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Colloidal quantum dots (QDs) are attractive materials for realizing solution-
processable laser diodes that could benefit from size-controlled emission wavelengths,
low optical-gain thresholds and ease of integration with photonic and electronic
circuits'”. However, the implementation of such devices has been hampered by fast
Auger recombination of gain-active multicarrier states®, poor stability of QD films at

high current densities

19 and the difficulty to obtain net optical gainin a complex

device stack wherein a thin electroluminescent QD layer is combined with optically
lossy charge-conducting layers' . Here we resolve these challenges and achieve
amplified spontaneous emission (ASE) from electrically pumped colloidal QDs. The
developed devices use compact, continuously graded QDs with suppressed Auger
recombinationincorporated into a pulsed, high-current-density charge-injection
structure supplemented by a low-loss photonic waveguide. These colloidal QD ASE
diodes exhibit strong, broadband optical gain and demonstrate bright edge emission
withinstantaneous power of up to 170 pW.

Electrically pumpedlasersorlaser diodesbased onsolution-processable
materials have long been desired devices for their compatibility with
virtually any substrate, scalability and ease of integration with on-chip
photonics and electronics. Such devices have been pursued across a
wide range of materials, including polymers**¢, small molecules™,
perovskites®?® and colloidal QDs'”. The last materials are especially
attractive forimplementinglaser diodes because, as well asbeing com-
patible with inexpensive and easily scalable chemical techniques, they
offer several advantages derived from a zero-dimensional character of
their electronic states?*. These include a size-tunable emission wave-
length, low optical-gain thresholds and high temperature stability of
lasing characteristics stemming from a wide separation between their
atomic-like energy levels? %,

Several challenges complicate the realization of colloidal QD laser
diodes. These include extremely fast nonradiative Auger recombina-
tion of optical-gain-active multicarrier states™®, poor stability of QD
solids under high current densities required to achieve lasing®'° and
unfavourable balance between optical gain and optical losses in elec-
troluminescent devices wherein a gain-active QD medium is a small
fraction of the overall device stack comprising several optically lossy
charge-transport layers" ™,

Here we resolve these challenges using engineered QDs with sup-
pressed Auger recombination and aspecial electroluminescent-device
architecture, which features aphotonic waveguide consisting of abot-
tomdistributed Bragg reflector (DBR) and a top silver (Ag) electrode.
The transverse optical cavity formed by the DBR and the Ag mirror
improvesfield confinement in the QD gain medium and simultaneously
reduces optical losses in charge-conducting layers. It also facilitates
the build-up of ASE owing to improved collection of spontaneous
seed photons and the increased propagation pathin the QD medium.

As aresult, we achieve large net optical gain with electrical pumping
and demonstrate room-temperature ASE at the band-edge (1S) and
excited-state (1P) transitions.

In this study, we use an optical gain medium based on arevised ver-
sion of continuously graded QDs (cg-QDs), which are similar to our
previously introduced CdSe/Cd,_,Zn,Se cg-QDs’ but feature areduced
thickness of the graded layer. These ‘compact’ cg-QDs (abbreviated
as ccg-QDs)® comprise a CdSe core of 2.5 nm radius, a 2.4-nm-thick
graded Cd,_,Zn,Selayer and afinal protective shellmade of ZnSe, S,
and ZnS layers with 0.9 nmand 0.2 nmthicknesses, respectively (Fig. 1a,
top-rightinset and Supplementary Fig. 1). Despite its reduced thick-
ness, the compact graded shell allows for highly effective suppres-
sion of Auger decay®, which leads to a long biexciton Auger lifetime
(txx.» =1.9 ns) and a correspondingly high biexciton emission quan-
tum yield of 38% (Supplementary Fig. 2). The compact graded shell
also produces strong asymmetric compression of the emitting core,
whichincreases the light-heavy hole splitting (4,,.,,) to about 56 meV
(ref. 25) (Fig.1a). Thisimpedes thermal depopulation of the band-edge
heavy-hole state and thereby reduces the optical gain threshold’.

