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ABSTRACT: Modal gain coeflicient is a key figure of merit
for a laser material. Previously, net modal gain coefficients
larger than a few thousand cm™ were achieved in II-VI and
III-V semiconductor gain media, but this required operation

at cryogenic temperatures. In this work, using pump-fluence- TE
dependent variable-stripe-length measurements, we show that R )
colloidal CdSe nanoplatelets enable giant modal gain oS
coeflicients at room temperature up to 6600 cm™ under S
pulsed optical excitation. Furthermore, we show that excep- 9 S
tional gain performance is common to the family of CdSe ; - S §

nanoplatelets, as shown by examining samples having different
vertical thicknesses and lateral areas. Overall, colloidal II-VI
nanoplatelets with superior optical gain properties are
promising for a broad range of applications, including high-speed light amplification and loss compensation in plasmonic
photonic circuits.

KEYWORDS: Colloidal nanoplatelets, colloidal quantum wells, CdSe, modal gain coefficient, variable stripe length method,
optical gain

\ Pump (pJ/cm?)

ver the past decade, colloidal CdSe nanoplatelets gain using CdSe NPLs have not been elucidated to date. Here
(NPLs), also alternatively known as colloidal quantum we show that CdSe NPLs attain giant net modal gain
wells, joined the family of II-VI semiconductor nanocrystals as coefficients as high as ~6600 cm™ at room temperature.
a promising new member' and have attracted great interest for This net modal gain exceeds those reported for any other gain
optoelectronic applications owing to their superior optical media at room temperature so far. This makes these solution

properties, including spectrally narrow photoluminescence,2
strong light absorption,” and polarized light emission.” Recent
reports”~'” identified a key application for NPLs as gain media
for optically pumped lasers. To date, NPL heterostructures
exhibited remarkable optical gain performance, including low

gain thresholds® (~8 uJ/cm?) and long gain lifetimes'® (~400

processable NPLs highly attractive for applications that require
high modal gain, such as lossy plasmonic photonic structures’
and parity-time-symmetric photonic designs.”'

In this work, we synthesized CdSe NPLs with different
vertical thicknesses and lateral areas based on previous

). M initial ts showed iably 1 dal recipes.”'”** In Figure 1, we show optical absorption and
g :ir'l c;);;:(::ieeztm(liz Srgpfélfls)sgwfn ta}I:f r;?;aLs?, sai;ic;ﬁzitir photoluminescence (PL) sPectra of CdSe NPLs th;.lt have 4
larger than those found for conventional quantum dots."'* monolayer (ML) vertical thlckness.. Tbe two abs‘orptlon Peaks

Modal gain coefficient is an important benchmarking at. 511 and 480 nm are due to excitonic ?bsorptlon asso'c1.ated
parameter for a gain medium and quantifies how much light with electro;l—heavy hole and electron-light hole transitions,
is amplified per unit length. CdSe NPLs possess significantly respectively.” The absorption profile shows a steplike density
large linear”'® and nonlinear'”'® absorption cross-sections due

to their giant oscillator strength.'” This suggests the possibility Received: September 26, 2018
of a large stimulated emission cross-section and associated Revised:  December 11, 2018
large modal gain coefficients. However, the limits of optical Published: December 12, 2018
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Figure 1. (a) Absorbance and photoluminescence spectra (normalized) and (b) HAADF-STEM image of CdSe nanoplatelets (NPLs) having 4 ML
vertical thickness. The inset in (b) shows a high-resolution TEM cross-section image of a 4 ML thick NPL.

of states due to one-dimensional quantum confinement in
these materials.'"” The PL peak is at 513 nm (when the NPLs
are dissolved in toluene) and the emission profile is quite
narrow (with a full width at half-maximum of ~8 nm at room
temperature) due to atomically flat surfaces and atomic-level
monodispersity in thickness.”’ Figure 1b shows a high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) image of the 4 monolayer thick CdSe NPLs.
For this batch of sample, we find the average lateral size to be 9
nm by 12 nm and the vertical thickness to be ~1.2 nm (see
inset of Figure 1b).

