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Solution-processed inorganic and organic materials have been
pursued for more than a decade as low-threshold, high-gain
lasing media, motivated in large part by their tunable opto-
electronic properties and ease of synthesis and processing1.
Although both have demonstrated stimulated emission
and lasing, they have not yet approached the continuous-
wave pumping regime1–8. Two-dimensional CdSe colloidal
nanosheets combine the advantage of solution synthesis with
the optoelectronic properties of epitaxial two-dimensional
quantum wells. Here, we show that these colloidal quantum
wells possess large exciton and biexciton binding energies of
132 meV and 30 meV, respectively, giving rise to stimulated
emission from biexcitons at room temperature. Under
femtosecond pulsed excitation, close-packed thin films yield
an ultralow stimulated emission threshold of 6 μJ cm–2,
sufficient to achieve continuous-wave pumped stimulated
emission, and lasing when these layers are embedded in
surface-emitting microcavities.

The first demonstration of continuous-wave (c.w.) semiconduc-
tor lasing at room temperature was achieved in double heterostruc-
ture lasers over 40 years ago9. Since then, solid-state c.w. lasers have
been developed at several key wavelengths, most notably a
mid-infrared quantum cascade laser at 9 µm (ref. 10), a 1.69 µm
silicon Raman laser11, and violet–blue (399 nm, ref. 12; 428 nm,
ref. 13) InGaN lasers. However, these are all fabricated via demand-
ing microfabrication techniques, which typically require high
vacuum and temperature. Solution-processed lasers, meanwhile,
offer the prospect of fabrication on a wide variety of (flexible) sub-
strates with facile, large-area methods such as spray coating or inkjet
printing, but c.w. operation remains to be demonstrated before
practical applications are deemed feasible.

In organic electronics, nanosecond-pumped lasing has already
been achieved, yet the stimulated emission is eventually quenched
by the pile-up of long-lived triplet states and concomitant singlet–
triplet annihilation7,8. Long-term operation is also compromised
by sample degradation7, and electrically pumped lasing is still con-
sidered a significant challenge7,8. Inorganic colloidal nanocrystals
are a potential alternative material1,3,4. However, in these materials,
progress was initially hampered by efficient Auger recombination,
which prohibited a sustained population inversion3,14.

Auger recombination rates in nanocrystals are inversely pro-
portional to the exciton volume and directly proportional to the
electron–hole wavefunction overlap, and are therefore suppressed
in nanocrystal heterostructures that allow for electron delocaliza-
tion15. As a result, stimulated emission has already been demon-
strated in CdSe/CdS giant-shell colloidal quantum dots (CQdots)15

and dot-in-rods2, and in the latter, a temperature-independent

stimulated emission threshold, a typical Qdot lasing characteristic,
has been observed. Electron delocalization comes, however, at the
expense of reduced oscillator strength of the band-edge transition.
Dang and colleagues3 have shown with CdSe/Cd0.5Zn0.5S type I
core–shell nanocrystals that an exceptionally high photoluminescence
quantum efficiency of over 80% in a highly concentrated nanocrystal
solution and a large Stokes shift of ∼20 nm are also sufficient con-
ditions to reach low-threshold gain and single-exciton lasing. This
achievement was probably facilitated by using nanocrystals with a
graded core–shell interface, as a smoother confining potential
reduces the high momentum components in the ground-state
wavefunction, and this is known to reduce Auger recombination16,17.

The need for engineered heterostructures that suppress Auger
recombination or achieve single-exciton gain can be circumvented
altogether with two-dimensional nanocrystals, that is, colloidal
quantum wells (CQwells)18,19. Here, the energy levels are quantized
in only one direction, which imposes a stricter momentum
conservation rule for Auger recombination compared to zero-
dimensional CQdots. Using CdSe CQwells with green emission,
we indeed observed efficient biexciton emission at room tempera-
ture, with a lifetime consistent with strong Auger recombination
suppression. This enabled us to achieve gain in CQwell thin
films using only 6 µJ cm−2 of excitation fluence in the pulsed
regime, as well as optically pumped c.w. stimulated emission and
lasing at 530 nm.