Notably, the reduced shell thickness allows for anincreased QD pack-
ing density in film samples and, as aresult, leads to enhanced optical
gain, which spans across the 1S and 1P transitions and exhibits a wide
bandwidth of about 420 meV (Fig. 1b). These properties facilitate the
development of ASE, which is readily observed for optically excited
ccg-QD films (Fig.1c). The ASE occurs atboth the 1Sand 1P transitions
and exhibitslow excitation thresholds (N, as¢» = 1(1S) and 3 (1P) excitons
per dotonaverage. On the basis of the variable stripe length (VSL) ASE
measurements of a300-nm-thick ccg-QD film, the 1Sand 1P optical gain
coefficients are 780 cm™and 890 cm™, respectively (Supplementary
Fig.3).Owingtoanear-unity mode confinement factor of the measured
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Fig.1|Opticaland EL properties of ccg-QDs. a, The ground-state absorption
spectrum (a,) of the CdSe/Cd, . Zn,Se/ZnSe, sS, s/ZnS ccg-QDs (top-right
inset). Vertical arrows mark the three lowest-energy transitions involving 1S
and1Pelectronand hole states (shownin the top-leftinset). b, Transient
absorption (TA) measurements of the ccg-QD solution sample conducted
using 110-fs, 2.4-eV pump pulses with per-pulse fluence w,=1.6 mj cm™
((N)=25).The TAsignalis presented as a(hv,t) = ay(hv) + Aa(hv,t), where a,
and aarethe absorption coefficients of the unexcited and excited sample,
respectively, and Aais the pump-induced absorption change. The solid black
line (a = 0) separates the regions of absorption (a > 0, brown) and optical gain
(a<0;green). Thedashedblacklineis the second derivative of &, (panel a).

¢, Pump-intensity-dependent spectra of edge-emitted photoluminescence
(PL) ofa300-nm-thick ccg-QD film on a glass substrate under excitation with
110-fs, 3.6-eV pump pulses. The pump spotis shaped as anarrow 1.7-mm-long

film, we will refer to the derived values as ‘material gain’ coefficients
(Grmat1s AN Gpya 1p, TESPECively).

Initially, we incorporate ccg-QDs into ‘reference’ light-emitting
diodes (LEDs) whose architectureis similar to thatinrefs. 12,13. These
devices (Fig. 1d) are assembled on top of a glass substrate and com-
prise a ccg-QD active layer (approximately three monolayers thick)
sandwiched between abottom electrode (cathode) made of low-index
indium tin oxide (L-ITO) and an organic hole-transport layer (HTL) of
poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt(4,4’-(N-(4-butylphenyl)))] (TFB).
The L-ITO electrode is made of a mixture of standard ITO and SiO,,
which reduces optical losses and enhances refractive-index contrast
at the QD-cathode interface, thereby improving optical-mode con-
finementin the QD layer". The TFB HTL is separated from the organic
hole-injectionlayer (HIL) made of dipyrazino[2,3-f:2’,3’-h]quinoxaline-2,
3,6,7,10,11-hexacarbonitrile (HAT-CN) by aninsulating 50-nm-thick LiF
spacer containing a ‘current-focusing’ 30-pm-wide slit’>>"®, The device
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stripe orthogonal to the sample edge. The emergence of narrow peaksat1.93 eV
and 2.08 eV (full width at half maximum 35 meV and 40 meV, respectively) at
higher (N) indicates the transition to the ASE regime. On the basis of the onset
of sharpintensity growth (inset), the 1S and 1P ASE thresholds are, respectively,
aboutlandabout3excitonsper dotonaverage.d, Adevicestackofthe
reference LED comprises an L-ITO cathode, accg-QD layer and TFB/HAT-CN
hole transport/injection layers separated by a LiF spacer with a current-focusing
aperture. The deviceis completed withaAganode prepared asanarrow strip.
e, Thej-V(solid blackline) and EL intensity-V (dashed blue line) dependences
ofthereference device.f, Thej-dependent EL spectra of front (surface)
emission of the reference device. The EL spectrumrecorded at 1,019 A cm2is
deconvolvedinto three Lorentzian bands that correspond to the three ccg-QD
transitionsshownina. AU, arbitrary units.

