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Although achieving optical gain using aqueous solutions of col-

loidal nanocrystals as a gain medium is exceptionally beneficial for

bio-optoelectronic applications, the realization of optical gain in

an aqueous medium using solution-processed nanocrystals has

been extremely challenging because of the need for surface

modification to make nanocrystals water dispersible while still

maintaining their gain. Here, we present the achievement of

optical gain in an aqueous medium using an advanced architecture

of CdSe/CdS@CdxZn1−xS core/crown@gradient-alloyed shell col-

loidal quantum wells (CQWs) with an ultralow threshold of ∼3.4 µJ

cm−2 and an ultralong gain lifetime of ∼2.6 ns. This demonstration

of optical gain in an aqueous medium is a result of the carefully

heterostructured CQWs having large absorption cross-section and

gain cross-section in addition to inherently slow Auger recombina-

tion in these CQWs. Furthermore, we show low-threshold in-water

amplified spontaneous emission (ASE) from these aqueous CQWs

with a threshold of 120 µJ cm−2. In addition, we demonstrate a

whispering gallery mode laser with a low threshold of ∼30 µJ

cm−2 obtained by incorporating films of CQWs by exploiting layer-

by-layer approach on a fiber. The observation of low-threshold

optical gain with ultralong gain lifetime presents a significant step

toward the realization of advanced optofluidic colloidal lasers and

their continuous-wave pumping.

Introduction

Colloidal semiconductor nanocrystals (NCs) are highly promis-
ing as optical gain media thanks to their size-dependent spec-
tral tunability, solution processability and compatibility to
various matrices.1,2 After the first demonstration of amplified
spontaneous emission (ASE) from their close-packed solid
films two decades ago,3 semiconductor NCs in various geome-
tries and compositions have been utilized and investigated as
gain media.4–6 Although in-solution optical gain can be highly
advantageous owing to its potential practical applications,
including sensing and detection,7–9 there are only a few
reports and demonstrations of in-solution optical gain and a
limited number of in-solution lasing compared to optical gain
and lasing studies using close-packed films of NCs.10–15 This
is primarily due to the low concentration of gain media poss-
ible in solution which is constraining the realization of ASE.
The need for high concentration is principally a consequence
of the difficulty of achieving ASE build-up time, which strongly
depends both on the gain cross-section and the concentration
of the gain material in-solution,3 faster than the Auger lifetime
which is unfortunately very efficient in nanocrystals unlike
bulk structures.3,4 Nevertheless, solution-based gain using col-
loidal nanocrystals is very valuable because of its greater
photostability thanks to the continuous renewal of the gain
medium because of the constant movement of nanocrystals
and ease of incorporation into various optical cavities. Such
solution-based gain medium can be easily incorporated into
optofluidic lasers for sensitive detection of chemicals and bio-
logical materials and on-chip imaging.

Recently, colloidal quantum wells (CQWs) have emerged as
a favorable optical gain medium since they possess large
absorption cross-sections,16–18 with continuously tunable
emission,19,20 suppressed Auger recombination rates,17,21 low
optical gain thresholds,17,22,23 long gain lifetimes,17 and large
gain cross-sections.14,15 Especially, their large gain cross-
section makes them excellent candidates for in-solution lasing
by supporting the gain condition and feasible levels of gain
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coefficients in solution.14 Recently, ASE in solution and lasing
in microfluidic channels have been demonstrated using CQWs
dispersed in non-polar solvents with record low thresholds,
almost one order of magnitude better than the previous lasing
demonstrations from colloidal nanocrystals.11,14,15 This low
threshold optical gain from these CQWs is significantly impor-
tant for realization of stable high-quality lasers in microfluidic
devices for numerous applications, including biological and
chemical sensors, flow cytometry and the development of
advanced lab-on-chip (LOC) devices. In addition, recently
introduced water-based semiconductor CQWs, which can be
obtained by synthesizing them in organic solvents and then
transferring them to water via ligand exchange, present an
attractive platform for optical gain applications thanks to their
photostability, highly efficient emission and soft confinement
potential owing to their gradient alloyed shell.24 Although
these exciting aqueous CQWs present an extraordinary plat-
form for in-solution optical gain, their optical gain properties
have never been explored to date.