Atomic control of the thickness of CdSe CQwells during syn-
thesis is now possible, resulting in narrow, symmetric emission
bands that can be tuned in discrete steps from blue (460 nm) to
green (515 nm) and yellow (550 nm)20. Here, we optimized the syn-
thesis of green-emitting CQwells (see Materials and Methods) to
obtain samples with a typical photoluminescence quantum effi-
ciency of 25% in solution. Figure 1a presents a transmission electron
microscope (TEM) image of the CQwells. The 2.41 eV photolumi-
nescence peak (Fig. 1b) corresponds to a thickness of 1.5 nm, equiv-
alent to five CdSe monolayers (ML) according to Achtstein and
co-authors21. The lateral dimensions of 8.5 nm × 35.3 nm imply
that excitons only experience strong confinement in the z direction.
The emission and absorption spectra in Fig. 1b reveal a Stokes shift
of 24 meV. Excitonic transitions associated with the heavy holes
(HH) and light holes (LH) are also visible at 2.43 eV and 2.57 eV,
respectively. By fitting a quantum well absorption model to the
spectrum (Supplementary Section 2), we determined an
exciton binding energy Eb

x of 132 ± 20 meV, which agrees with a cal-
culated Eb

x of 130–175 meV (ref. 21) for 5 ML colloidal CdSe
CQwells with lateral extensions of 20 nm (taking a dielectric con-
stant of the ligands equal to 2–3). The high value is consistent
with other Qwell systems22 and can be correlated with the
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exceptionally strong confinement of the two-dimensional exciton in
the 1.5 nm thin Qwell, further enhanced by the large dielectric mis-
match between the inorganic CdSe CQwells and the organic
environment. As we exceed the expected fourfold enhancement
for two-dimensional-confined excitons (bulk CdSe Eb

x = 15 meV)23,
excitons may still experience weak confinement in the lateral dimen-
sions, either due to the finite CQwell size or to small potential
well fluctuations.

Detailed measurements of the biexciton emission and associated
Auger recombination were performed on close-packed thin films
that were obtained by dropcasting the CQwells from toluene onto
a sapphire substrate. The top and bottom panels in Fig. 2a show a
spectrally symmetric photoluminescence from F0 = 0.4 µJ cm−2

excitation, and a broadened spectrum for F0 = 32 µJ cm−2. The
spectra in Fig. 2b were obtained by temporally integrating the
streak images in Fig. 2a over the first nanosecond. They are fit by
a pseudo-Voigt function with line shape Vx for the low-fluence spec-
trum (Supplementary Section 4) and a sum of two Voigt functions
V =AxVx +AxxVxx, where Vxx represents the second emission peak,
with the same line shape as Vx, only shifted to lower energy. The
respective amplitudes Ax and Axx show a linear (I∝ I0) and quadra-
tic (I∝ I0

2.2) dependence on the excitation fluence, respectively. The
latter confirms that the red band is due to a biexciton transition
(Fig. 2c). The energy difference between the peak positions
yields a biexciton binding energy of about Eb

xx = 30 meV.
Theoretical predictions find that the two-dimensional heavy-hole

biexciton and exciton have a ratio of Exx
b /Ex

b = 0.228 (ref. 24).
Using Eb

x = 132 ± 20 meV, we calculate Eb
xx = 30 ± 5 meV, which is

remarkably close to the experimental value. A calculation using
the CdSe bulk Eb

x of 15 meV predicts a two-dimensional binding
energy of 14 meV. Similar enhancements compared to the ideal
two-dimensional case were observed in self-assembled CdSe
Qdots formed by Cd-rich regions inside a CdZnSe Qwell, where
Eb
xx was equal to 19–26 meV (ref. 25) and 38 meV (ref. 26), respect-

ively. The biexciton binding energy again suggests a residual
in-plane centre-of-mass confinement, yet, more importantly, our
data predict that this is beneficial in our case, as biexcitons in
CdSe CQwells are stable at room temperature.