iscompleted with asilver electrode (anode) prepared asa300-pum-wide
strip orthogonaltotheslitinthe LiF interlayer. This approachleads to
two-dimensional current focusing and allows us to limit the injection
area to 30 x 300 pum?. The fabricated LEDs, as well as other devices
studied in this work, were characterized at room temperature in air.
InFig.1e,f, we showelectroluminescence (EL) measurements of one of
thereference LEDs excited using pulsed bias (1-pts pulse duration, 1-kHz
repetitionrate) withavoltage amplitude (V) up to 67 V. At the maximal
voltage, the current density (j) reaches 1,019 A cm™ (Fig. 1e), which is
comparable with values realized with previous current-focusing, pulsed
LEDs™. The device emission turns on at about 3 V, after which the EL
intensity exhibits fast growth. The EL spectrameasured at lowerjpeaked
at1.96 eV (1S feature), which corresponds to the band-edge 1S.-1S;,
transition (Fig.1f). Asjisincreased, the EL exhibits apronounced broad-
ening owingtoincreasingintensities of the higher energy bands asso-
ciated with the 1S.-1S,, (2.02 eV) and the 1P_-1P,, (2.1 eV; 1P feature)
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Fig.2|Guided opticalmodesinthe reference and BRW devices. a,b Left,
cross-sectional structure of the reference (a) and BRW (b) devices, along with
the computed distribution of the TEmodes (shown as red-shaded profiles).
Inthereference device, thismodeis supported by TIR, whose critical angle

(6, is controlled by therefractive-index contrast at the L-ITO-glassinterface
(sinB. = ng,e/Nii10). Inthe BRW device, the mode angle (6, = O,y) is defined by
the condition of constructive interference (Bragg condition) of reflections
fromdifferentlayers of the DBR. As aresult, the optical-field profile exhibits an

transitions (Fig. 1f and Extended Data Fig. 1a). At the highest , the EL
spectrum peaks at the position of the 1P band, whichis indicative of a
high per-dot excitonicnumber realized in these devices. In particular,
on the basis of the ratio of the 1P-band and 1S-band amplitudes, the
average QD excitonic occupancy (N) reaches roughly 7.4 (Extended
Data Fig. 1b), which is higher than the optical gain threshold for both
the1S and 1P transitions (Fig. 1c).

Despite achieving population inversion, the reference devices do
not exhibit ASE under electrical pumping in either front (surface) or
edge emission. Thisindicates that the overall optical loss overwhelms
optical gain generated in a thin QD medium. Photonic modelling of the
reference LEDs using afinite element method confirms this assessment
(Supplementary Note 1). In these devices, light amplification occurs
because of optical modes guided by total internal reflection (TIR) at the
LITO-glassinterface and by the reflection at the silver mirror (Fig. 2a).
Because of strong quenching by the metal layer, transverse magnetic
(TM) modes experience strong attenuation, therefore, the modes pre-
ferred by ASE are of transverse electric (TE) character>®,

In Fig. 2a, left, we show the computed electric-field distribution of
the TE, TIRmode. The mode confinement factor for the QD layer (/)
is 0.23, which yields the maximal 1S modal gain (G o415 = I'opGmar.1s) Of
about 180 cm™. Notably, a considerable fraction of the optical mode
residesin the optically lossy L-ITO electrode. This leads to alarge opti-
cal loss coefficient () of about 140 cm™ (refs. 12,13). Although it is
slightly lower than G,,,.4 s, light absorptionin the top Ag electrode and
unaccounted light scattering at imperfections within the waveguide
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oscillatory patternlinked to the periodic structure ofthe DBR. Right,
dependence of front-emitted and edge-emitted lightintensities (yellow and
red symbols, respectively) on current density for the reference (a) and BRW

(b) devices. Owingto large propagation losses, the reference device radiates
primarily fromits front glass-cladded surface (the front-to-edge intensity ratio
isabout 50). By contrast, owing toreduced optical losses (insetinb, right) and
strong amplification of guided light, the BRW emits more strongly from its
edge (theedge-to-frontintensity ratiois about 2to 3). AU, arbitrary units.

increase the overall optical loss such that it becomes greater than modal
gain, which suppresses ASE. Because of high propagation losses, the
reference device exhibits very weak edge emission and radiates light
primarily from the glass-cladded bottom surface such that the ratio
of the surface-to-edge emission intensities is about 50 (Fig. 2a, right).
Owingto thelack of light amplification, the spectrum of edge emission
replicates that of surface EL at allj (Extended Data Fig. 2a).