In this study, we demonstrate the achievement of optical
gain in an aqueous medium using an advanced hetero-
structure of CdSe/CdS@CdxZn1−xS core/crown@gradient-
alloyed shell colloidal CQWs employing ultrafast transient
absorption technique with a threshold of 3.4 µJ cm−2. These
nanocrystals exhibit a long gain lifetime of 2.6 ns which makes
them superior candidates for achieving optical gain under CW
and quasi-CW pumping. This extremely long gain lifetime can
be attributed to the smooth confinement potential suppres-
sing the Auger recombination. We also demonstrated in-solu-
tion ASE from these carefully heterostructured aqueous col-
loidal nanocrystals using a capillary tube with a threshold of
∼120 µJ cm−2. In addition, we show whispering gallery mode
(WGM) laser with a threshold of ∼30 µJ cm−2 obtained by
incorporating films of our CQWs on a fiber using layer-by-layer
approach by taking advantage of their 2D geometry, short mer-
captopropionic acid (MPA) ligands allowing higher packing
density of CQWs and carboxylic end groups of their ligands
causing hydrophilicity. The layer-by-layer approach leads to a
uniform film on the lateral surface of the fiber and hence a
much lower lasing threshold in this work compared to the pre-
vious report25 in which films were obtained by assistance of
capillary force. In this WGM laser, the lasing is strongly
guided along the fiber and hence exhibits a spatially coherent
emission. This solution-processed architecture of aqueous
CQWs with their extraordinary properties makes excellent gain
media for the design of CW-pumped lasers and the achieve-
ment of much needed optical gain in water is a major step
forward for development of advanced optofluidic lasers in bio-
compatible environments.

Results and discussion

In this work, we synthesized CdSe/CdS@Cd1−xZnxS core/
crown@gradient-alloyed shell (C/C@GS) CQWs by growing
4 monolayers of Cd1−xZnxS shells on 4 monolayer thick CdSe/

CdS core/crown CQWs using colloidal atomic layer deposition
(c-ALD) technique.24,26 Then, we made them water dispersible
by passivating their surface with MPA via ligand exchange as
described in our previous work.24 Details of the syntheses and
ligand exchange procedures are presented in ESI.† The
quantum yield of these aqueous C/C@GS CQWs is approxi-
mately 90%. In this architecture, Cd1−xZnxS gradient-alloyed
shells grown on the seed CdSe/CdS core/crown CQWs provide
a soft confinement potential and hole wavefunction is largely
localized in the core region due to the large band-offset while
electron is largely relaxed into the Cd1−xZnxS shells layers as a
result of small conduction band-offset and smaller effective
mass.17,24 This spatial difference between the electron and
hole wavefunctions generates a quasi-type-II band alignment.
The schematic of C/C@GS CQWs together with the band-
offsets of the heterostructure is presented in Fig. 1a. A repre-
sentative transmission electron microscopy (TEM) image of
C/C@GS CQWs is provided in Fig. 1b and energy dispersive
spectroscopy (EDS) maps of cadmium, selenium, sulfur, and
zinc from a single CQW (shown in the inset) are presented in
Fig. 1c. As can be seen in here, selenium is located only at the
core but sulfur, zinc and cadmium are present all over the
CQW as expected from alloyed shell of CdZnS in these
CQWs.24 The absorption and photoluminescence (PL) spectra
of aqueous CQWs are shown in Fig. 1d. The peaks appearing
at 625 and 575 nm in the absorption spectrum are associated
with the heavy-hole and light-hole excitonic transitions,
respectively. The PL emission peak of these aqueous CQWs is
located at 629.6 nm and the full-width-half-maximum (FWHM)
of the PL is 19.6 nm.

Fig. 2a presents non-linear absorption spectra α = Δα + α0,
where Δα is the absorption bleach and α0 is the absorption
of the unexcited sample, parametrized with respect to the
average number of generated excitons per CQW (given in the
legend). In here, we used the absorption bleach spectra at
∼15 ps. The average number of photogenerated excitons per
CQW 〈N0〉 is calculated by using N0 = f × σ, where f is the
pump fluence and σ is the absorption cross-section.
Absorption cross-section of our sample is 2.0 × 10−13 cm2

and was calculated by following a method explained in our
previous work.16 The non-linear absorption spectra gradually
decrease as we increase the pump fluence as can be seen in
Fig. 2a and α becomes negative at the wavelengths within the
proximity of the stimulated emission. This negative net
absorption, α < 0, signifies the occurrence of optical gain.3