We make solid thin films by spin-coating the NPLs on
precleaned 1 cm by 1 cm quartz substrates to study amplified
spontaneous emission (ASE). The postsynthesis cleaning
procedure has been optimized, which allowed us to prepare
NPL solid films that are close-packed and free of excess
ligands. The film thickness of the samples studied here is ~200
nm. When the NPLs form a close-packed solid film, their PL
peak redshifts to 518—522 nm and the emission line width
increases to 15 nm. This redshift and broadening could arise
from an increase in the effective dielectric function
surrounding the NPLs, which would increase the dielectric
screening and lead to inhomogeneous broadening. In addition,
densely packed NPL thin-films could favor the formation of
excimer states,”* which exhibit a red-shifted emission peak as
compared to that of the free exciton emission. We excite the
samples in a stripe geometry by focusing the pump beam via a
cylindrical lens. We used a pulsed Ti:sapphire femtosecond
laser (SpectraPhysics, Spitfire Pro) to excite the samples. The
output of the laser is frequency doubled using a BBO crystal.
The excitation photon energy is 3.1 eV, the pulse width is
~150 fs, and the repetition rate is 1 kHz. Emission from the
NPLs is detected by a fiber-coupled spectrometer and the fiber
is positioned close the edge of the sample. Figure 2a shows the
evolution of the emission spectrum as a function of the pump
fluence. As the pump fluence is increased, a new peak rises at
532 nm, which is due to ASE and indicates the presence of net
optical gain in the material. The ASE peak is red-shifted as
compared to the PL peak, which is consistent with previous
reports suggesting biexcitons as the gain active species in the
NPLs.”*® Figure 2b depicts the integrated emission intensity
versus pump fluence marking the ASE threshold, which
happens when the modal gain becomes equal to the loss of
the system. In this sample, we find the ASE threshold to be 13
uJ/cm?, which is on par with the best previous report in CdSe
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Figure 2. (a) Emission spectra of a thin film of CdSe nanoplatelets
(NPLs) under increasing pump fluence. An amplified spontaneous
emission (ASE) peak emerges at 532 nm when the fluence is above 13
uJ/cm®. (b) Integrated emission intensity versus pump fluence
showing a threshold behavior and transition from spontaneous
photoluminescence to ASE. Inset shows the integrated emission
intensity over a larger excitation fluence range.

NPLs” and is within a factor of 3 as compared to the best
reports in colloidal nanocrystals (e.g, cesium lead halide
perovskite nanocrystals”® and giant-shell CdSe/CdS quantum
dots™”) to date.

Now we turn our focus to net modal gain coeflicients
measured by the variable stripe length (VSL) method,”>*’
which has been commonly employed to characterize modal
gain in a broad range of solid-state 1)gain media such as quantum
dots,*® organic semiconductors,” and single-crystal bulk
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Figure 3. (a) Schematic representation of the experimental setup for the VSL measurements. (b) Integrated emission intensity (log-scale) from the
sample as a function of the stripe length for five different pump intensities. Fits are performed using eq 1. (c) Net modal gain coefficient as a
function of the pump fluence. A saturation curve fits the experimental data with a saturation fluence of 195 yJ/cm” The maximum net modal gain
is measured to be ~6600 cm™". (d) Modal gain spectra measured at five different pump intensities and fitted by Gaussian functions.

materials.”’ As shown in Figure 3a, the sample is excited in a
stripe geometry, and we change the stripe length via a tunable
slit. To minimize diffraction effects,*” the slit is positioned
close to the sample (~5 mm). To ensure that the stripe begins
from the edge of the sample, one side of the slit is fixed while
the other side is moved. Figure 3b shows the integrated
emission intensity (in log-scale) as a function of the stripe
length measured under four different pump intensities. Net
gain in the sample provides amplification along the stripe
direction, hence the integrated emission intensity increases
exponentially as a function of the stripe length. This
relationship is commonly expressed as”®

= A (e - 1)

Iemission( l)

(1)
2)

where | is the stripe length, A is the spontaneous emission
growth parameter, g, is the net modal gain coeflicient, g4, is
the modal gain coeflicient, and a is the waveguide loss
coefficient. Fits using eq 1 match well with the experimental
data (see Figure 3b). For example, we find g, to be 163 + 10
cm™ at a fluence of 17 uJ/cm® As the pump fluence is
increased, the integrated emission intensity starts to rise at a
faster rate. This implies that g, rises as the pump intensity is
increased. For example, we find g, to be 6300 + 300 cm™" at
910 pJ/cm?.

net

gnet = gmodal

279

Figure 3c shows the evolution of net modal gain, g, as a
function of the pump fluence. Here, the average of four
different measurements on the same sample for each pump
intensity is considered to provide statistics, as highlighted via
error bars in Figure 3c. At low pump fluences (15—60 pJ/cm?),
Znet increases linearly as a function of the fluence, whereas
above this level g, ., starts to deviate from the linear relationship
and saturates which is consistent with the integrated emission
intensity from the sample shown in the inset of Figure 2b. This
behavior can be fitted by a saturation curve (see Figure 3c)
with a saturation fluence of 195 yJ/cm”. The maximum g, is
as high as 6600 + 350 cm™".

