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Present-day liquid-state lasers are based on organic dyes. Here we
demonstrate an alternative class of liquid lasers that use solutions of

colloidal quantum dots (QDs). Previous efforts to realize such devices
have been hampered by the fast non-radiative Auger recombination

of multicarrier states required for optical gain. Here we overcome this
challenge by using type-(I + II) QDs, which feature a trion-like optical gain
state with strongly suppressed Auger recombination. When combined

with a Littrow optical cavity, static (non-circulated) solutions of these QDs
exhibit stable lasing tunable from 634 nm to 575 nm. These results indicate
the feasibility of technologically viable dye-like QD lasers that exhibit broad
spectral tunability and, importantly, provide stable operation without the
need for acirculation system—a standard attribute of traditional dye lasers.

Thelatter opens the door to less complex and more compact devices that
canbereadily integrated with various optical and electro-optical systems.
An additional advantage of these lasers is the wide range of potentially
available wavelengths that can be selected by controlling the composition,
size and structure of the QDs.

Chemically prepared semiconductor nanocrystals, or colloidal quan-
tumdots (QDs), have been actively investigated as optical gain media
for solution-processable lasers' . A majority of the reported studies
have focused on solid-state systems such as close-packed QD films*™.
However, thereisalsoa considerableinterestin QD-enabled liquid-state
lasers, analogous to existing dye lasers. Although dye lasers are less
common than solid-state devices, they remain useful in research and
diagnostics'® ™, They are also uniquely suited for application in emerg-
ing areas such as optofluidics'".

Factorslimiting the performance of dye lasersincludeinterference
fromnon-emissive triplet states and material degradation under high
pump intensities. These problems have been typically circumvented
using free-floating jet streams. However, this complicates the device,
increases its footprint and makes integration with other devices dif-
ficult. QDs are growninliquid media and can be easily manipulatedin
solutions like large molecules™. This makes them well suited for the
implementation of liquid lasers, which could potentially solve the prob-
lem of the limited stability of traditional dyes. However, initial attempts

to realize lasing with solutions of ordinary QDs were not successful'.
Although there are afew reports in the literature regarding amplified
spontaneous emission"” (ASE) and microcavity lasing'®?° achieved with
QD solutions, the initial demonstration of ASE* as well as the majority
of the reported lasing studies have utilized solid-state QD films.

A primary complication in colloidal QD lasing is the fast
non-radiative Auger recombination of multicarrier optical gain states,
which competes with stimulated emission and hinderslaser action*?’,
Since the stimulated emission rate decreases with decreasing QD con-
centration, fast Auger decay becomes a particularly serious problemin
the case of dilute gain media such as QD solutions. In fact, as established
elsewhere*, thereisacritical QD concentration (nyp,,) below which laser
action is not possible. It was further found that ny, ., scales inversely
with the optical gain relaxation time (z,), which is directly related to
the lifetime of amulticarrier optical gain state.

Typically, optical gain in QDs is generated by two electron-hole
(e-h) pair states or biexcitons. In standard (non-engineered) QDs,
biexcitondecay is dominated by non-radiative Auger recombination,
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Fig. 1| Ordinary versus hybrid biexcitons. a, In a conventional QD with
colocalized electrons and holes (type-1QD), the optical gain is due to biexciton
states. Their Auger recombination can be represented as a superposition of two
negative-trion and two positive-trion pathways (ratesr, x_andr, x, per pathway,
respectively). CB and VB are the conduction and valence bands, respectively.

b, Inthe proposed scheme, the optical gainis due to a hybrid biexciton consisting
of aspatially direct and a spatially indirect exciton. Such biexcitons can be
realized in the so-called type-(I + II) QDs. These structures contain an additional,
indirect compartment in the conductionband, which captures an electron from
the primary (direct) QD compartment, allowing the electron to reduce its energy.
However, the energy difference (4,;) driving electron transfer should be small

Faxx = Tax*

r l h d

enough to prevent the transfer of the second electron, which should remainin the
primary compartment. This would lead to the creation of a hybrid direct/indirect
biexciton. The Auger decay of such a biexciton occurs via a single positive-trion
pathway. As aresult, it is slower than that of a conventional biexciton. ¢, Practical
implementation of type-(I + II) QDs. Top: schematic of the type-(I + 1) CdSe/ZnSe/
CdS/ZnSQD;r, [, hand d are the radius of the CdSe core, the thickness of the

ZnSe barrier, the thickness of CdS interlayer and the thickness of the outer ZnS
shell, respectively. Bottom: radial profiles of the electron and hole confinement
potentialsinthe type-(I + II) QD. It features spatially direct (type I) and spatially
indirect (type Il) transitions (X and X; excitons, respectively).

during which the e-h recombination energy is transferred to a third
carrier?. Typical timescales of this process are extremely short (tens
to hundreds of picoseconds depending on the QD size”??), resulting in
very short gain lifetimes and correspondingly high nyp ., values (since
Ngp - Scalesas1/7,), whichare difficult toachieve withliquid QD samples
dueto solubility limits.

Here weresolve the problem of fast Auger decay using type-(1 + II)
QDs, which exhibit optical gain due to hybrid (direct/indirect) biexci-
tons with slow, charged-exciton-like relaxation dynamics. This reduces
thecritical concentration ny, . and allows us torealize stable, spectrally
tunable liquid-state lasing using ‘static’ (non-circulated) solutions of
the type-(1+11) QDs placed in astandard Littrow-type cavity.

Optical gain due to hybrid biexcitons

As mentioned earlier, most commonly, optical gainin a QD medium
is due to neutral biexcitons (Fig. 1a) whose Auger lifetime (7, xx) deter-
mines the optical gain lifetime. On the basis of the ‘universal’ volume
scaling"?, 7, xx ranges from ~4 ps to ~100 ps for typical colloidal QD
diameters of ~2-6 nm, resulting in very short optical gain relaxation
constants.

The gain lifetime can be increased by using charged excitons as
optical gain species®. For example, due to the reductionin the number
of recombination paths, the Auger lifetime of singly charged excitons
(trions) can be four times (or more) longer than that of biexcitons.
Originally proposed inref. 25, the charged-exciton gain mechanism has
been used to practically demonstrate ‘zero-threshold’ optical gain?>*
and ‘sub-single-exciton’ lasing®. The reported studies used QD films
thatwere charged (doped) electrochemically**?, photochemically**
or chemically®.

