs have
a zinc-blend structure with four Se layers and five Cd layers6,27

and are labeled as NPL1. The transmission electron
microscopy (TEM) image of NPL1 (Figure 1a) shows its
rectangular shape, from which its lateral size is determined to
be 167.8 ± 27.0 nm2 (Figures S2c−S4c). Measurements at

room temperature (298 K) were carried out in solution
samples of NPL1 dispersed in hexane. Temperature-dependent
measurements (4−298 K) were carried out in thin films of
NPL1 dispersed in poly(maleic anhydride-alt-1-octadecene)
(PMAO). The sample preparation details are shown in
Methods. These polymer-dispersed NPL films instead of
solid films of NPLs were used for low-temperature study to
reduce the level of stacking of NPLs, which has been reported
to cause an additional inter-NPL exciton relaxation pathway,
such as Forster energy transfer between NPLs.28−30 The

Scheme 1. Temperature-Dependent Optical Gain Mechanism, Including (a) a Scheme of Different Exciton States in NPLs at
Room Temperature with a Saturation Number of Band-Edge Excitons (NS) of 4 and (b) a Scheme of Different Exciton States
in NPLs at Low Temperatures (<4 K)a

aThe exciton center-of-mass coherence was delocalized throughout the whole NPL due to the GOST effect, giving NS = 2.

Figure 1. Sample characterization of CdSe NPLs. (a) TEM image of
NPL1. (b) Selected absorption spectra of NPL1 in hexane (at 298 K)
and PMAO at indicated temperatures. (c) Scheme of the band
structure and band-edge transitions of NPL1 at 298 K. HH and LH
represent the heavy hole and light hole, respectively. The conduction
band (CB) and valence band (VB) positions of NPL1 at room
temperature (298 K) are estimated in Supporting Information section
S2.
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normalized ultraviolet−visible absorption spectra of NPL1 at
selected temperatures (Figure 1b) show two sharp peaks that
can be attributed to the band-edge electron-heavy hole (A)
and electron-light hole (B) exciton transitions (Figure 1c). The
exciton peaks of NPL1 in PMAO drop compared to that in
hexane at 298 K, which is likely due to the scattering from the
NPL polymer film. Both A and B exciton peaks shift to higher
energies at a lower temperature (from ∼2.42 eV at 298 K to
∼2.53 eV at 4 K) due to Varshni behavior.31,32

The OG thresholds of NPL1 temperatures from 4 to 298 K
were measured by pump fluence-dependent TA spectroscopy
studies using 3.1 eV excitation. The optical density of the
sample under illumination is ΔAbs(Ε,t) + Abs(Ε), where
ΔAbs(Ε, t) is the photoinduced absorbance change measured
in TA spectra and Abs(Ε) is the static absorbance before pump
at energy Ε. Therefore, the OG threshold is reached when the
gain is larger than the loss, i.e., ΔAbs(Ε, t) + Abs(Ε) < 0. The
gain spectra, expressed as −[ΔAbs(Ε, t) + Abs(Ε)], at 2−3 ps
of NPL1 in hexane (298 K) at different pump fluences (Figure

2a) show a broad positive peak centered at ∼2.34 eV,
indicating the presence of OG in these samples.18,33 The
kinetics of NPL1 at OG peak energy (∼2.34 eV) for different
pump fluences are compared in Figure 2b. These kinetics show
a negative signal around time zero (<∼1 ps), which reflects a
red-shifted exciton absorption caused by exciton−exciton
interaction.13,19,34 After ∼1 ps, the OG amplitude remains
negative at low pump fluences (<3 μJ/cm2), indicating gain <
loss, while the OG amplitude becomes positive at a higher
pump fluence (>65 μJ/cm2), indicating gain > loss. NPL1 in
PMAO at different temperatures was also analyzed in the same
way (Figure S5), and their OG peaks are at ∼2.44, ∼2.45, and
∼2.46 eV at 100, 50, and 4−20 K, respectively. Note that at
low temperatures (≤100 K), an additional peak at ∼50 meV
higher than the OG peak appears at a high pump fluence
(>100 μJ/cm2), which is attributed to the OG from the excited
state (p state) of the A exciton (Figure S5b−f).35
The OG amplitude reaches its maximum at a delay time of