CdSe CQwells have a band-edge transition with so-called giant
oscillator strength, where a coherent phasing of dipoles over many
unit cells results in a dipole matrix element much larger than can
be achieved by a single atom27. This is manifested by the fast
single-exciton photoluminescence decay kinetics observed in
Fig. 2d. Fitting a multi-exponential function to the spectrally inte-
grated exciton decay yields an effective lifetime τx = 438 ps, together
with a lower intensity tail with a 5.1 ns decay constant. The photo-
luminescence trace at higher excitation fluence yields a slightly faster
decay time of τ2 = 296 ps, with a 1.4 ns tail. Focusing on the pico-
second decay times and using the respective areas of the exciton
and biexciton emission from Fig. 2b, we can estimate a biexciton
lifetime of τxx = (τ2 − Axτx)/Axx = 124 ps. The τxx/τx ratio of 1:3.5
is similar to epitaxial systems based on CdSe (ref. 26) or GaAs
(ref. 28) and, considering that typical τxx/τx decay time ratios for
type I CQdots are close to 1:100 (ref. 3), it excludes the possibility
that the biexciton lifetime is dominated by nonradiative Auger
recombination. This is supported by a recent study that finds
Auger lifetimes up to 10 ns (ref. 29), almost two orders of
magnitude larger than the measured radiative lifetimes.

Stimulated emission was first investigated using femtosecond
pulsed excitation. Recent literature results have demonstrated that
stimulated emission5 and lasing6 are feasible under these conditions.
Figure 3a shows a streak camera image of the stimulated emission
collected at 90° from a focused stripe (Supplementary Section 5).
The characteristic band narrowing results in a 6 nm stimulated
emission peak width. The ultrafast decay time falls within the
10 ps response time of the streak camera, and unambiguously
assigns the peak to stimulated emission. It is also evident from
Fig. 3a and the intensity-dependent spectra in Fig. 3b that the stimu-
lated emission originates at the energy position of the biexciton
transition. The integrated stimulated emission intensity shows a
clear threshold behaviour, with the biexciton photoluminescence
becoming stimulated emission at an ultralow threshold of 6 µJ cm−2

(Supplementary Section 5), about 25 times smaller than
CdSe/Cd0.5Zn0.5S core–shell3 and CdSe/CdS dot-in-rods2 with
similar emission wavelengths.