Here we aimto realize the charged-exciton gain mechanismin QD
solutions using specially designed particles in which biexcitons exhibit
characteristics similar to those of charged excitons. The proposed QD
designisshowninFig.1b. Along with the primary confinement volume
(the ‘direct’ compartment), it contains an additional spatially separated

(‘indirect’) electron compartment whose interaction with the primary
volume is controlled by an interfacial potential barrier. The electron
energyintheindirect compartmentshould be slightly lower than that
in the primary QD volume, so that a single e-h pair is easily spatially
separated, forming an indirect exciton. In the case of a biexciton, the
energetic driving force should still be sufficient to facilitate the transfer
ofoneelectrontotheindirect compartment. However, it should notbe
toolarge suchthat the Coulombiceffects (attraction to the two holesin
the direct compartmentand repulsionfromanelectronintheindirect
compartment) prevent the transfer of the second electron. Asaresult,
the biexciton will be stabilized in a hybrid state consisting of a direct
and indirect exciton.

An advantage of the hybrid biexciton for lasing applications is
the increased Auger lifetime. For a standard biexciton, Auger decay
canbedescribed by asuperposition of four recombination pathways,
two associated with the positive trion and two with the negative trion
(therates per pathway arer, v, andr, x_, respectively)***. Therefore, the
Auger decay rate of the biexciton can be expressed as ry xx = 2y x: + 2ry x-
(Fig.1aand Extended Data Fig.1a). For the hybrid biexciton, the Auger
dynamics are expected to be dominated by the carriers located in the
direct compartment. Such carriers form a state similar to the positive
trion, which decays via a single Auger pathway. Therefore, the decay
rateisreducedtor, xx =r,x. (Fig.1band Extended DataFig.1b). On the
basis of these considerations, we hypothesize that by implementing
a hybrid biexciton gain scheme, we can increase the gain lifetime and
therefore realize lasing with QD solutions.

Type-(I + 1I) QDs

To implement the hybrid biexciton scheme, we chose the core/multi-
shell design (Fig. 1c, top). The proposed heterostructure comprises a
CdSe core (direct compartment), aZnSe shell (barrier layer), a CdS shell
(indirect compartment) and afinal ZnS layer added to enhance the QD
stability. Inthe barrier layer, we grade the semiconductor composition
using a Cd,_,Zn,Se alloy for which x increases from O to 1in the radial
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Fig. 2| Structural and optical characteristics of type-(I + II) QDs. a, Energy
levels of single exciton (blue) and biexciton (red) states in type-(I + II) QDs. To
realize a stable hybrid X;X, biexciton, three conditions must be simultaneously
met:Ay; > kgT, Agqiq > kgTand 4,45 < kg 7. b, Transmission electron microscopy
image of type-(I+1I) QDs withr=2.6 nm,/=1.7 nm,h=2.2nmand d=0.3 nm.
Scale bar, 20 nm. ¢, Series of absorption and PL spectra (dashed and solid lines,
respectively) recorded at different stages of the synthesis of type-(I + II) CdSe
QDs showninb. From top to bottom: CdSe cores, CdSe/ZnSe QDs, CdSe/ZnSe/
CdS QDs and CdSe/ZnSe/CdS/ZnS QDs. The PL spectrum of the final type-(I + II)
QDs (red) can be presented as a sum of two Gaussian profiles centred at 2.02 eV

and 1.95 eV. These bands correspond to the direct (blue) and indirect (gold)
transitions, respectively. All the PL spectra were acquired using continuous-
wave (cw) 2.76 eV excitation. d, Measured spectrally integrated PL dynamics

of type-(1+1I) QDs (grey circles) together with modelling (red line) performed
using athree-level scheme showninthe inset. The best agreement between the
simulation and experiment was obtained for the following parameters: 7,=44 ns,
T,=735ns,74;=85nsand 1, = 8.8 pis. e, Spectrally resolved PL dynamics of type-
(1+11) QDs measured at 1.95 eV (yellow) and 2.02 eV (blue). The faster component
ismore pronounced in the trace recorded at 2.02 eV, that is, near the centre of the
direct exciton band.

direction. This helps toinhibit the Auger recombination for both neutral
and charged multicarrier species’ due to the suppression of intraband
transition involving the energy-accepting carrier®. For simplicity, we
refer to the barrier layer as the ZnSe shell or ZnSe barrier in this work.

Theuse ofawide-gap ZnSe shell allows us to create a confinement
potential for both electron and hole (Fig. 1c, bottom), as required by
the scheme shown in Fig. 1b. CdS used in the indirect compartment
layer also has a bandgap that is wider than that of CdSe. At the same
time, its conduction band edge is close to that of CdSe. Therefore, by
changing the width of the CdS shell, we can fine-tune the energy of
the electron in the indirect compartment compared with the energy
in the core and consequently realize the desired regime in which
charge transfer is favoured only for one electron of the biexciton
state but not for two. When expressed quantitatively, these condi-
tions can be expressed as Aq;=E4— E;> kg T, Agq;4 = Eqa — Eig > ks T and
A= Eq - E; < kg T (Fig. 2a), hereafter referred to as hybrid biexciton
conditions 1-3, respectively. Here £, and E, are the energies of direct
(Xy) and indirect (X;) excitons, respectively. E g, E;and E;4 are the ener-
gies of all-direct (X4Xy), all-indirect (X;X;) and hybrid direct/indirect
(X;X4) biexcitons, respectively. T and kg are the temperature and the
Boltzmann constant, respectively.

To determine the range of QD parameters for which these three
conditions can be satisfied, we applied the effective-mass approxima-
tion to calculate the energies of single excitons and biexcitons using
the conduction- and valence-band confinement potentials shown in
Fig. 1c and taking into account the carrier-carrier Coulomb interac-
tions (Supplementary Note 1)*. The latter is an essential part of the

simulationsince the ‘giant’ exciton-exciton repulsion characteristic of
anall-indirect biexciton®-**is required toraise the energy of the X,X; state
above the energy of two non-interacting X; excitons and thus simulta-
neously satisfy conditions1and 3, leading to stable hybrid biexcitons.

Extended DataFig.2 shows the region of energetic stability of the
hybrid biexciton in the coordinates [/ (ZnSe barrier width) and h (CdS
shell thickness), calculated for a fixed CdSe core radius (r = 2.6 nm) and
afixed ZnS layer thickness (d = 0.3 nm) at T=300 K (room tempera-
ture).Inthe same diagram, we also show the region for which the lowest
and first excited e-h (exciton) states are of well-defined indirect and
direct characters, respectively, asindicated by the calculated values of
the e-h overlap integral (6., < 0.1and 6., > 0.9, respectively). Accord-
ing to this simulation, the realization of hybrid direct/indirect biex-
citons requires [ of at least ~1.3 nm and h of at least -1.8 nm. Typically,
QDs are classified as type lif their band-edge transition is associated
with aspatially direct exciton and as type Il if the band-edge exciton is
spatially indirect. Since the targeted heterostructures are expected
to simultaneously support both direct and indirect excitons, we call
them type-(I+11) QDs.