2−3 ps (Figure 2b and Figure S5g−l), after which it decays

Figure 2. Temperature-dependent optical gain (OG) thresholds of CdSe NPLs. (a) Gain spectra, −ΔAbs(Ε, t) − Abs(Ε) (gain − loss), of NPL1
in hexane at 2−3 ps at indicated pump fluences with 3.1 eV excitation. The inset shows the same spectra in the OG region. (b) OG kinetics
(probed at ∼2.34 eV) of NPL1 in hexane at different pump fluences. (c) Normalized OG amplitude (at ∼2.34 eV, 2−3 ps) at different
temperatures as a function of pump fluence, where the intercept on the x-axis (black dashed line) gives the OG threshold. (d) OG threshold and
average exciton number per NPL at the OG threshold (mth) of NPL1 in hexane as a function of temperature.

Table 1. Exciton and Gain Parameters of NPL1 as a Function of Temperaturea

hexane (298 K) PMAO (298 K) PMAO (100 K) PMAO (50 K) PMAO (20 K) PMAO (10 K) PMAO (4 K)

Ith (μJ/cm
2) 50.7 ± 2.1 47.8 ± 2.7 30.5 ± 2.0 24.5 ± 1.2 21.9 ± 1.5 17.0 ± 1.5 12.2 ± 1.6

OD 0.34 0.24 0.29 0.18 0.12 0.15 0.19
ε (×105 cm−1) 1.17 1.17 1.48 1.62 1.66 1.71 1.85
mth 3.83 ± 0.16 4.01 ± 0.23 3.08 ± 0.20 3.05 ± 0.15 2.97 ± 0.20 2.30 ± 0.20 1.70 ± 0.19
SX (nm2) 95.9 ± 15.4 95.3 ± 15.3 115.7 ± 15.6 123.4 ± 14.8 130.1 ± 13.9 137.5 ± 14.1 155.3 ± 12.5
NS 3.50 ± 0.02 3.52 ± 0.02 2.90 ± 0.02 2.72 ± 0.02 2.58 ± 0.02 2.44 ± 0.02 2.16 ± 0.02

aThese parameters include the temperature-dependent OG threshold (Ith), optical density (OD) at 3.1 eV, NPL extinction coefficient per unit NPL
volume (ε) at 3.1 eV, average exciton number per NPL at the OG threshold (mth), band-edge exciton coherent area (SX), and saturation number of
band-edge excitons per NPL (NS).

The Journal of Physical Chemistry Letters Letter

DOI: 10.1021/acs.jpclett.9b00759
J. Phys. Chem. Lett. 2019, 10, 1624−1632

1626

http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b00759/suppl_file/jz9b00759_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b00759/suppl_file/jz9b00759_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b00759/suppl_file/jz9b00759_si_001.pdf
http://dx.doi.org/10.1021/acs.jpclett.9b00759


due to multiexciton annihilation.13,18 A plot of the peak OG
amplitudes as a function of pump fluence (Figure 2c) shows a
linear dependence for gain > 0. We fit the peak OG amplitudes
in their linear growth region for all temperatures (solid lines in
Figure 2c) and extract the intercepts to determine the OG
threshold fluence, which, as shown in Figure 2d, decreases
from 47.8 ± 2.7 μJ/cm2 at 298 K to 12.2 ± 1.6 μJ/cm2 at 4 K
(Table 1). The OG threshold at 298 K is consistent with
previously reported values for CdSe NPLs,33,36 even though a
quantitative comparison of OG threshold values among
different reports is difficult due to variations in optical
densities, excitation wavelengths, and sample qualities.
The measured OG threshold fluence is related to the average

exciton number per NPL at the OG threshold (mth) through
eq 1.

I m N L
hv

m
hv
V1 10

OD
1 10th th NPL OD th

NPL
ODε

=
−

=
−− − (1)

where Ith is the pump fluence (energy per unit excited area per
pulse) at the OG threshold, hν is the excitation photon energy
(3.1 eV), NNPL is the number of NPLs per unit volume, OD =
εVNPLNNPLL (Beer’s law) is the optical density at excitation
energy, ε is the single NPL extinction coefficient per unit NPL
volume, L is the sample thickness (1 mm in this work), and
VNPL is the volume of NPLs, which is calculated from its area
[201.4 ± 32.4 nm3 (Figure 1a)] and thickness (1.2 nm26). ε
(at 3.1 eV) is estimated to be 1.17 × 105 cm−1 at 298 K
according to the reported extinction coefficient of the A
exciton peak,16 and its values at lower temperatures are
estimated by both comparing the optical density of the same
spot on the NPL1−PMAO film at different temperatures