To validate these giant modal gain coefficients, we
reconsider the constraints of the VSL method. Equation 1 is
valid when the modal gain of the material is independent of the
stripe length. However, in the case of very large gain, ASE itself
can deplete the population inversion within the excitation
stripe, hence integrated emission intensity may saturate as the
stripe length is increased. Previous reports’** showed that
saturation length (L) times net modal gain (L X g,e) is on
the order of ~10. Thus, when g, is 5000 cm™’, one could
expect L, to be on the order of ~20 ym. Because of this, eq 1
would be valid only for a short-range of stripe lengths before
the emitted intensity saturates as a function of the stripe
length. To understand this point better, we also considered a
full analytical form derived by Cerdan et al.,*> which takes into
account the stripe length dependent saturation (see SI). We
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fitted the same experimental data for the highest pump
intensity case using both the full analytical form (eq S2) and eq
1 (see Figure S1). The full analytical form gives g,.. = 6530
cm™!, which is in very good agreement with the value of g,
fitted by eq 1. When using eq 1, we limited the stripe length
span to ~40 pm to stay away from the saturation region.

We also frequency-resolve the net modal gain coefficients
(see Figure 3d) for five different pump fluences. Here, g,.(4)
follows the ASE profile, as expected. The g, spectrum slightly
redshifts (from 532 to 536 nm) and broadens (from 11 to 13
nm) as the pump fluence is increased. This redshift at
increased excitation fluence is likely to originate from many-
body Coulomb interactions causing band gap renormalization
and electron—hole plasma screening, as previously observed in
epitaxial quantum-well-based gain media.* The narrow
bandwidth of the gain even at very high pump intensity is an
important feature enabling giant modal gain coefficients in
these NPLs, because a large density of population inversion
(ie, multiple biexcitons per NPL) can be generated and
sustained in a highly concentrated spectral region.

We also investigate the net modal gain coefficients in CdSe
NPLs having different vertical thickness and lateral area. Figure
4a shows the ASE spectra of NPLs having 3, 4, and 5 ML

5ML
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Figure 4. (a) Amplified spontaneous emission (ASE) spectra of
nanoplatelets (NPLs) with 3, 4, and 5 ML vertical thickness. (b) Peak
net modal gain coeflicients in the NPLs with different vertical
thicknesses and lateral areas. Peak net modal gains reported in other
systems are also compared here. The empty symbol indicates a
measurement at cryogenic temperatures.

thickness with ASE peaks at 480, 532, and 575 nm,
respectively. The optical gain covers an important range falling
within the “green gap” region, which has been difficult to
access with conventional epitaxial semiconductor materials. Via
heterostructuring and alloying of the NPLs, the spectral gain
coverage could be extended even further.>”*® In addition, we
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study 4 ML thick NPLs with different lateral extent (4 ML
NPL-1: 9 nm by 11 nm; 4 ML NPL-2: 11 nm by 14 nm; and 4
ML NPL-3: 14 nm by 18 nm), to check the dependence of the
maximum achievable net modal gains on the lateral area. We
perform VSL measurements on these different NPL samples
(see SI for the VSL curves measured in the high-fluence range
and respective fits using eq 1). Among different vertical
thickness NPLs, the 3 ML thick one exhibits the smallest g, of
about 2400 cm™'. Smaller modal gain in the 3 ML sample is
mainly associated with its poor stability, where the ASE peak
intensity immediately starts decreasing when the pump fluence
is above the ASE threshold. On the other hand, encapsulated 4
and 5 ML NPL samples exhibited significantly improved
stability. Under an excitation fluence of 30 uJ/cm? the ASE
peak remained stable for 60 min under continuous exposure to
the pump, whereas the ASE peak was stable for 3 min under an
excitation fluence of 1 mJ/cm* Among 4 ML samples with
different lateral areas, we also do not see any significant
difference in the maximum g,,,. Also, 5 ML sample exhibited a
maximum g, that is very similar to that of the 4 ML samples.
These indicate that stable NPLs (both 4 and S ML thick ones)
offer giant modal gain independent of their vertical thickness
and lateral area. Overall, the maximum measured g, is ~6600
cm™,