Torealize type-(I + 1) QDs with the desired hybrid biexciton charac-
teristics, we synthesized CdSe/ZnSe/CdS/ZnS sampleswithr=2.6 nm,
[=1.7nm, h=2.2nm and d = 0.3 nm (Extended Data Fig. 2a (red cir-
cle); the Methods provides the synthesis details). The transmission
electron microscopy images of the synthesized structures are shown
in Fig. 2b (final CdSe/ZnSe/CdS/ZnS QDs) and Extended Data Fig. 3
(final and intermediate structures). The synthesized QDs exhibit
excellent monodispersity (size standard deviation, <8%) and show
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Fig.3|Biexcitonsin type-(I + II) QDs. a, Pump-intensity-dependent PL spectra
forasingle type-(1+11) QD recorded using cw 2.54 eV excitation. The spectrum
with the lowest pump intensity is decomposed into two bands corresponding
todirect (X,) and indirect (X;) excitons. All the panels in this figure belong to the
same type-(I +1I) QD sample as that shown in Fig. 2. b, Single-dot measurements
of biexciton PL decay (blue circles). These data were obtained using the Hanbury
Brown-Twiss (HBT) experiment, which allows the identification of excitation
cycles with two emitted photons and the derivation of the biexciton lifetime
fromthe delay of the first photon relative to the pump pulse (inset). The red line
represents a biexponential fit, which yields time constants of 13.5ns and 83 ns
for the fast (7;xx) and slow (7, x«) relaxation components, respectively.

¢, Biexciton lifetime as a function of effective QD volume for different QD types:
plain CdSe core-only QDs****° (black), core/alloy/shell (C/A/S) CdSe/CdSe, S5/

Delay time (ps)

Particle volume (nm®)

CdS QDs! (green), CdSe/Cd,Zn,_Se/ZnSe, S, s cg-QDs™” (blue) and type-(I + 1)
QDs from the present study (red) with CdSe core radii of 2.3 nm (square) and

2.6 nm (circle). The effective volumes were calculated from the size of the sphere
that confines charge carriers with a probability of 99% (ref. 41).d, Single-dot
measurements of the second-order intensity correlation (g?) function without
photon discrimination (top, green line) and with photon discrimination (bottom,
gold line) performed by selecting (‘gating’) photons with a time delay of more
than 200 ns time relative to the pump pulse. The non-gated g®(0) averaged over
26 QDs, is 0.76 (derived from the measurements without photon discrimination).
This value gives the ratio of the quantum yields of the biexciton and single-
exciton emission. The fact that the gated g?(0) is close to zero confirms that the
measurements were performed on a single QD, and not on a cluster containing
several QDs.

the expected Cd, Zn, S and Se compositional profiles measured by
energy-dispersive X-ray spectroscopy (Extended Data Fig. 3).

InFig.2c, we show aseries of absorption and photoluminescence
(PL) spectra of the structures that occur at different growth stages of
thetype-(I +1I) QDs. The PL spectrum evolves fromaspectrally symmet-
ricsingle-band emission due to e-hradiative recombinationin the CdSe
cores (Fig. 2c, black solid line) to a double-hump structure in the case
of CdSe/ZnSe/CdS/ZnS QDs (Fig. 2¢c, red solid line). The emergence of
thelower-energy PL feature indicates the formation of alower-energy
indirect exciton (X;) consisting of anelectronin the CdS shelland ahole
inthe CdSe core. On the basis of the dual-band deconvolution of the PL
spectrum (Supplementary Fig. 1), the energies of the direct and indirect
excitonsare2.02 eVand1.95 eV, respectively, which satisfy the required
condition £, - E;=70 meV > k;T. The measured values are also in reason-
ableagreement with those obtained from our simulations (£;,=1.99 eV
and E;=2.04 eV; Supplementary Note 1and Supplementary Fig.2). The
dual-exciton character of the emission of the final hetero-QDs is also
evidentinthe PL excitation measurements (Supplementary Fig.3) and
single-dot PL spectra (Supplementary Fig. 4a).

Inadditiontoits manifestationin the PLand PL excitation spectra,
the two-state emission mechanism is evident in the PL dynamics. In
particular, PL exhibits double-exponential relaxationin both ensemble
(Fig.2d) and single-dot (Supplementary Fig. 4b) measurements, which
reveal distinct fast (;x = 29 ns) and slow (7,x = 697 ns) components. As
expected, the fast signal is more pronounced in the spectral range of
the higher-energy peak associated with the X, state, whereas the slowly
relaxing componentis enhanced in the range of the X; exciton (Fig. 2e).

The measured biexponential PL dynamics and the relative intensi-
tiesof the Xyand X; PL features can be quantitatively described using a
model of two coupled electron states (related to the directand indirect
compartments of the QD) emitting via optical transitions involving a
common hole statein the direct compartment (Fig. 2d (inset) and Sup-
plementary Note 2). On the basis of the simulation of the measured PL
dynamics (Fig. 2d), the radiative X, and X; lifetimes are 7,=44 ns and
7;=735ns, and the X, »> X, and X; > X, population transfer time con-
stantsare 7,;=85nsand 1.4 = 8.8 us. Thefact that r,;is longer than zis
important to explain the discernible PL signal from the X, state, which
is energetically higher than the X; state.

The above analysis confirms that the prepared QDs indeed simul-
taneously support direct and indirect excitons, as expected based on
their dimensions, which correspond to the type-(I + II) region shownin
Extended DataFig. 2 (red circle). Importantly, when we synthesized QD
samples whose dimensions were outside the type-(I + II) region, their
measured characteristics were consistent with those of traditional
type-l and quasi-type-l1l QDs*** (Extended Data Fig. 2, blue square
and black triangle, respectively), which is again in agreement with
our calculations.

Biexcitonsintype-(I + II) QDs

Onthebasis of themodelling of biexciton states (Supplementary Note1),
the X;X; and X;X, biexcitons in the synthesized type-(I +1I) QDs
have comparable energies (4.020 eV and 4.024 eV, respectively),
which are considerably lower than the energy of the X X, biexciton
(E4q=4.07 eV). Importantly, all three energies satisfy the conditions
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Ayqi0> ksTand 4;4;; < kg T, for which the biexciton emission should be
dominated by the hybrid direct/indirect state.

Since the X;X, biexcitonis anticipated to emit mainly via the direct
transition, its radiative decay should produce an X; exciton. The same
final state is generated by the radiative recombination of the X;X;
biexciton. Therefore, the expected biexciton emission energies are
hv;=E; - E;=2.03 eVand hvy, = E,, - E;=2.04 eV.Both values are close to
the energy of the X, state (2.04 eV), which is why the double-hump PL
spectrumshould be gradually replaced with anarrower single-band spec-
trum (near the X, PL feature) as the photoexcited system evolves from
the exciton to the biexciton state with increasing excitation intensity.