(Figure S7b and Table 1) and comparing the results to those
of absorption studies at reduced temperatures.32 From the
measured threshold fluence and using eq 1, the average
number of excitons at the gain threshold, mth, is determined to
decrease from 4.01 ± 0.23 at 298 K (in PMAO) to 1.70 ± 0.19
at 4 K (Figure 2d and Table 1), indicating that four and more
exciton states are required to reach the OG threshold at room
temperature while the biexciton state is enough to achieve net
OG at 4 K.
According to optical gain models of NPLs and QDs,11,18 OG

requires that the band-edge exciton states be at least half-filled,
at which point the probability of stimulated emission equals
the probability of absorption. As shown in Figure 2d, the
average number of excitons per NPL at the OG threshold
decreases with a decrease in temperature. This would suggest
that the number of band-edge exciton states decreases at lower
temperatures, which is possible if the exciton COM coherent
spatial area increases at lower temperatures, as indicated in
Scheme 1b.
To provide experimental support for the temperature-

dependent exciton coherent spatial area (SX), we develop a
new method for directly measuring its value in CdSe NPLs at
different temperatures by pump fluence-dependent TA spec-
troscopy (at 3.1 eV excitation). This method is based on the
determination of the number of band-edge excitons at
saturation fluences. The comparison of TA spectra of NPL1
at early delay times (tE = 2−3 ps) measured with different
pump fluences (Figure 3a) shows the bleach of A and B
exciton bands, which can be attributed to the state filling of the
lowest CB electron level,34 similar to the case for cadmium
chalcogenide QDs.37,38 This conclusion differs from those of
some studies that report that the VB hole contributes to the

Figure 3. Pump fluence-dependent TA spectra of NPL1 in hexane at room temperature (298 K). (a) TA spectra at early delay times (tE = 2−3 ps)
and (b) normalized TA spectra at late delay times (tL = 800−1000 ps) of NPL1 at indicated pump fluences (circles). Solid lines are the fits of TA
spectra at the highest pump fluence (1592 μJ/cm2). (c) Schematic depiction of decay from the initial multiexciton state with a saturated number of
band-edge excitons to the final single exciton state. The saturation number of the initial band-edge exciton is determined by the exciton spatial area
(SX) and the lateral size of NPLs (SNPL) determined by TEM. Fits of the absorption spectra of the excited region in NPL1 NPLs before pump (Abs,
solid black lines) and after pump (Abs*, blue dashed lines) at (d) early delay times (tE = 2−3 ps) and (e) late delay times (tL = 800−1000 ps) at
the highest pump fluence (1592 μJ/cm2). Red circles show the normalized static absorption spectra of NPL1. Green shaded regions represent the A
exciton absorbance in NPL1 NPLs before pump.
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exciton bleach signal.39,40 The lack of hole state filling-induced
exciton bleach signals has often been attributed to the higher
degeneracy of VB levels,37,38 which is also likely to be valid in
NPLs due to the nonconfined lateral dimensions with a large
effective mass of the heavy hole.6 With increasing pump
fluences, both A and B exciton bleach amplitudes increase
because there are more excited NPLs and more excitons per
NPL. At pump fluences of >1267 μJ/cm2, the A exciton bleach
amplitude saturates, indicating the complete filling of the band-
edge exciton states. Although the B exciton bleach should
follow the same dependence on the pump fluence as the A
exciton, its saturation behavior cannot be observed because
this signal overlaps with a continuum feature associated with
the A exciton band as shown in Supporting Information
section S5. Furthermore, in addition to an exciton bleach, the
presence of multiexcitons introduces other spectral features
that give rise to the pump fluence-dependent TA spectral
shape (Figure 3a).
The normalized TA spectra at late delay times (800−1000