Figure 4b shows the maximum g, achieved in these NPL
samples along with maximum g, measured in other material
systems. Previously, II-VI (e.g,, CdS and ZnO)** and III-V
(e.g, GaN’" an InGaAsP***") semiconductor materials in their
bulk form exhibited very large modal gain up to 10,000 cm™,*"
but these were all measured at low temperatures (T < 10 K).
Quantum confined epitaxial systems such as III-V quantum
wells*” and dots™® were shown to exhibit modal gain in the
range of 10 to ~100 cm™}, although their intrinsic material
gain can be very large (>10,000 cm™"). Organic gain media
such as organic dyes”" and conjugated polymers™ also offered
limited modal gain up to 350 cm™". In colloidal qluantum dots
and nanorods, the maximum g, was reported 4947 to be
~600 cm™'. Semiconductor optical amplifiers based on rare
earth-doped glasses™ showed relatively large modal gains
reaching a level of 2400 cm™" (~1000 dB/cm for an amplifier
length of 25 um). More recently, polycrystalline methyl-
ammonium lead halide perovskite thin-films*’ showed a net
modal gain of 3000 cm™. To the best of our knowledge,
colloidal CdSe NPLs attain the largest net modal gain
coefficient measured at room temperature among any other
optical gain system reported so far.”’

Spectrally narrow and giant modal gain was theoretically
predicted for strongly quantum confined systems by Asada et
al.>" but was not previously possible to achieve using colloidal
quantum dots. To date, colloidal quantum dots suffered from
small modal gain coefficients due to short-lived gain associated
with nonradiative Auger recombination.”” In addition, the
material gain was small in these quantum dots, because the
QDs cannot support multiple excitons at their band edges.
Because of this, modal gain coefficients for these materials
saturate at 7pump intensities approximately twice the net gain
threshold.”” On the other hand, NPLs can sustain large gain
even at much higher pump levels (~2 orders of magnitude
above the net gain threshold). This indicates that material gain
(gmae) is also large: gne = I' X gy where ' is the mode
confinement factor. In the thin films having high volume
packing density, we estimate® I to be 0.43 by considering the
thickness of the film (~200 nm, see Figure S3) and its effective
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refractive index (~1.7°*). Thus, the material gain of the NPL
thin-film at room temperature is ~15,300 cm™!, which is
comparable to the best gain systems of bulk GaN*' and GaAs*’
with material gains estimated to be ~20,000 cm™" at cryogenic
temperatures. It is also on par with the best epitaxial quantum
dot systems (e.g., InAs/ GaAs’®) with a material gain of 15,000
cm™ at room temperature.50 A recent communication also
agrees well with the existence of large material gain in CdSe
NPLs.*®

From the application point of view, excitation pulse duration
is an important parameter. Although continuous-wave (CW)
or quasi-CW pumping is desired for practical applications,
short-lived gain (<10 ps) has posed a significant limitation in
conventional quantum dot-based gain systems.”” CdSe NPLs
have shown significantly longer gain lifetimes, ranging from
150” to 400 ps,"” hence quasi-CW pumping is expected to be
within reach for the NPLs. Indeed, recent reports including
refs 7 and 10 showed that CW lasing is possible using the
NPL-based gain media. This indicates that large intrinsic gain
can be sustained under CW pumping, and Auger recombina-
tion is less detrimental as compared to conventional colloidal
quantum dots. Under CW operation, heat dissipation and
material stability would become important factors toward a
sustainable optical gain.>®

Overall, colloidal NPLs can reach a high density of
population inversion, which indicates that each NPL can
sustain multiple gain-active excitonic species. This suggests
that multiexcitonic optical gain is extremely stable and
nonradiative annihilation of biexcitons is minimized. The
saturation effect in Figure 3c can be attributed to either a
phase-space filling effect, where the maximum number of
biexcitons that can simultaneously survive within a NPL is
limited due to the Pauli exclusion principle as predicted by
Miller et al,*” or to exciton dissociation at high densities due
to a Mott transition.”’

In conclusion, NPLs combine the advantageous aspects of
both colloidal systems (i.e., large mode confinement factor)
and epitaxial semiconductors (i.e., large intrinsic material gain)
and provide giant modal gain coeflicients at room temperature.
These materials possess high band-edge density of states and
large exciton binding energies, allowing for highly efficient
excitonic gain. Unlike in conventional colloidal quantum dots,
exciton—exciton interactions are relatively unimportant in
NPLs, simply because the spatial exciton density required for
gain is lower. Importantly, solution processability of the NPLs
means that they can be integrated into arbitrary substrates,
which allows in principle for low-cost device fabrication and
ease of processing. In addition, superior optical gain perform-
ance of these NPLs makes them exciting prospects for CW
pumped colloidal lasers as well as for electrical injection.
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