This expected trend is well expressed in the measured single-dot
PL spectra. At low, sub-single-exciton pump levels, the PL line shape
indicates the presence of two distinct transitions due to direct and
indirect excitons (Fig. 3a). As the pump level increases, the relative
contribution of the lower-energy X; feature gradually decreases and the
spectrabecome dominated by asingle band located slightly below the
Xgenergy. At the same time, we detect the expected narrowing of the
emission profile from107 meV to 57 meV. Similar trends are systemati-
cally observed for other measured QDs (Extended Data Fig. 4). Due to
highly stable (virtually, ‘non-blinking’) single-dot emission (Extended
Data Fig. 5), these trends are consistently reproduced in repeated
measurements of the same QD.

Although the two biexcitonic components are not easily distin-
guished in the PL spectra, they appear as distinct components in the
PL time transients. In particular, the single-dot biexciton dynamics
(Fig. 3b) exhibit atwo-component decay with time constants of13.5 ns
(T:xx) and 83 ns (7, xx), which we attribute to the X;X; and XX; states,
respectively. The fast biexciton PL component is contributed by the
recombination of the X;X; state (radiative and Auger) and its population
exchange with the X;X; state. From this, the XX, recombinationtimeis
13.5 ns or longer, indicating a strong suppression of Auger recombina-
tion. In fact, this time constant is an order of magnitude longer than
the biexciton lifetimes previously reported for plain and engineered
CdSe-based QDs including continuously graded CdSe/Cd,_,Zn,Se QDs
(cg-QDs) specifically designed to impede Auger decay”** (Fig. 3¢).
The strong suppression of Auger decay in type-(I + II) QDs is also indi-
cated by the high biexciton emission efficiency (gy). In particular, gyy,
determined either from the PL dynamics (Supplementary Note 3) or
fromsingle-dot two-photon correlation measurements (Methods), is
consistently between ~-60% and ~76%. (Fig. 3d, Supplementary Fig. 5
and Supplementary Table1).

Optical gainin type-(I + II) QDs

Due to the hindered Auger decay, type-(I + II) QDs exhibit excellent
optical gain properties. Femtosecond transient absorption (TA) meas-
urements (Methods) show that the optical gain bandwidth reaches
~300 meV at (N) =34.3 (Fig. 4a; (N) is the average number of e-h
pairs generated per QD per pump pulse), which is similar to the opti-
cal gain bandwidth of organic laser dyes® (Supplementary Table 2).
At the same pump level, the gain lifetime is ~3.0 ns (Fig. 4b). This is
larger than 7, previously observed for quantum-confined CdSe-based
nanocrystals, including cg-QD samples (Supplementary Table 1) and
comparable to the 7, values of very large CdS nanocrystals for which
Auger decay is absent due to the bulk-like character of the electronic
states®. The type-(I + II) QDs also exhibit a large peak material gain
reaching 1,110 cm™, asindicated by the TA measurements (Fig. 4aand
Supplementary Table1).

Liquid-state lasing with type-(I + II) QDs

The increased optical gain lifetime in type-(I + II) QDs results in a
decrease in the critical concentration required for lasing. In particu-
lar, using 7, = 3.0 ns, we estimate g, . to be -6 x 10°cm or 10 pmol I
(Supplementary Note 4)"*°. Such concentrations are readily available
using standard toluene solutions of type-(I + 1) QDs.
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Fig.4|Optical gainintype-(I + II) QDs. a, TA spectra of type-(1 +1I) QDs

(same sample as thatin Figs. 2 and 3) presented as the excited-state absorption
coefficient (&) for apump-probe delay of 10 ps and for excitation levels (N) =1.4-
34.3 (190 fs, 2.4 eV pump pulses). a = a, + Aa, where a, is the ground-state
absorption coefficient (unexcited sample) and A« is the pump-induced
absorption change. The optical gain appears as a < 0. b, TA dynamics yield optical
gain lifetimes (7,) up to 3.0 ns. The gain dynamics of compact cg-QDs (z, ;) from
another work" are included for comparison (grey line).

To realize wavelength-tunable liquid-state QD lasing, we use a
Littrow-type resonator® that includes a highly reflective planar mir-
ror and a reflection grating whose angle controls the cavity reso-
nance (Fig. 5a and Methods). A QD solution with a concentration of
14 pmol I”" (slightly higher than the estimated nqp,.,) loaded into a
standard 1-mm-thick quartz cuvette serves as the gain medium. The
QDs are excited using 2.33 eV, 5 ns second-harmonic pulses from a
neodymium-doped yttrium aluminium garnet (Nd:YAG) laser.

InFig. 5b, we show the measurements of the output-beam intensity
asafunctionofthe per-pulse pump fluence (/,) for the situation inwhich
the cavity is tuned to 1.984 eV. When J, reaches 44 mJ cm?, anintense
beam emerges from the cavity. It is highly directional and is detected
as abright spot with aradius of 1.8 mm at a distance of 2.5 m from the
cavity (Fig. 5¢). The measurements of beam profile yield adivergence
half-angle of 8= 0.66 mrad (or only 0.038°) and abeam waist radius of
w,=0.28 mm (Fig. 5d).

Asshownin Fig. 5b (inset), the emitted light is characterized by a
narrow linewidth of 2 meV (full-width at half-maximumF). This valueis
inagreement with the measured coherencetime (z.) of 0.7 ps (Extended
DataFig. 6), which corresponds to/"=1.9 meV (calculated using I'= h/
(mz.); hisPlanck’s constant). The linewidth canbe further narrowed to
0.38 meV or1.2 A (Fig. 5e, inset) by including abeam expander into the
cavity, whichimprovesits spectral selectivity by increasing the size of
theilluminated region of the grating.

Polarization measurements (Extended Data Fig. 7) show that the
emitted light is almost perfectly linearly polarized (-95% degree of
polarization) in the direction perpendicular to the grooves of the
Littrow grating. Thisis aresult of the strong dependence of the grating
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to collimate the beam and improve its cross-section profile. b, Output-beam
intensity as a function of pump fluence for type-(I + 1) QDs with r = 2.6 nm (same
QDs as those shown in Figs. 2 to 4). The QD sample (concentration, 14 pmol ™)
isexcited by 2.33 eV, 5 ns, 10 Hz second-harmonic pulses of a Nd:YAG laser. The
sharp onset of highly directional emission from the cavity at 1.984 eV occurs at
J»=44mJ cm™, which corresponds to the lasing threshold. Inset: the emitted
lightis characterized by a narrow linewidth (/) of 2 meV. ¢, Radial intensity profile
(bottom) obtained from the two-dimensional intensity distribution (top; scale
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bar,1mm) of the output beam measured at a distance of 2.5 m from the cavity.
Thebeamradius (at the intensity level 1/€?) is 1.8 mm. d, Beam radius as a function
of distance from the cavity (circles), fitted to ahyperbola (line). On the basis of
these measurements, the divergence half-angle (6) is 0.66 mrad (or 0.038°) and
the beam waist radius (w,) is 0.28 mm. e, Using QDs with CdSe core radii of

2.6 nmand 2.3 nm, the lasing line can be tuned from 1.96 eV t02.10 eV
(633t0590 nm) and from 2.01 eV to 2.16 eV (617 to 574 nm), respectively. Inset:
the lasing spectrum of a device containing abeam expander in the cavity
indicates alinewidth of 380 peV (or 1.2 A). For comparison, the lasing efficiency
spectra of traditional rhodamine dyes (6G, B and 101) are shown with grey
shading (based on data from Radiant Dyes Laser & Accessories).

reflectivity onthe polarization of the incident light (-80% and ~15% for
p-and s-polarized light, respectively).