ps) measured at different pump fluences are identical (Figure
3b), indicating that at this delay time, multiexciton states
generated at high pump fluences have recombined, and only
the single-exciton state remains.13,15,41 This multiexciton decay
process can be better seen in the A exciton bleach kinetics at
different pump fluences (Figure S6a), which clearly shows an
increase in the amplitude of the fast decay components at
higher pump fluences, consistent with the expected increase in
multiple-exciton populations. It also shows that both
amplitudes at early delay times (2−3 ps) and late delay
times (800−1000 ps) are saturated at high pump fluences
when all NPLs in the probe beam path are excited, suggesting
that all band-edge A exciton states are occupied at early delay
times and these multiexciton states decay to a single-exciton
state at late delay times (Figure 3c). Even at the lowest pump
fluence (3 μJ/cm2), with an estimated average exciton number
per NPL of 0.04 (see Supporting Information section S4), the
A exciton bleach decays to only γ% (68.9% in NPL1) of its
initial amplitude at 1 ns. Note that this γ% factor accounts for
both radiative and nonradiative decay of band-edge excitons. It
may also contain relaxation between exciton fine structure
states, particularly from bright to dark exciton state with a

reported splitting energy of ∼5 meV for four-monolayer
NPLs,42 and exciton trapping with the electron in the CB edge
and hole localized at a defect site within 1 ns.43 The latter is
expected to have a small or negligible effect on the exciton
bleach amplitude.
The static absorption spectra of NPLs (black solid lines) can

be well fitted to a model that consists of four absorption
features: exciton bands along with continuous absorption
bands of electron-heavy hole (A) and electron-light hole (B)
transitions (Figure 3d,e).7 The absorption spectra after
excitation (denoted as Abs*, blue dashed lines) can be fitted
to a model that accounts for the state-filling-induced bleach of
A and B exciton bands, the shift of A and B exciton frequency
(due to exciton−exciton interaction), the bleach of the
continuous absorption features, and band gap renormalizations
(dashed lines in panels d and e of Figure 3).44 Differences
between these spectra (Abs* − Abs) yield the fit of the TA
spectra at the saturation pump fluence (1592 μJ/cm2) shown
in panels a and b of Figure 3 (solid lines). Details of the fitting
procedures and results for all samples are shown in Supporting
Information sections S5 and S6. According to the fit, at early
delay times and saturation pump fluences (Figure 3d), when
the A exciton is saturated, the A exciton bleach amplitude at EX
(peak of the A exciton transition) equals the A exciton
absorbance of the whole NPL, XA(EX), and is proportional to
the area of the NPL (SNPL) as shown in the top panel of Figure
3c.16 At late delay times (Figure 3e), a single A exciton blocks
half of the band-edge transitions within the exciton coherent
area (due to 2-fold spin degeneracy in the CB level), leading to
the bleach of half of the A exciton transitions in the same
spatial area.44 The A exciton transitions outside the occupied
area are unaffected so that they have no contributions to TA
spectra at late delay times. Therefore, the A exciton absorbance
of the excited region (i.e., the exciton coherent area) in an
NPL at late delay times, XA′(EX), which represents γ% of total
NPLs with a single exciton, is proportional to γ% × SX (bottom
panel of Figure 3c). This relationship is given by

X E S
S

N( )
2X E

A X
( )
%

NPL

X

S

A X
= =

γ
′

(2)

Figure 4. Temperature- and size-dependent SX of CdSe NPLs. (a) Comparison of experimental SX values of NPL1 (blue spheres) and NPL2
(orange circles) and estimated SX values (Est., gray squares) as a function of temperature. The y-axis on the right represents the percentage of the
lateral area of NPL1. (b) Scheme of SX of CdSe NPLs at room temperature (RT, 298 K) and low temperature (low T, <4 K). (c) Average exciton
number per NPL at the gain threshold (mth) as a function of the saturation number of band-edge excitons of NPLs (NS). (d) SX of CdSe NPLs with
different thicknesses as a function of NPL lateral area. The dashed lines represent the average SX for three-monolayer (green), four-monolayer
(orange), and five-monolayer (red) CdSe NPLs.
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From the values of XA(EX)/{[XA′(EX)]/γ%} (1.75 ± 0.01)
and SNPL [167.8 ± 27.0 nm2 (Figure 1a)], the value of SX for
NPL1 in hexane is determined to be 95.9 ± 15.4 nm2.
The TA spectra of NPL1 in PMAO at different temperatures