Totackle the problem of excessive losses, we use a transverse Bragg
reflector approach? previously explored in the context of traditional
laser diodes”?®. In this approach, an optical gain medium is flanked
with a DBR stack on one or both sides? (Fig. 2b, left). The resulting
Braggreflection waveguide (BRW) supports low-loss modes (Extended
Data Figs. 3 and 4) that develop owing to coherent superposition of
several reflections produced by the DBR structure (Fig. 2b, left). The
BRW mode is favoured over the TIR modes in the case of ASE as they
offerimproved mode confinement within the gain-active mediumand,
as aresult, feature reduced optical losses and enhanced net modal
gain”?% Furthermore, the BRW mode is characterized by anincreased
effective amplification length, as the corresponding angle of incidence
(Ozrw) can be considerably sharper than that in the TIR case (Fig. 2a,b,
left and Extended Data Figs. 3c and 4b).

Toimplement a BRW waveguide, we incorporate a DBR stack made
of ten pairs of Nb,O; and SiO, layers below the cathode (Fig. 3a and
Supplementary Fig. 4). To reduce serial resistance and thereby lessen
overheating at highj, we make the cathode of standard ITO rather than
higher-resistivity L-ITO used inrefs. 12,13. Asaresult, we can push the
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Fig.3|Electrically driven ASEin the BRW device.a, ABRW deviceisbuilton
top of aDBR made of ten pairs of Nb,Osand SiO, layers. The device contains an
ITOcathode,aZnOETL, accg-QD gain medium (three QD monolayers),aTFB
HTL, aLiF interlayer with a current-focusingslit,a HAT-CN HIL and a strip-like
Aganode.b, Edge-emitted ELspectraofthe BRW device asa function of current
density tuned from 0.8t01,933 A cm™. The device was excited using pulsed
biaswitht,=1psand pulse-to-pulse separation T=1ms. The ELspectrashowa
transition from broad spontaneous emission observed atlow,jtosharp1Sand
1P ASEbands at highj. ¢, Top, thej-dependent EL intensities at the peaks of the
1Sspontaneous (black) and ASE (red) bands indicate the ASE threshold
Jmase =13 A cm ™ Bottom, the dependence of 1S emission linewidth on
indicates progressive line narrowing from 82 to 39 meV.d, Polarization

current density up to 1,933 Acm™ (V=53 V) without causing device
breakdown (Supplementary Fig. 5). To furtherimprove charge flowin
the device, we deposit an n-type ZnO electron-transport layer (ETL)
ontop of the ITO cathode (Fig. 3a). The ZnO ETL is followed by the QD
layer and a series of hole transport/injection layers that are similar to
those of the reference LED (Fig. 3a).

As well asimproving charge transport, the ZnO layer also allows us
toachieve n-doping of the active medium, as ZnOis known to facilitate
electroninjectionintothe QDs and thereby helps keep them negatively
charged®?°. As shown previously, the use of charged (doped) QDs ben-
efitslasing performance by lowering optical gain thresholds owing to
partial or complete bleaching of ground-state absorption®, A poten-
tial problem of this approach is quenching of QD emission resulting
from Auger recombination of charged excitonic species®**. However, it
isless of aproblem with our ccg-QDs because, owing toimpeded Auger
decay, these QDs show high emission efficiencies for both singly and
doubly negatively charged excitons (Supplementary Fig. 2).

In the fabricated structures, the bottom DBR and the top Ag mirror
form a BRW. The computed electric-field distribution for the BRW
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characteristics of edge-emitted light of the BRW device in the case of electrical
(left,j=650 Acm™) and optical (right, 110-fs, 3.6-eV pulses, w, =85 pJ cm?)
excitation. Owing to strong damping of TM modes, the1S and 1P ASE bands are
notpresentin TM-polarized emission (blue) and exhibit nearly perfect TE
polarization (red). The spontaneous 1S bandis not polarized (black) and,asa
result, is presentin both TE-polarized and TM-polarized emission. e, The

VSL measurements of the optically excited BRW device (inset) indicate the
development ofthe 1S and 1P ASE features with increasing stripe length.
These measurements used 110-fs, 3.6-eV pump pulses withw, =90 pJ cm™.
Thesharp ASE bands are similar to those observedinthe EL spectra (panelb).
AU, arbitrary units.

mode is depicted in Fig. 2b, left. It exhibits an oscillatory pattern that
reflects the periodic structure of the DBR. The main peak is centred
within the QD optical gain medium, whichleads to a high mode confine-
ment factor (g, = 0.2), despite the small thickness of the gain medium
(approximately three ccg-QD monolayers). Notably, the BRW mode
profile also features a diminished field intensity in the optical lossy ITO
and ZnO layers. As a result, the overall loss coefficient is only 16 cm™
(Extended Data Fig. 4d).