The narrow linewidth of the emitted light, low beam divergence
and nearly perfect linear polarization clearly indicate the implemen-
tation of the lasing regime. We can exclude that the observed effect is
due to ASE as the ASE signal is observed as a broader, low-amplitude
spectrally distinct band, the threshold of which exceeds the lasing
threshold (Extended Data Fig. 8).

To test for the reproducibility of the laser action, we synthesized
and studied three additional batches of type-(I + II) QDs with param-
eters nominally identical to those of the QDs shown in Fig. 5b-d. All
the additional samples exhibited lasing in the liquid state. Tests of
gradually diluted samples showed that stable lasing can be realized at
QD concentrations aslow as -8 pmol I}, which is close to the calculated
Ngp, Value (-10 pmol 7).

By changing the grating blaze angle, we can tune the lasing line
from 1.96 eV to 2.10 eV (633 nm to 590 nm, respectively; Fig. 5e, col-
oured lines). The tunability range achieved with a single QD sample
simultaneously covers the lasing windows of two popular laser dyes,
rhodamine Band rhodamine 101 (Fig. 5e, black dotted and solid lines,
respectively).

We can further extend the range of the covered spectral energies
by exploiting the bandgap tunability of QDs by controlling the particle
size. In particular, by using type-(I + II) QDs with a smaller CdSe core

(r=2.3nm)andacorrespondingly larger bandgap (2.08 eV; Extended
DataFig. 9 shows the details of the sample structure and spectroscopic
characteristics), we could realize lasing at higher spectral energies
(from2.01eVt02.16 eV; Fig. Se, bottom panel), which reach the lasing
range of rhodamine 6G. Thus, in addition to the broadband spectral
tunability realizable with a single QD sample, the QD approach allows
for the easy shifting of the entire lasing window to a desired wavelength
range through the easy manipulation of QD size and/or composition.

Another useful characteristic of QDs is their high operational
stability, achieved without sample agitation (for example, by stirring
or flowing). Thisisanimportant advantage compared with laser dyes,
whichrequire high-speed circulation for stable operation. For example,
although rhodamine 6G exhibits a lower lasing threshold when used
instead of QDs in our Littrow cavity configuration (Supplementary
Table 2), its output intensity degrades rapidly (in less than an hour)
evenwhenthedeviceis operatedjust slightly above the lasing thresh-
old (Extended Data Fig.10). In contrast, ‘static’ solutions of type-(I + II)
QDs show no signs of degradation over 5 h of continuous operation
(Extended DataFig.10). At the same time, they exhibit abroader optical
gain profile and awider range of lasing tunability when compared side
by side withrhodamine 6G (Supplementary Table 2).

Insummary, our results demonstrate the considerable potential of
type-(1+1I) QDs asadirect alternative to traditional laser dyes. Impor-
tantly, QD lasers do not require the circulation of the gain medium
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for stable operation. This should simplify the laser design compared
with existing dye-based systems and reduce the device footprint. The
elimination of circulation also removes safety concerns due to, for
example, accidental splashing, expanding the scope of applications
toareas currently inaccessible to dye lasers due to safety regulations.
The additional advantages of QD solutions as liquid optical gain media
stem from the unrivalled flexibility of their chemical properties and
optical characteristics. All these features should prompt renewed inter-
estin liquid lasers in the context of both traditional applications (for
example, compact wavelength converters) and emerging technologies
including optofluidics, lab-on-a-chip diagnostics and high-contrast
sensing and imaging.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
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Methods

Chemicals

Cadmium oxide (99.5%, trace metals basis), zinc acetate (99.99%, trace
metals basis), oleic acid (OA, 90%, technical grade), 1-octadecene
(ODE, 90%, technical grade), 1-octanethiol (=98.5%), selenium (Se,
>99.99%, trace metals basis) and sulfur (S, 299.0%) were purchased
from Sigma-Aldrich. Tri-n-octylphosphine (TOP, 97%) was purchased
from Strem Chemicals. All chemicals were used as received.

Precursor preparation

All the chemical procedures were conducted in an inert atmosphere
using the Schlenk line technique. Before the QD synthesis, stock solu-
tions of 0.5 Mzincoleate, 0.5 M cadmium oleate (Cd(OA),),2 M TOPSe
and 2 MTOPS were prepared. For the Zn(OA), stock solution, a mixture
of 100 mmol zinc acetate and a stoichiometric amount of OA were
loaded into a flask and degassed under a vacuum at 140 °C for 2 h to
achieve a clear solution. The flask was then purged with nitrogen,
and the precursor concentrations were adjusted to 0.5 M using ODE.
These precursor solutions were stored under an inert atmosphere at
100 °Cfor future use. To prepare the 0.5 M Cd(OA), precursor solution,
a combination of 20 mmol cadmium oxide, 20 ml OA and 20 ml ODE
was degassed inavacuumat 110 °C. The mixture was slowly heated to
300 °Ctoobtainatransparent solution. The reaction flask was subse-
quently cooled to110 °C and vacuum-degassed again to eliminate any
residual water. Stock solutions of 2 M TOPSe and TOPS were prepared
by dissolving 100 mmol of Se and S in 50 ml of TOP at an elevated
temperature. These stock solutions were then stored in a glove box
for future use.

Synthesis of type-(I + II) QDs

Below, we describe a procedure used to prepare type-(I +1I) QDs
with the following structure: CdSe (r=2.6 nm)/ZnSe (/=1.7 nm)/CdS
(h=2.2nm)/ZnS (d = 0.3 nm). We started the synthesis by loading
0.1 mmol Cd(OA), and 6 ml ODE into a reaction flask. The mixture
was degassed under a vacuum at 110 °C and subsequently filled with
nitrogen. After the mixture was heated to 310 °C, 0.2 mmol TOPSe
was rapidly injected into the flask, immediately followed by a gradual
dropwise addition of 1 ml TOP. This process led to the formation of
CdSecoreswithr=1.5nm. Afurtherincreaseinthe CdSe coreradius to
2.6 nmwas achieved by the additional injection of Cd(OA), (0.25 mmol)
and TOPSe (0.25 mmol) precursors.