The optical gain occurs initially at 640 nm and then as the
pump fluence is further increased, the peak of the net nega-
tive absorption slowly blue-shifts to 630 nm. This blue shift
is a signature of stimulated emission from higher order
excitons.27,28 In Fig. 2b, the absorption α of our aqueous
CQWs at the ASE peak as a function of the average number
of photogenerated excitons per CQW 〈N0〉 is provided. The
change in the sign of α indicates the threshold for achieving
stimulated emission and thus our threshold for stimulated
emission is 〈N0〉 ≈ 1.4 excitons which corresponds to pump
fluence of 3.4 µJ cm−2.
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We also investigated the material gain and gain cross-
section of these gradient alloyed CQWs. Material gain g(pf, λ,
t ) at a specific pump fluence is given by

gðpf; λ; tÞ ¼ αðpf; λ; tÞ � μðat 400 nmÞ=α0ðat 400 nmÞ; ð1Þ

where pf is the pump fluence, λ is the wavelength, t is the
time, and µ (at 400 nm) is the intrinsic absorption coefficient
at 400 nm.29 Intrinsic absorption coefficient was calculated by
dividing the absorption cross-section of our CQWs by its
volume and the resulting µ (at 400 nm) is 1.35 × 105 cm−1 for
our CQWs. The material gain g(pf, λ, t ) reaches 6000 cm−1 at
the pump fluence of 15 µJ cm−2, which corresponds to 〈N0〉 =
6. In addition, we obtained the gain cross-section of these
aqueous CQWs. The gain cross-section per CQW (γg) can be
calculated by

gnet ¼ γg � C � α; ð2Þ

where C is the concentration of CQWs and α is the optical loss
coefficient.14 For the case that we obtained gnet (pf = 15 µJ
cm−2) = 6000 cm−1, C is ∼5 × 1017 cm−3. Here, we can easily
assume that the net modal gain is close to the modal gain (g)
since loss coefficient from the films of CQWs is very small (in
the order of 10 cm−1)30 compared to the net modal gain. Then,
γg (pf = 15 µJ cm−2) was calculated to be 1.2 × 10−14 cm2. This
is smaller than the reported value from CdSe/CdS core/shell
CQWs, which is likely obtained at higher fluences,14 but 1 to 2

orders of magnitude larger than those of QDs and
nanorods.3,10

In Fig. 2c, the 2D time–wavelength colored map of non-
linear absorption spectrum of our CQWs is provided at pump
fluence of 15 µJ cm−2, corresponding to 〈N0〉 ≈ 6 for only the
region under the optical gain. In this figure, while the coordi-
nates that exhibit optical gain is colored and shown, the coor-
dinates which are not under optical gain is kept white. The
spectral position where the maximum gain occurs red-shifts as
the time passes as can be seen from Fig. 2c. Initially α is
minimum (maximum in magnitude) at 630 nm, slowly shifting
towards ∼640 nm (at ∼2 ns). This spectral red shift of α over
time is due to the reduction in the number of excitons with
time in the CQWs after their initial generation with the femto-
second pulse. Likely, this is because of the coulombic repulsive
forces due to presence of multi-excitons. Then, as the number
of excitons decreases with time, α eventually red-shifts spec-
trally. As can be seen in Fig. 2c, α still stays negative during
our measurement window of 1.95 ns which means our gain
lifetime is longer than 1.95 ns. In Fig. 2d, we present −Δα(at
640 nm)/α0 as a function of the time at the pump fluence of
15 µJ cm−2. Since our sample was still under the gain within
our window of measurement, we extrapolated the experimental
data after 1.95 ns by fitting three-exponential decay function.
The fit is also included in Fig. 2d. Using our fit, we obtained a
gain lifetime of 2.6 ns from our aqueous CQWs. This optical
gain lifetime is longer than the previously reported gain life-

Fig. 1 (a) A schematic of CdSe/CdS@CdxZn1−xS core/crown@gradient-alloyed shell colloidal quantum wells (CQWs) together with the band-
offsets. (b) A representative transmission electron microscopy (TEM) image of C/C@GS CQWs. (c) EDS maps of cadmium, selenium, sulfur, and zinc
from a single CQW (shown in the inset). (d) Absorption and photoluminescence spectra of the CQWs.
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times of colloidal quantum wells17,31,32 and comparable to the
best reported gain lifetimes of charged quantum dots33 and
quantum shells.34 Such elongated gain lifetime in this
system can be attributed to the longer Auger lifetimes as a
result of the smooth potential confinement provided by the
gradient alloyed shell.4,35 The Auger lifetimes are strongly sup-
pressed in finely graded confinement potentials owing to the
significant reduction in the strength of the intraband
transition.4,35