The favourable changes in the optical-field distribution have a pro-
found effect on device EL performance. In particular, we observe a
markedboostinedge emission, whose intensity becomes greater than
that of surface emission by afactor of around 2 to 3 (Fig. 2b, right). This
is a direct consequence of the reduced propagation losses and the
emergence of the regime of ASE. The effect of ASE is pronouncedin the
spectraofedge-emitted EL (Fig. 3b). Atlow injectionlevels (j< 8 A cm™),
they show a weak, single-band 1S emission at 1.98 eV with an 82-meV
linewidth (full width at half maximum, FWHM). At higher current densi-
ties, we observe the emergence of new narrow features whose spectral
energies (1.94 and 2.09 eV) are identical to those of the 1S and 1P ASE



bands in the optically excited ccg-QD film (Fig. 1c). The new bands
exhibit fast superlinear growth with increasing injection level (Sup-
plementary Fig. 6) and eventually (atj > 13 A cm™) overtake the broad 1S
band (Fig.3c, top). Thisisaccompanied by the pronounced narrowing
of the band-edge emission from 82 to 39 meV (or 23 to 13 nm; Fig. 3¢,
bottom). The observedj-dependent evolution of the EL spectrais very
different from that for the reference LED (Fig. 1f) but very similar to the
evolution of photoluminescence (PL) during the transition to ASE for
the optically excited ccg-QD/glass sample (Fig. 1c). This suggests that
the narrow 1S and 1P features in the edge-emitted EL are also linked
to ASE.

To infer the ASE threshold, we compare the j-dependent EL signals
at1.98 eVand1.94 eV (Fig. 3¢, top), which correspond to peak energies
ofthe spontaneous emission and ASE, respectively. Althoughiinitially
the two signals grow synchronously with increasing injection level
(approximately linear), they start to diverge atj > 13 A cmowing to the
onset of faster (superlinear) increase of the 1.94-eV EL intensity (Sup-
plementary Fig. 6). We ascribe thisbehaviour to the onset of ASE and the
corresponding current density to the ASE threshold (j, As; =13 A cm™).
The value of}j;, se, determined in this way, is consistent with the onset
of line narrowing, characteristic of the ASE process (Fig. 3¢, bottom).

The calculated ASE thresholds for our ccg-QD films depend on a
charginglevel® (Supplementary Note 2). For neutral QDs, ji, 1s; is about
28 Acm™and it drops to about 26 Acm™and then about 15 A cm™for
singly and doubly negatively charged QDs, respectively. The compari-
son ofthese values withjji;, »s; Observed experimentally suggests that, in
ourdevices, QDs are populated with two electrons on average, whichis
consistent with previous studies of high-brightness cg-QD LEDs con-
tainingaZnO ETL”.

Next, we describe evidence that the sharp 1S and 1P EL features are
indeed because of photon amplification during light propagation in
the BRW and not because of spectral filtering effects arising, for exam-
ple, from the DBR-Ag cavity. The first piece of evidence is the close
correspondence between spectral positions of the EL peaks with the
optically excited 1S and 1P ASE features observed for cavity-free ccg-QD/
glass samples (Fig. 1c). Second, the comparison of surface-emitted
and edge-emitted EL spectra (Extended Data Fig. 2b) shows that the
ASE features are spectrally distinct from the vertical cavity mode. Fur-
thermore, the edge-emitted and surface-emitted bands show distinct
behaviours as afunction of j (Extended Data Fig. 5). In particular, owing
to the onset of ASE, edge-emitted EL shows spectrally non-uniform
intensity growth, whereas such spectral non-uniformity is absent in
the surface emission.