To grow a compositionally graded Cd,_,Zn,Se barrier layer on top
ofthe CdSe cores, asolution containing 0.4 mmol Zn(OA),, 0.19 mmol
Cd(0OA),and 0.38 mmol TOPSe wasinjected at an elevated temperature
(310 °C) and allowed to react with the cores for 30 min. An additional
dropwiseinjection of1.31 mmol Zn(OA), and 1.52 mmol TOPSe was car-
ried out over 30 min, followed by an additional 30 minreaction period
to complete the Cd,_,Zn,Se barrier layer.

To grow a CdS layer, 4 mmol 1-octanethiol was slowly added
along with the stepwise injection of Cd(OA),. For growing an exterior
ZnS shell, a mixture containing 2 mmol 1-octanethiol and 4 mmol
Zn(OA), was injected into the reaction flask. The temperature was
thenraised to 320 °C and thereaction was allowed to proceed for1 h.
Then, an additional 2 mmol amount of Zn(OA), was added, and the
reaction continued for 30 min. After the completion of the reaction,
the mixture was cooled to room temperature and the synthesized
QDs were purified using precipitation/redispersion with acetone/
toluene. Subsequently, the purified QDs were diluted with toluene
for further use.

Optical characterization

Optical absorption and steady-state PL spectra of the synthesized
QDswere measured usingaLambda 950 ultraviolet-visible spectrom-
eter (PerkinElmer) and a FluoroMax+ spectrofluorometer (Horiba),
respectively.

Time-resolved PL measurements

Time-resolved PL spectrawere measured using astreak camera (Hama-
matsu C10910). A continuously stirred QD sample in a 1-mm-thick
quartz cuvette was excited by 343 nm (3.6 eV), 190 fs pulses of atripled
output of a regeneratively amplified ytterbium-doped potassium
gadolinium tungstate femtosecond laser (PHAROS and HIRO, LIGHT
CONVERSION). The pulse repetition rate was 40 kHz. The PL was spec-
trally dispersed using a Czerny-Turner spectrograph (Acton 2300i)
and sent into the streak camera unit to produce a two-dimensional
PL intensity map with time as the vertical axis and spectral energy as
the horizontal axis. Low-jitter, long-delay data were acquired by trig-
gering the streak unit in a dump mode, where the laser 40 kHz pulse
picker signal was used to start the triggering sequence and the first
available pulse in the 76 MHz oscillator train was used to generate a
stable trigger signal. Using the Hamamatsu slow single-sweep unit,
two-dimensional (spectral energy-time) maps were acquired using
different time ranges and incident-pump fluences. In the case of the
shortest time range used in the experiments (5 ns), the resolution of
the streak camera was 12 ps, as inferred from the width of an instru-
ment response function obtained using afemtosecond laser pulse as
theinputsignal.

TA measurements

Purified QDs wereloaded into a1-mm-thick quartz cuvette and stirred
continuously. The TA measurements were performed using a pump-
probe setup based on a regeneratively amplified ytterbium-doped
potassium gadolinium tungstate femtosecond laser (PHAROS, LIGHT
CONVERSION) generating 190 fs pulses at 1,030 nm with a 500 Hz
repetition rate. Half of the laser fundamental output was used to
seed a harmonic generator (HIRO, LIGHT CONVERSION), producing
second-harmonic pulses (515 nm or 2.4 eV) used as the pump. The
pump beam was modulated using an optical chopper synchronized
such that every other pulse was picked from the pulse sequence. The
pump pulses were focused into a120-150-um-diameter spot onto the
sample. The other half of the fundamental laser output at 1,030 nm
was fed into an optical delay line with an optical path varied from O ns
to 4 ns. The delayed pulses were tightly focused onto a 5-mm-thick
sapphire plate (EKSMA Optics) to generate a broadband white-light
continuum. The generated white light was focused onto the sample
into a90-um-diameter spotin the middle of the pump spot. The actual
pump and probe-beam sizes were measured at the overlap usingabeam
profiler. The transmitted white light was detected using an Avantes
AvaSpec-Fast ULS1350F-USB2 spectrometer.

Pump-induced absorption changes (Aa = a - a,) were meas-
ured for each pump-probe delay; here a and a, are the absorption
coefficients of the excited and unexcited samples, respectively. The
correction for the probe chirp (spectro-temporal broadening) was per-
formed following the procedure described elsewhere*”. Excited-state
absorption spectra were obtained from a = a, + Aa. The realization
of optical gain was indicated by the emergence of spectral regions in
which a was negative. Experimentally, this corresponded to the situ-
ation when sample excitation led to absorption bleaching (Aa < 0)
and the magnitude of the bleach signal was greater than that of linear
absorption: |Aa| > a,,

Single-dot measurements

For single-dot studies, QD samples were prepared as dilute
sub-single-monolayer films (QD areal density, -0.01 per um?) depos-
ited onto coverslips via drop casting. The samples were excited using
485 nm light generated by a PicoQuant LDH-D-C-485 laser diode. The
laser operated at either 250 kHz or 500 kHz repetition rate (100 ps
pulse duration) or in the continuous-wave (cw) mode. The excitation
beam was focused onto the sample using an Olympus objective lens
(x50, 0.70 numerical aperture). The PL signal was collected through
the same objective lens. To measure single-dot PL spectra, QD emission
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was coupled into an imaging spectrometer (Acton Research, Spec-
traPro 500i) equipped with a charge-coupled device camera (Princeton
Instruments, PYLON). To measure the PL dynamics, QD emission was
spectrally filtered and detected by a pair of avalanche photodiodes
(Micro Photon Devices, PDM Series) coupled to a start-stop time cor-
relator (PicoQuant, HydraHarp 400). The temporal resolution of these
measurements was 300 ps.

To isolate biexciton decay from single-exciton dynamics, we
applied two-photon correlation measurements conducted using the
Hanbury Brown-Twiss (HBT) setup™®. In this experiment, the emission
from an individual QD is split between two channels equipped with
single-photon detectors. Correlations between photon arrival events
asafunction of the time difference between the two channels (7) yield
information about second-order intensity correlation functiong® (7).
Inthe case of pulsed measurements, anon-zerog*®signal at 7= 0 implies
that one pump pulse produced two photons, that is, the emitting state
was a biexciton. Hence, the statistics of the delay of the first detected
photon versus the pump pulse can be used to reconstruct biexciton
dynamics.

The HBT setup was also used to evaluate the biexciton emission
quantum yields gyy. The HBT determination of gy, uses the fact that
the ratio of the g amplitudes for the central (r=0) and side (r=T7)
peaks is determined by the ratio of the biexciton and single-exciton
PL quantumyields*** (Tis theinterpulse separationin a pump-pulse
sequence).

Allthe measurements were performed at room temperature under
ambient conditions. The analysis of the experimental data was per-
formed using custom-built software developed in Python (v3.9).