were analyzed with the same method as described above, and
all of the fitting results (Figure S11) and parameters (Table
S5) are shown in Supporting Information section S6. SX as a
function of temperature is shown in Figure 4a, and their values
are listed in Table 1. The result shows that SX at a low
temperature (4 K) occupies >90% of the NPL, extending
nearly to the whole NPL area, as illustrated in Figure 4b. It also
shows that the saturation number of band-edge excitons per
NPL (NS) is ∼3.5 at room temperature and only ∼2 at 4 K
(Table 1). This is consistent with the change in mth values
determined by temperature-dependent OG threshold measure-
ment (Figure 4c and Table 1), supporting the proposed gain
model shown in panels a and b of Scheme 1. We observed
similar temperature-dependent SX of another four-monolayer
CdSe NPL sample (NPL2) with a similar lateral area [165.3 ±
25.8 nm2 (Figure S1e)] in a different polymer, poly(methyl
methacrylate) (PMMA), as shown in Figure 4a and Table S8.
Although changes in temperature can also affect the

dielectric environment of the NPL, its effects on SX can be
excluded for two reasons. (1) The dielectric constant of
nonpolar solids such as CdSe and PMAO changes negligibly
with temperature.45 (2) The measured SX values do not show
significant changes in solvents of different dielectric constants
either (Figure S14 and Table S8). Exciton−phonon scattering,
which decreases at low temperature due to a smaller phonon
population, affects the exciton spatial coherence. The average
spatial area resulted from this dephasing pathway can be
estimated from the exciton line width according to the
relationship SX = 4h2/Δ(T)M,21,41 where h is Planck’s
constant, Δ(T) is the transition line width at temperature T,
and M is the sum of the effective masses of the band-edge
electron (0.13m0, where m0 is the free electron mass) and hole
(0.89m0).

6 Using an emission line width of NPL2 at different
temperatures of Δ(T) (Figure S15), the estimated SX values
calculated here (Figure 4a and Table S9) and in a previous
study41 are >2-fold larger than our experimentally determined
SX. This indicates that other factors besides exciton−phonon
scattering play an essential role in reducing exciton spatial
coherence. One reason is likely that the estimation is based on
a perfect 2D quantum well with an infinite confinement
potential and a constant density of states within the transition
line width [Δ(T)], while the real NPLs have a thickness-
dependent finite confinement potential, which changes the
density of states and deviates from the perfect 2D quantum
well. This is supported by the thickness-dependent SX (Figure
4d): the thinnest three-monolayer NPLs possess an SX (144.7
± 20.6 nm2) close to the estimated value (174 ± 2 nm2) at
room temperature. The thicker the NPLs, the larger the
deviation from the estimated SX despite the similar line width
of three- to five-monolayer NPLs at room temperature (Figure
S15b and Table S10). It has also been suggested previously
that the inhomogeneity of the interaction between the surface
capping ligand and NPL may play an important role.46

We also studied how NPL thickness and lateral area affect SX
at room temperature using three-monolayer CdSe NPLs of two
different sizes (3MLa and 3MLb), four-monolayer CdSe NPLs
of three additional sizes (4MLa−c) besides NPL1 and NPL2,
and five-monolayer NPLs of two different sizes (5MLa and
5MLb). These NPLs have increasing lateral sizes from a to c

(Figure S1), and their lateral sizes are determined in Table S1.
The same set of samples has been used in studies of Auger
recombination and optical gain of CdSe NPLs.13,18 Using the
same method, we extract the SX values of these NPLs in hexane
at room temperature (Table S1), which is independent of the
lateral size but increases at smaller NPL thicknesses (Figure
4d). This indicates thinner NPLs may lead to lower OG
thresholds. It is also important to note that our method for
direct determination of exciton COM coherence applies to
other semiconductor 2D and one-dimensional (1D) materials,
which complements a previously reported method for
estimation of the exciton Bohr radius in 1D nanotubes.47,48