Polarization-dependent measurements provide further evidence
for the ASE regime. In particular, both sharp EL peaks observed
at highj (post ASE threshold) are TE polarized and not present in
TM-polarized emission (Fig. 3d and Extended DataFig. 6). The detailed
polarization-dependent measurements of the 1S and 1P EL features,
ascribed to ASE, show a nearly perfect sin’a pattern, as expected for
TE-polarized light (Extended Data Fig. 7; a is the angle between the
polarization direction of the analyser and the vertical direction)™®. This
type of polarization is expected for amplified guided BRW modes, as
propagation of TM modes s strongly inhibited owing to quenching by
the Agelectrode'". Notably, the observed polarization trends are iden-
tical between the regimes of electrical and optical pumping (Fig. 3d;
left and right subpanels, respectively). This is strong evidence for the
ASE character of edge-emitted EL, as the ASE effectis unambiguousin
optically excited edge-emitted PL spectra, as discussed below.

InFig.3e, we show VSL measurements of BRW structures conducted
with optical excitation (see Methods). For these measurements, we
prepare devices withouta LiF spacer, which allows us to avoid parasitic
signals from the parts of the QD layer outside the current-focusing
aperture. In the VSL experiment, the pump laser beam is focused
into a narrow stripe of a varied length ({), which is orthogonal to the
cleaved device edge. For short stripe lengths, the edge-emitted PL

is characterized by a broad spectral profile that is similar to that of
EL at low injection levels (Fig. 3b,e; green lines). As [is increased, the
emission intensity experiences quick growth (Supplementary Fig. 7),
which is accompanied by the development of sharp peaks (Fig. 3e)
whose spectral energies are in close agreement with the narrow EL
features emerging at highjin electrically pumped devices (Fig. 3b,
solid lines), as well as the 1S and 1P ASE bands observed for the opti-
cally excited ccg-QD/glass sample (Fig. 1c). First, these results exclude
thatthe narrow 1S and 1P features arise from spontaneous emission of
higher-order multiexcitons, astheincreasein/does not affect per-pulse
fluence, the quantity that controls the excitonic occupancy of the QDs.
Second, these observations confirm the connection of the sharp 1S
and 1P peaks to the process of stimulated emission, as the build-up of
ASE doesrequire asufficiently long light propagation path in the gain
medium approximately defined by the condition G,/ > 1.

Onthe basis of the analysis of the [-dependent emission intensities,
the 1S and 1P gain coefficients are 45 and 55 cm™, respectively (Sup-
plementary Fig. 7). These values are close to the calculated maximal
net optical gain for charged QDS (Gt = 0-5G nod max — Fioss = 64 €M™
Supplementary Note 2), in agreement with our earlier analysis of ASE
thresholds, according to which the observed gainis because of charged
excitons.

The effect of ASE is also evident in the measurements of temporal
coherence conducted using aMichelsoninterferometer. In particular,
under conditions similar to thosein Fig. 3d, left, the coherence time (z.)
observed for the TE-polarized light is appreciably longer (by a factor of
about three) thanthat for the TM-polarized EL (Extended DataFig. 8).
The lengthening of 7. indicates a considerable contribution of ASE to
the TE-polarized EL, as photon replication during light amplification
enhances temporal coherence. These results are consistent with the
measurements of spectrally resolved EL thatindicate the dominance of
ASEinthe TE-polarized emission (Fig. 3d, left and Extended Data Fig. 6).

Aspointed out earlier, another indication of the ASEin the BRW struc-
tures is the high brightness of edge-emitted EL (Fig. 2b, right). In the
reference device, the edge signal is undetectable by the naked eye, even
inthe dark. By contrast, asillustrated in Fig. 4a, the light radiating from
the edge of the BRW device is clearly seen even in room light, despite
avery small edge-emitting area (its nominal size is approximately
9 um?). In fact, the emission from the BRW structure can be detected
and characterized with a standard power meter used to evaluate the
output of commercial lasers. On the basis of such characterization,
theinstantaneous edge-emitted power (P,,.) during the voltage pulse
reaches170 pW (=1,933 A cm™); Fig. 4b (dashed blueline). A substan-
tialroleinthe development of strong edge-emitted ASE is played by the
BRWstructure, whichincreases the effective amplification length and
improves the collection of ‘seed’ photons produced by spontaneous
emission (Supplementary Fig. 8).

The edge-emitted light exhibits a fairly tight angular distribution
for out-of-plane angles (Supplementary Fig. 9a,b). It features a sharp
spike (from approximately —0.2° to 0.2°), which appears on top of an
asymmetric profile extending to the DBR device side. Suchasymmetry
is consistent with the calculated BRW mode structure (Fig. 2b, left). The
angular distribution for in-plane angles is fairly flat (Supplementary
Fig.9c,d), as expected for our devices that lack angle-selection ele-
ments in the device plane.