Liquid-state QD laser

A solution sample of QDs in toluene with a concentration of about
14 pmol 1! was loaded into a 1-cm-wide, 1I-mm-thick quartz cuvette.
The cuvette was placed inside a cavity composed of a high-reflectivity
mirrorand areflection grating having 2,400 grooves mm™ (Thorlabs).
The wide side of the cuvette was aligned with the cavity axis. The grating
angle was selected to send thefirst-order (m=1) diffraction beamback
into the cavity (Littrow configuration). The zeroth-order (m = 0) diffrac-
tionwas used to outcouple light from the cavity. The cavity resonance
was tuned by rotating the grating assembly, which allowed us to tune
the output wavelength. Two intracavity lenses were used to collimate
the beam and to ensure uniform illumination on the grating. The QD
sample was excited fromawider side of the cuvette using 532 nm, 5 ns
second-harmonic pulses of aNd:YAG laser (Amplitude Laser, Minilite II).
The pump beam was shaped as a 1-cm-long, 200-um-wide horizontal
stripe using two cylindrical lenses.

The spectral analysis of the output beam of liquid-state QD lasers
was performed using animaging spectrometer (Acton Research, Spec-
traPro 500i) paired with a charge-coupled device camera (Prince-
ton Instruments, PYLON). The spectral resolution of this system
was 120 peV.

Measurements of temporal coherence

We used a Michelson interferometer to measure the temporal coher-
ence ofthe QD laser output. Inthese measurements, the beam was split
between two channels using a non-polarizing 50/50 beamsplitter. Each
channel was equipped with a flat mirror reflecting light back towards
the beamsplitter. One of the mirrors was mounted onto a single-axis
linear delay stage (Aerotech ANT130L), which allowed us to control the
time delay between the two paths. After passing the beamsplitter, the
two interfering beams were directed along the same path where they
were collected using an Olympus PLN x10 objective used to couple light
into a single-photon avalanche photodiode (Micro Photon Devices,
PDM series). To record the intensity of the interference pattern, we
used atime-tagged, time-resolved mode provided by atime-correlated
single-photon-counting module (PicoQuant HydraHarp 400). The

subsequent analysis of the time-tagged, time-resolved data was per-
formed using a Python code.

Measurements of divergence

Beam divergence was assessed by measuring the beam radius (Rye,m)
with a beam profiler (BladeCam-HR, DataRay). The light intensity
profile was recorded as a function of distance from the cavity (z), and
the beam halfwidth at the 1/e? intensity level was used as a measure of
beam radius. The collected data were fitted to a hyperbolic function
Rpeam = Wo(1 + ztan(0))°3, where @is the divergence half-angle and w, is
the beam-waist radius.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Source dataare provided with this paper. The remaining data are avail-
able from the corresponding author upon reasonable request.
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Extended Data Fig.1| Application of the superposition principle to Auger biexciton, there are 2 negative trion pathways and 2 positive trion pathways.

decay of an ordinary (XX) biexciton and a hybrid (X;X,) biexciton. a, According  Therefore, the overall Auger rateis ry xx = 2r, x- + 2r, x+. b, In the case of a hybrid
to the superposition principle, the Auger decay rate of any multicarrier state can XiX4 biexciton, the pathways involving the indirect transition can be neglected,
be presented as the sum of the rates of independent negative and positive trion leaving only one positive-trion pathway active. This yields r, xixq = Tox*

Auger pathways (r, x. and r, ., respectively)**?**. In the case of an ordinary
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Extended Data Fig. 2| Modeling of electronic states and measurements of
CdSe/ZnSe/CdS/ZnS QDs. a, Calculated band-edge transition energy of the
CdSe (r=2.6 nm)/ZnSe ({)/CdS (h)/ZnS (d=0.3 nm) QDs as a function of [and A.
Theregion withinthe green boundary corresponds to the regime of well-defined
indirect and direct exciton states, as indicated by the electron-hole (e-h) overlap
integrals (6,,) of <0.1and >0.9 for the lowest and the first excited e-h states,
respectively. The region within the blue boundary corresponds to the regime
where we simultaneously satisfy the conditions 44;= £, - E;> kg Tand

Ayq5=Eiq— E;<kgT (kg is the Boltzmann constant and T is the temperature; it is
assumed that Tis 300 K). According to our simulations (Supplementary Note

1), this automatically implies that we also satisfy the condition 4,44=Eyq — E;

>k T. Thus, the region highlighted by the diagonal grey lines corresponds to

the QD dimensions for which all requirements necessary for the realization of

hybrid direct/indirect biexcitons are satisfied. b-d, Single-dot and ensemble
measurements of three CdSe/ZnSe/CdS/ZnS QD samples, the dimensions of
which correspond to three different points in the diagram shown in panel a:

(b) red opencircle ({=1.7nm, h=2.2nm; same sample as in Figs. 2 to 4); (c) blue
opensquare (/=1.7nm, h=0.7 nm); (d) black open triangle ({=0.9nm,h=2.4
nm). The top row shows single-dot second-order intensity correlation (g*?)
measurements. The middle row presents the spectrally integrated ensemble PL
dynamics measured using low-intensity (sub-single-exciton) pulsed excitation
witha photon energy of 2.54 eV. The bottom presents the ensemble PL spectra
of the QDs obtained using low-intensity cw excitation with a photon energy of
2.76 eV. The observed characteristics of the samples shown in panels cand d are
consistent with those of type-l and quasi-type-Il QDs*"**, respectively.
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Extended Data Fig. 3| Structural characteristics of final type-(I+1I) @QDs and e, Scanning transmission electron microscope (STEM) image of type-(I+11) QDs.
intermediate structures. a-d, Transmission electron microscope (TEM) images Scale bar is 10 nm. f, Energy-dispersive X-ray spectroscopy (EDS) elemental maps
illustrating the progression of the synthesis of the type-(I+II) CdSe (r=2.6 nm)/ for Se (magenta), S (blue), Cd (green), and Zn (red). g, Elemental radial profiles

ZnSe (I=1.7nm)/CdS (h=2.2nm)/ZnS (d= 0.3 nm) QDs: (a) CdSe cores, (b) CdSe/ extracted from EDS maps for the region shown in panel e by the dashed box.
ZnSe QDs, (¢) CdSe/ZnSe/CdS QDs, and (d) final CdSe/ZnSe/CdS/ZnS QDs.
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Extended Data Fig. 4 | PL spectra of individual type-(I+1I) QDs at different lowest pump intensity is presented as a sum of two Gaussian bands describing
pump intensities. Representative measurements of single-dot PL spectra for 5 the emission spectra of direct and indirect excitons (narrower and wider bands,
individual type-(I+Il) QDs conducted using cw excitation with a photon energy respectively).