It is interesting to compare the temperature dependence of
the gain threshold in materials of different dimensions. Nearly
temperature-independent OG and ASE thresholds have been
reported in zero-dimensional (0D) CdSe QDs1 and 1D CdSe/
CdS NRs.12 0D QDs are quantum-confined in all dimensions
in which the exciton COM and the degeneracy of band-edge
exciton states are temperature-independent; 1D cadmium
chalcogenide NRs usually have non-uniform quantum confine-
ment along their length direction, and this disorder reduces the
exciton spatial coherence length dramatically. In conventional
bulk semiconductor lasers, it has been reported that the gain
threshold increases exponentially with temperature, which is
due to the exponential absorption edge within the band gap
induced by doping/defect states and the thermal spreading of
carriers over a wide range of accessible electronic states near
the band edge.49,50 However, this does not apply to 2D NPLs,
in which excitonic rather than free carrier transitions dominate
at the band edge because of their large exciton binding energy
(∼100 meV).6 Unlike bulk semiconductors, the OG threshold
of NPLs is determined by the relative populations of NPL
species with different number of A excitons (Scheme 1).
We believe that our results provide not only a direct

measurement of the exciton COM coherent area but also a
new strategy for reducing the optical gain threshold in 2D
NPLs. First, the exciton COM coherent delocalization is an
important property in 2D materials as it determines the
radiative recombination rate of band-edge excitons, the exciton
transport mechanisms, and is the direct evidence of the GOST
effect. Despite the importance, a reliable method for
quantifying the exciton COM coherent area is lacking. Here
we demonstrated a new method for directly quantifying the
size of the exciton COM coherence for the first time.
Moreover, for the first time, we clearly show that the exciton
coherent area extends throughout the whole NPLs, providing
the direct evidence of the GOST effect. Second, because of the
ability to determine exciton COM directly, we discovered a
new mechanism for efficiently reducing the OG threshold (by
∼4-fold) of 2D NPLs by the GOST effect. It is important to
emphasize that this exciton coherent area extension strategy
reduces the OG threshold by achieving biexciton gain and
enhancing the radiative recombination rate (GOST effect)
without reducing the absorption cross section of 2D NPLs. We
anticipate that this strategy for lowering gain thresholds is
applicable in other 2D and 1D semiconductor nanomaterials
that possess (1) uniform quantum confinement to enable large
exciton spatial coherence and (2) a high exciton binding
energy so that sharp excitonic transitions dominate at the band
edge.
In summary, we report a reduction of the OG threshold of

2D NPLs by exciton COM coherence extension and the
GOST effect. The OG threshold of four-monolayer CdSe
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NPLs decreases nearly 4-fold from ∼48 μJ/cm2 at room
temperature to ∼12 μJ/cm2 at 4 K. TA spectroscopy studies
show that the exciton COM coherent spatial area in CdSe
NPLs is smaller than the NPL lateral size at room temperature
and increases to nearly encompass the whole NPL at 4 K. Our
result also shows that the exciton COM coherent spatial area at
room temperature is independent of NPL lateral size but
decreases in thicker NPLs. The reduction of the OG threshold
at low temperatures is attributed to the extension of the
exciton COM coherent area in NPLs, which reduces the
saturation number of band-edge excitons to enable biexciton
gain and increases the oscillator strength through the GOST
effect. This work demonstrates a new approach for designing
low-threshold optical gain materials.

■ METHODS
Synthesis of Three-Monolayer CdSe Colloidal NPLs. The CdSe
colloidal NPLs were synthesized following the procedures
reported in the literature with slight modifications.6 Typically,
170 mg of cadmium acetate dihydrate [Cd(Ac)2·2H2O] and
14 mL of 1-octadecene (ODE) were added to a 25 mL three-
neck flask. After the mixture had been degassed under vacuum
at 100 °C for 15 min, 12 mg of selenium powder in 1 mL of
ODE was injected when the mixture was heated to 180 °C
under an argon flow. The reaction continued for 5 and 10 min
at 180 °C for 3MLa and 3MLb, respectively, and then was
stopped with a water bath. One milliliter of oleic acid (OA)
was injected into the solution at room temperature. The
product was a mixture of CdSe NPLs and QDs, and the CdSe
NPLs were separated from QDs by washing with an ethanol/
hexane mixture and centrifugation at 5000 rpm for 3 min. Final
CdSe NPLs were dispersed in hexane.
Synthesis of Four-Monolayer CdSe Colloidal NPLs. First, 170