To explore the in-solution ASE performance of our CQWs,
CQWs dispersed in water were placed into a capillary tube
having a core size of 300 µm by the assistance of capillary
force and then optically pumped with a femtosecond mode-
locked laser (pulse width ≈ 120 fs) at 400 nm and 1 kHz rep-
etition rate using a stripe geometry with the help of a cylindri-
cal lens. Emitted photons were collected by using an optical
fiber connected to a spectrometer. Pump-fluence dependent
ASE spectra from our aqueous CQWs are presented in Fig. 3a.
As presented in Fig. 3a, at low pump fluences only the spon-
taneous emission with a FWHM of ∼25 nm appears in the PL
spectrum. However, as the pump fluence further is increased,
a sharp ASE peak emerges at ∼641 nm with a FWHM of
∼10 nm for the pump fluences above the threshold and it
becomes dominant as the fluence is further increased as can
be seen in Fig. 3(a). The blue shift of the ASE can be attributed

to the quasi-type-II nature of these CdSe/CdS@CdxZn1−xS core/
crown@gradient-alloyed CQWs, which leads to repulsive inter-
actions in the biexcitonic regime. It is worth mentioning that
the degree of such quasi-type-II behavior can be well controlled
and fine-tuned by the use of alloying and geometrical para-
meters, as previously demonstrated in CdSe/Cd1−xZnxS core/
shell QDs, nanorods and CQWs.17,36,37 The emission intensity at
the peak as a function of the pump fluence for the CQWs is pre-
sented in Fig. 3(b). The ASE threshold obtained in Fig. 3(b) from
the super-linear increase of the emission intensity and Fig. 3(a)
from the emergence of narrow ASE emission is ∼120 µJ cm−2,
which is slightly higher than the previously reported ASE
threshold of CQWs dispersed in toluene.15 This is likely due to
the difference in the concentration of CQWs and possibly better
optical confinement factor of the CQW solution in toluene
which has a higher refractive index than water. This lower refrac-
tive index of water and low optical quality of the aqueous nano-
crystals synthesized before are likely the reasons for the failure
in achieving optical gain in water to date. Compared to the
nanocrystals dispersed in non-polar solvents, such as hexane
and toluene, the optical performance of the nanocrystals dis-
persed in water falls far behind.38,39

To study the stability of the light amplification in our
aqueous CQWs, we pumped the sample above the ASE
threshold for 4 h continuously. The stability test was per-

Fig. 2 (a) Nonlinear absorption spectra α = Δα + α0, where Δα is the absorption bleach and α0 is the absorption of the unexcited sample, as a func-
tion of the average number of generated excitons per CQW. Red-shaded region shows where optical gain occurs (α < 0) in this figure. (b) Nonlinear
absorption α taken at t = 15 ps as a function of the fluence and average number of generated excitons per CQW. (c) 2D time–wavelength colored
map of nonlinear absorption spectrum of our CQWs at pump fluence of 15 µJ cm−2, corresponding to 〈N0〉 ≈ 6 for the regions only under the
optical gain. In (c) only the region exhibiting optical gain is shown and colored, the coordinates which are not under optical gain are colored as
white. (d) −Δα(at 640 nm)/α0 as a function of the time at the pump fluence of 15 µJ cm−2. In (d) we extrapolate the experimental data after 1.95 ns,
which is our experimental temporal window, by fitting with three-exponential decay function, shown in dotted red curve.
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formed under ambient conditions at a threshold of 190 µJ
cm−2 using a femtosecond mode-locked laser having a pulse
width of 150 fs and a 1 kHz repetition rate. We observed a
decrease in the ASE intensity with time as presented in Fig. 3c.
However, this decrease in the ASE intensity was almost recov-
ered after stopping the optical pumping of the sample for an
hour. This phenomenon can be attributed to the dissipation
of the heat which accumulated under continuous pumping. As
a result, the decrease in the intensity of the ASE under con-
tinuous pumping is reversible and largely due to the change in
the temperature of the surrounding environment unlike irre-
versible damage seen in QD microdrop lasers as a result of
high fluences needed for obtaining ASE leading photo-oxi-
dation.12 Hence, our aqueous C/C@GS CQWs offer an effective
architecture to considerably improve the optical gain stability
problem of colloidal semiconductor nanocrystals thanks to
their low in-solution ASE threshold and crown and shell layers
for passivation and protection.