of2.54 eV and anintensity of 5.6, 61and 570 W cm™. The PL spectrum with the
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Extended DataFig. 5| Single-dot PL intensity trajectories of type-(I+1I) QDs. a-c, Single-dot PL trajectories (left panels) and corresponding histograms (right
panels) measured for an individual type-(I+11) QD using cw excitation with a photon energy of 2.54 eV and different pump intensities: (a) 570 W cm 2, (b) 61W cm™, and
(c)5.6Wcm™.
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Extended Data Fig. 6 | Measurements of temporal coherence of alaser beam using Michelson interferometry. The fringe visibility as a function of the time delay
between the two interferometer arms (blue points) is fitted to the biexponential decay (red line). The time constant of the longer-lived component is ~700 fs. The inset
shows arepresentative interferogram.
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Extended Data Fig. 7 | Polarization measurements of alaser beam. The emission intensity collected through a linear polarizer as a function of the polarizer angle
(green circles) shown using polar coordinates. The dotted line represents the ideal sin?(ar) dependence expected for a perfectly linearly polarized beam. These
measurements indicate a high degree of linear polarization of 0.95.
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Extended Data Fig. 8 | Lasing versus ASE. a, Representative spectrumof a
liquid laser based on type-(I+1I) CdSe QDs withr=2.6 nm,[=1.7nm, h=2.2nm,
andd=0.3nm. The narrow line at1.952 eV is due to lasing, and the broader band
at1.97 eVis due to ASE. The amplitude of the ASE band is more than two orders
of magnitude smaller than the amplitude of the lasing line (the vertical axis is
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logarithmic). The QD gain medium is excited using second harmonic pulses of a
Nd:YAG laser (photon energy 2.33 eV, pulse duration 5 ns, repetition rate 10 Hz).
b, The ASE signal intensity as a function of pump level indicates an ASE threshold
of 89 mJ cm™. This is approximately twice the lasing threshold.
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Extended Data Fig. 9 | PL and optical gain characteristics of wider-bandgap
type-(I+1I) QDs. a, PL spectrum of type-(I+I) CdSe QDs withr=2.3nm, [=2.2nm,
h=1.6nm,and d=0.3 nm. The experimental data are shown asopen grey circles,
and the double Gaussian fit is shown as a black line. The two individual Gaussian
bands used in the fit are shown as blue and orange lines. The PL spectrum was
measured using cw excitation with a photon energy of 2.76 eV. b, PL dynamics of
the same sample collected for two different pump levels: (V)= 0.08 (black) and
0.38 (red) (the traces are normalized to match the signal intensity at 500 ns).
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The biexciton dynamics obtained by subtracting these two traces are shown
asblue circles. A biexponential fit (blue line) yields a hybrid (direct/indirect)
biexciton lifetime 0of10.1 ns. The sample was excited using 190 fs, 3.1 eV pulses.

¢, The TA spectrum of wider bandgap type-(I+I1) QDs presented as the excited
state absorption coefficient (&) for apump-probe delay of 10 ps and an excitation
level (N)=54 (190fs, 2.4 eV pump pulses). The optical gain regime corresponds to
a<0.d, The TA dynamics yields an optical gain lifetime of 3.1 ns.
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Extended Data Fig. 10 | Comparison of operational stability of lasers based thatis, they were not stirred, flowed or otherwise agitated. During the stability
ontype-(I+II) QDs and rhodamine 6G dye. Comparison of laser outputintensity test, the type-(I+I) QDs were excited using a per-pulse fluence of approximately
as afunction of time for asolution of type-(I+1I) QDs (r=2.6 nm,[=1.7 nm, 50 mJ cm™. The rhodamine 6G dye was excited using a per-pulse fluence of 15
h=2.2nm,and d=0.3nm) (blue circles) and rhodamine 6G dye (pale red and mJ cm (pale red) and 50 mJ cm™ (red); the former intensity corresponded to
red squares). Inboth cases, the gain medium was excited by 532 nm, 5ns, 10 Hz excitation near the lasing threshold (14 mJ cm™). The dye laser output intensity
second harmonic pulses of aNd:YAG laser. The QDs were dispersed in toluene, decreased continuously during the test. The initial rapid decay could be fitted to
and rhodamine 6G was dissolved in a mixture of methanol and ethylene glycol an exponential relaxation with a time constant of 30 min.

(5:95%, v/v). During the measurements, both solutions were in ‘static form’,
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Reasoning as to why alternative explanations have been
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modification of fluorescence spectrum by the cavity
Theoretical analysis
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Fig. Sb is the plot of the output beam intensity as a function of pump fluence. It
shows a clear lasing threshold of 44 mJ/cm”2. There is virtually no output signal
before the threshold.

Explain why this information is not reported/not relevant.

Fig. 2b shows the emission spectrum of a cavity-free sample measured under low-
intensity (sub-single-exciton) excitation. The linewidth of this spectrum is ~160 meV.
In the lasing regime, the same sample shows narrow-band emission with the
linewidth of 0.38 meV (inset of Fig 5e).

Explain why this information is not reported/not relevant.

The spectral resolution used in the lasing studies was 0.12 meV (see Methods).

Explain why this information is not reported/not relevant.

Both temporal coherence and polarization measurements were conducted (Extended
Data Figs. 6 and 7, respectively).

Explain why this information is not reported/not relevant.

The intensity beam profile measurements are presented in Fig. 5c. The
measurements of beam divergence are displayed in Fig. 5d.

Explain why this information is not reported/not relevant.

A detailed description of operating conditions is included in the main text. It is also
available in Methods and figure captions.

Explain why this information is not reported/not relevant.

Yes, the lasing threshold is presented in terms of J/cm”2 (Fig. 5b).

Explain why this information is not reported/not relevant.

We discuss a potential influence of ASE and provide evidence that the observed
narrow-band, highly direction emission is not due to ASE but due to laser oscillations
(main text and Extended Data Fig. 8).

Explain why this information is not reported/not relevant.

We conduct a theoretical analysis of a critical QD density needed for lasing. The
calculated values are in good agreement with the actual QD densities leading to the
lasing effect.

Explain why this information is not reported/not relevant.

i)
Q
Y
c
=
@
=
@
wv
D
Q
=
(@)
o
Q-
Q.
S
Q@
=
@
o,
]
=
S
Q@
wv
C
3
3
v
<2




Number of devices fabricated and tested

Statistical analysis of the device performance and
lifetime (time to failure)
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We have tested two differently sized samples of the type-(I+Il) QDs (captions of Figs.
5b and 5e). The QD samples with the dimensions described in Fig. 2 were prepared
via 4 separate reactions. So, we have studied 5 QD batches total. The solution
samples from all 5 batches have shown the lasing effect. We have also tested several
different QD concentrations. All concentrations from 14-30 umol/L produced stable
lasing. In addition, we have tested two different cavities, one with a beam expander
and one without it. Both have shown lasing. Due to improved spectral selectivity, the
cavity with the beam expander shows a narrower emission line (0.38 meV) than the
cavity without the expander (2 meV).

Explain why this information is not reported/not relevant.

Extended Data Fig. 10 displays studies of the operational stability of the QD laser vs.
the dye laser.

Explain why this information is not reported/not relevant.
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