We have therefore obtained a material with several unique
properties that are key to low-threshold lasing. Compared to zero-
dimensional CQdots, CQwells have a larger oscillator strength
and therefore larger spontaneous and stimulated emission cross-
sections. Due to the (nearly) atomically flat CQwells, almost all
nanocrystals can contribute to population inversion, and losses
due to sample heterogeneity are largely avoided. This is also demon-
strated by photoluminescence excitation (PLE) spectroscopy, where
both the band-edge absorbance and the PLE peak have similar line-
widths of 34.8 ± 0.5 meV and 33.8 ± 0.4 meV, respectively
(Supplementary Section 6). The large biexciton binding energy
also results in strongly redshifted biexciton emission, further cir-
cumventing linear absorption losses. In this context, the absence
of Auger recombination implies that nonlinear nonradiative losses
are also minimized. Finally, even at room temperature, the gain
can arise from a biexciton population, whereas in other QWell
systems gain is typically obtained from electron–hole plasma at
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Figure 1 | Structural and optical CQwell properties. a, TEM image of CdSe
CQwells (lateral dimensions 8.5 nm× 35.3 nm) and sketch of a CQwell,
indicating a thickness of 1.5 nm (ref. 21). b, Absorption (circles) and
photoluminescence (dashed line) spectra of the CdSe CQwells used in the
study. The two peaks correspond to the excitonic transitions associated with
the heavy holes (HH) and light holes (LH). Absorption data are fit with a
quantum well absorption model (full line), yielding an exciton binding energy
of 132 meV.
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Figure 3 | Stimulated emission under femtosecond and c.w. pumped conditions. a, Streak camera image showing fast, narrow-band stimulated emission
under femtosecond excitation. The spectral and temporal ranges are the same as in Fig. 2a to assist visual comparison. b, Excitation fluence dependence of
stimulated emission under femtosecond excitation. The low-intensity single-exciton photoluminescence first develops into biexciton emission, followed by
gain narrowing and stimulated emission at even higher fluences. c, Similar spectra are obtained under c.w. excitation, yet without the observation of a clear
biexciton photoluminescence peak. d, Intensity dependence for c.w. excitation shows a threshold at 6.5W cm−2 for the stimulated emission (SE) peak and
saturation behaviour for the residual photoluminescence (PL).
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Figure 2 | Power-dependent and time-resolved photoluminescence data. a, Streak camera images of CdSe CQwells excited with 1 kHz, 70 fs laser pulses,
showing low-fluence (top) and high-fluence (bottom) emission. b, The time-integrated spectrum (over the first nanosecond) for a fluence of 0.4 µJ cm−2

shows a single symmetric peak. At a fluence of 32 µJ cm−2, the spectrum contains two components, AxVx and AxxVxx. c, The integrated intensities confirm
that the redshifted peak is due to biexciton emission. d, Spectrally integrated decay traces, from which exciton and biexciton lifetimes of 438 ps and 124 ps,
respectively, can be deduced.
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these temperatures30. The four-level system obtained here represents
a more beneficial scheme to achieve low-threshold lasing30.

When switching to c.w.-pumped excitation (λ = 444 nm), a stimu-
lated emission peak is clearly observed with spectral position and line-
narrowing (Fig. 3d) consistent with that seen for the femtosecond
excitation. We find a c.w. stimulated emission threshold of 6.5 W
cm−2, a value that can be reached using low-power c.w. excitation
sources such as blue-light-emitting or laser diodes. Using the vari-
able stripe length (VSL) method31, we determined modal gain
values of gcw = 121 ± 1 cm−1 and gfs = 521 ± 50 cm−1 for the
CQwell thin films (Supplementary Section 5). The lower gcw com-
pared to gfs is the result of a smaller sustained biexciton population
under c.w. conditions, confirmed by the absence of clear biexciton
emission before stimulated emission onset in Fig. 3c. This is
probably due to enhanced nonradiative Auger recombination and
exciton–biexciton dissociation kinetics when compared to femto-
second excitation. However, even under these conditions, gcw is
comparable to femtosecond-excited gain in CQdots1,3 and typical
gain values in organic materials32.

As a proof of concept, in Fig. 4 we demonstrate c.w. pumped
lasing by enclosing a 40 µm dropcast thin film of CdSe CQwells
in an optical cavity constructed from two Bragg reflectors
(Supplementary Sections 7 and 8). The Bragg reflectors have a
reflectivity of 99.5% at the 530 nm emission peak of the CQwells
and transmit 90% of the 405 nm c.w. and femtosecond excitation.
As for stimulated emission, we measured a quasi-instantaneous
response of an overall 2.9 nm (full-width at half-maximum,
FWHM) multimode lasing peak in the femtosecond-pulsed
excitation mode (Fig. 4b, Supplementary Fig. 10). Under c.w.
pumping conditions, we observe a similar behaviour (Fig. 4c,d,