Owing to excellent optical gain performance of our engin-
eered aqueous CQWs, we incorporated these CQWs as a gain
medium into WGM laser. We obtained the WGM laser by depos-

iting 6 monolayers of aqueous CQWs by layer-by-layer approach
on a piece of coreless fiber having a diameter of approximately
125 µm by taking advantage of their 2D geometry and hydrophi-
licity owing to carboxylic end groups of their ligands. We
achieved the deposition of CQWs on fibers by using positively
charged poly(diallyldimethylammoniumchloride) (PDDA) linker
molecules between each CQW layer as presented in our previous
work.24 The layer-by-layer approach as shown in our previous
work leads to uniform film deposition, which is important for
lasing applications and other opto-electronic applications, such
as light-emitting diodes. Briefly, the surface of the fiber was
made hydrophilic by applying oxygen plasma and after that it
was dipped into a PDDA linker solution for the attachment of
linker molecules to the surface. Then, the fiber was dipped into
aqueous CQW solution to attach the CQWs on top of the linker
molecules. The process of attaching PDDA and CQWs was
repeated 5 more times to reach the desired film thickness on
the fiber. The scanning electron microscopy (SEM) image of our
WGM laser is displayed in the inset of Fig. 4a, demonstrating
that the CQW film obtained by layer-by-layer approach is
smooth.

Fig. 3 (a) Pump-fluence dependent in-solution ASE spectra from aqueous CQWs in a capillary tube. Inset of (a) exhibits a schematic of CQW solu-
tion in the capillary tube optically excited using stripe geometry for ASE measurements. (b) Emission intensity at the peak as a function of the pump
fluence for aqueous CQWs. The crossing point of the fitted red lines in (b) indicates the ASE threshold. (c) ASE intensity as a function of time.

Fig. 4 (a) Luminescence spectra of the CQW integrated fiber. SEM image is given in the inset showing the smoothness of CQW film formation on
the lateral sides of the fiber. (b) Pump fluence dependent PL intensity of the CQW integrated fiber. (c) Image of the resulting laser spot from the opti-
cally excited CQW integrated fiber.
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The emission spectra of the CQW-WGM laser at different
pump fluences are given in Fig. 4a. The WGM laser exhibits
multimode laser output with each peak approximately having
an FWHM of 1.5 nm corresponding to a Q-factor of ∼413.
Emission intensity as a function of the pump fluence is pre-
sented in Fig. 4b. The lasing threshold occurs at the pump
fluence of ∼30 µJ cm−2 as can be seen in Fig. 4a and b with the
emergence of a sharp peak and superlinear increase of the total
intensity. This threshold is lower than the previous result on
CQWs based WGM and can be attributed to the higher quality
of aqueous CQWs, better film quality on the fiber used in this
work obtained by layer-by-layer assembly unlike in the previous
work in which the films were obtained by the help of capillary
force25 and short MPA ligands enabling higher packing density
of CQWs. This lasing output saturates around ∼45 µJ cm−2 as
can be seen in Fig. 4b. The coherent laser emission of the WGM
laser with a well-defined spatial profile is presented in Fig. 4c.
In this WGM laser, the lasing emission from WGM resonator is
effectively guided along the fiber owing to strong waveguding as
also demonstrated in our previous work.25

Conclusions

In conclusion, we show the achievement of in-water low-
threshold optical gain from our carefully heterostructured
aqueous CdSe/CdS@CdxZn1−xS core/crown@gradient-alloyed
shell CQWs with a threshold of ∼3.4 µJ cm−2. These engin-
eered hetero-CQWs exhibit extremely long gain lifetime of
around 2.6 ns which makes them particularly advantageous as
a gain medium for quasi-CW and CW lasing together with
their low-threshold optical gain. This extremely long gain life-
time and ultralow optical gain threshold can be attributed to
the smooth confinement potential as a result of their gradient
alloyed shell. Using these aqueous CQWs, we also attained in-
solution ASE with a threshold of 120 µJ cm−2 using capillary
tubes. In addition, we demonstrated a low-threshold WGM
laser by depositing uniform film of CQWs on a fiber using
layer-by-layer approach by exploiting their 2D geometry and
hydrophilicity owing to carboxylic end groups of their ligands.
In this WGM laser, the lasing is strongly guided along the
fiber and hence exhibits a spatially coherent emission. This
solution processed aqueous CQWs with their extraordinary
electronic properties as a solution-based optical gain medium
offers exceptional opportunities for the design of optofluidic
lasers for sensitive detection of chemicals and biomedical
applications. The achievement of in-water optical gain in this
work presents specifically a significant step for biological
molecule analyses and detection in the living cells and tissues
and other bio-compatible environment.
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