mg of cadmium myristate [Cd(myr)2] and 14 mL of 1-
octadecene (ODE) were added to a 25 mL three-neck flask.
After the mixture had been degassed under vacuum at 100 °C
for 15 min, 12 mg of selenium powder in 1 mL of ODE was
injected, and then the mixture was heated to 240 °C under an
argon flow. When the temperature reached 200 °C, 40 mg of
cadmium acetate dihydrate [Cd(Ac)2·2H2O] was introduced
into the solution and heating continued. 4MLa was obtained
by stopping the reaction when the temperature reached 230
°C. 4MLb, NPL1, NPL2, and 4MLc were obtained by reaction
at 240 °C, and reactions continued for 1, 5, 5, and 15 min,
respectively. Then the reactions stopped with a water bath.
One milliliter of oleic acid (OA) was injected into the solution
at room temperature. The products were a mixture of CdSe
NPLs and QDs, and the CdSe NPLs were separated from QDs
by washing with an ethanol/hexane mixture and centrifugation
at 5000 rpm for 3 min. NPL2 was divided into three parts
dispersed in hexane, toluene, and chloroform, while other
samples were all dispersed in hexane.
Synthesis of Five-Monolayer CdSe Colloidal NPLs. First, 170

mg of cadmium myristate [Cd(myr)2] and 14 mL of 1-
octadecene (ODE) were introduced into a 25 mL three-neck
flask. After the mixture had been degassed under vacuum at
100 °C for 15 min, the mixture was heated to 250 °C under an
argon flow. When the temperature reached 250 °C, 12 mg of
selenium powder in 1 mL of ODE was injected. After 60 s, 120
mg of cadmium acetate dihydrate [Cd(Ac)2·2H2O] was
introduced into the solution. The reaction continued for 5
and 10 min at 250 °C for 5MLa and 5MLb, respectively, and
then was stopped with a water bath. One milliliter of oleic acid

(OA) was injected into the solution at room temperature. The
product was a mixture of CdSe NPLs and QDs, and the CdSe
NPLs were separated from QDs by washing with an ethanol/
hexane mixture and centrifugation at 5000 rpm for 3 min. Final
CdSe NPLs were dispersed in hexane.
Sample Preparation for Low-Temperature Experiments. For

NPL in polymer samples, the as-prepared colloidal NPLs were
dried and redispersed in a saturated poly(maleic anhydride-alt-
1-octadecene) (PMAO) or poly(methyl methacrylate)
(PMMA) chloroform solution, placed on a sapphire substrate
via the drop-casting method, and mounted in the cryostat. For
NPL solid film samples, the as-prepared colloidal NPLs were
dried and redispersed in a hexane/ethyl cyclohexane mixture.
The redispersed NPLs were placed on a sapphire substrate via
the drop-casting method and mounted in the cryostat.
Femtosecond Transient Absorption Setup. The femtosecond

transient absorption measurements were taken in a Helios
spectrometer (Ultrafast Systems LLC) with pump and probe
beams derived from an amplified Ti:sapphire laser system
(Coherent Legend, 800 nm, 150 fs, 2.4 mJ/pulse, 1 kHz
repetition rate). The 800 nm output pulse was frequency-
doubled to produce the 400 nm (3.1 eV) pump beam. A series
of neutral-density filter wheels were used to adjust the power of
the pump beam. The pump beam was focused on the sample
with a beam waist of ∼300 μm. A white light continuum
(WLC) from 380 to 850 nm (from 1.5 to 3.3 eV) was
generated by attenuating and focusing ∼10 μJ of the 800 nm
pulse on a rotating CaF2 window. The WLC was split into a
probe and reference beam. The probe beam was focused with
an Al parabolic reflector onto the sample (with a beam waist of
150 μm at the sample). The reference and probe beams were
focused into a fiber-coupled multichannel spectrometer with
complementary metal oxide semiconductor (CMOS) sensors
and detected at a frequency of 1 kHz. The intensities of the
pump and probe beams were tuned to correct for pulse-to-
pulse fluctuation of the white light continuum. The delay
between the pump and probe pulses was controlled by a
motorized delay stage. The pump beam was chopped by a
synchronized chopper to 500 Hz. The change in absorbance
for the pumped and unpumped samples was calculated.
Cuvettes (1 mm) were used for all solution sample
spectroscopy measurements at room temperature. NPLs in
PMAO or PMMA on the sapphire substrate were used for low-
temperature (<298 K) TA measurements. The instrument
response function (IRF) of this system was determined to be
∼150 fs by measuring solvent responses under the same
experimental conditions (except a higher excitation power).
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