Supplementary Fig. 9), with a power-dependent emission displaying
an S-shaped curve that is a characteristic signature of the cavity
reaching laser action. Indeed, below threshold, the photolumines-
cence grows sublinearly, followed by a transition region with a
superlinear increase in stimulated emission (power slope of about
2), and finally a linear regime when we clearly obtain lasing
(Fig. 4d). The threshold of 18.6 mW, corresponding to a power
density of 440 W cm−2, again places the required excitation
density well within the range of existing blue-light sources. Due to
the 40 µm cavity length, the observed lasing peak is an envelope,
yet with a dominant mode with 0.85 nm FWHM clearly visible at
high pumping power (Fig. 4c). The device stability was tested with
1 h of continuous 500 W cm−2 c.w. excitation (a fluence that is
above the lasing threshold shown in Fig. 4d), with a resulting 50%
reduction in lasing output, which is favourable compared to
similar devices3. An excitation density of 800 W cm−2 leads to a
90% reduction in the same timeframe; however, further develop-
ment could improve the performance, for example through the
addition of a heat sink or the synthesis of core–shell CQwells.

In conclusion, we have shown that colloidal CdSe quantum wells
share many features with epitaxial systems, making them suitable
for use as high-gain materials. The infinite potential barriers
provided by the low-dielectric-constant environment, combined
with detailed control over the lateral sizes during colloidal synthesis,
provide an exceptionally high (bi-)exciton binding energy and
therefore a unique opportunity to investigate the dynamics of
two-dimensional-confined excitons and biexcitons at room temp-
erature. The suspended QWells are easily processed by wet chemical
methods. Here, we have obtained c.w. pumped lasing at 530 nm
using a simple dropcast gain layer. This leaves ample room for
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Figure 4 | Continuous-wave lasing in a CQwell-based microcavity at room temperature. a, Schematic of the laser cavity with identical Bragg reflectors
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sample and device optimization, for example in the form of core–
shell CQwells33 and in the direction of single-mode cavities, respect-
ively. Considering the extended lateral dimensions, CQwell systems
might even lead towards solution-processed electrically injected
lasers. We thus foresee that these materials may finally provide a
viable alternative to existing laser gain media.

Materials and methods
Synthesis of CdSe colloidal quantum wells. Cd-myristate (170 mg), Se (24 mg) and
octadecene (15 ml) were introduced into a three-neck flask and degassed under
vacuum for 30 min at 100 °C. Under an argon atmosphere, the temperature was
increased to 210 °C, and when this temperature was reached, 90 mg hydrated
Cd-acetate (Cd(Ac)2·4H2O) was added swiftly. The mixture was further heated to
240 °C and kept at this temperature for 10 min. The CQwell solution also
contained a fraction of spherical clusters, which were separated from the CQwells by
selective precipitation.

Steady-state photoluminescence spectroscopy. Steady-state photoluminescence,
PLE spectra and photoluminescence quantum efficiency measurements were
performed with an Edinburgh Instruments FLS920 spectrofluorometer. Samples
were excited with a 450 W xenon lamp. The CdSe CQwells were dispersed in 3 ml
toluene with an optical density of 0.1 at 400 nm using a quartz cuvette with an
optical path of 10 mm. This wavelength was also used for the photoluminescence
quantum efficiency measurements.

Ultrafast optical spectroscopy. Time-resolved photoluminescence measurements
with picosecond time resolution were performed with a Hamamatsu Photonics
streak camera. Samples were dropcast on a sapphire substrate for both room- and
low-temperature measurements. They were excited with a 405 nm, 70 fs amplified
Ti:sapphire laser with a repetition rate of 1 kHz, or a 50 mW 444 nm c.w. laser
source for the VSL measurements and a 110 mW 405 c.w. laser to excite the
Bragg reflector cavity. The latter ensured a higher possible excitation fluence due to
the larger CdSe CQwell absorption cross-section at 405 nm and higher maximal
laser power. For the photoluminescence spectroscopy at 4 K, samples were cooled
with a closed-cycle helium cryostat (Advanced Research Systems).
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