The fabricated devices exhibit good operational stability under
ambient environment. Even when the driving voltage is well above
the ASE threshold, they operate for hours in the ASE regime without
considerable losses in the output power. In particular, a stability test
conducted atj =120 A cm (at the beginning of the test) shows that,
after 2 h of continuous operation, the device still preserves around 90%
of its original power (Extended Data Fig. 9). It operates in the stable
ASE mode for two more hours, at which point the device finally fails.

Overall, we have fabricated 15 chips, each of which contained eight
devices (120 devices in total). We observed excellent reproducibility
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Fig.4|Characterization of the output of the BRW device. a, Left, the output
oftheelectrically excited BRW device was characterized using astandard
laser-lab power meter. The measured average power (P,,) was converted into
theinstantaneous output power (P,,) using P, = (T/t,)P,,. Forr,=1pnsand
T=1msusedinourexperiments, P, =1,000P,,. Right, photograph of the
device operatingatj=170 A cm?under ambient conditionsinroom light
clearly shows edge emission that appears very bright despite the small on-time
fraction (r,/T=0.001) and the smallsize of the emitting spot (the nominal area
isabout9 um?). Scale bar,10 mm. b, The dashed blue line shows the j-dependent
instantaneous output power. At the maximal current density (j=1,933 Acm™),
P, reaches170 uW. On the basis of the measured output power, we determine
the EQE (red circles), whichis compared with that of the reference device (black
triangles). Owingto the efficient ASE, which leads to theincreased QD emission
rateand enhanced power extraction from the inverted QD medium, the EQE
droopismuchless pronounced inthe BRW device. In particular,j,, is about four
times higher than that for the reference device (1,933 versus 500 A cm™).

of performance characteristics between devices on the same chip and
those on different chips prepared through separate fabrication cycles.
In particular, high-j EL measurements were conducted on 11 devices
from different chips. All of them showed the ASE effect. Asillustrated
inExtended DataFig.10, the tested devices exhibited good consistency
between theirj-V (P,,~V) dependences, EL spectra, ASE thresholds
and the characteristic line narrowing accompanying the transition to
the ASE regime.

Itis instructive to examine the external quantum efficiency (EQE)
of the BRW device versus the reference LED. Because our devices lack
lateral optical confinement within the QD layer and do not use any
schemes forimproved light outcoupling, the collected edge-emitted
light is only a small fraction of the total ASE. Therefore, we will focus
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on the analysis of normalized EQEs as a function of current density
(Fig. 4b). For the reference device, the EQE reaches its peak value at
jofabout130 A cm™, after which it shows a fast decline and drops to
half of the maximal value atj =}, = 500 A cm (Fig. 4b, black trian-
gles). This is the manifestation of a droop effect typically attributed
to processes such as nonradiative Auger recombination and/or ther-
mally induced emission quenching'®?’, The BRW device also exhibits
the EQE droop. However, its onset is shifted to about 300 A cm™and
Jsisincreased to about 1,930 A cm™ (Fig. 4b, red circles). These are
expected consequences of the ASE regime, which accelerates radiative
recombination and thus allows it to compete more favourably with
nonradiative processes.

In conclusion, we demonstrate 1S and 1P ASE with an electrically
excited gain medium made of solution-cast colloidal QDs. Thisadvance
hasbeenenabled by excellent optical-gain properties of ccg-QDsand a
specially engineered device stack, which contains alow-loss photonic
waveguide. This waveguide is formed by the bottom DBR and the top
Ag mirror that flank the QD medium and the adjacent charge transport/
injectionlayers. The use of the BRW allows us to shape the optical-field
profile so as to reduce optical losses in charge-conducting layers and
enhance mode confinement in the QD medium. These ASE diodes
exhibit strong edge emission with instantaneous output power of up
to170 pW, eventhoughthey lack lateral optical confinement withinthe
gain-active region and do not use engineered light outcoupling. The
nextimportant milestone—therealization of a QD laser oscillator—can
be accomplished by supplementing the developed structures with
anoptical resonator implemented, for example, as either an in-plane
distributed feedback grating or a Fabry-Pérot cavity formed by edge
reflectors.
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Methods

Materials

Cadmium acetate dihydrate (Cd(CH,C0O0),-2H,0, 98%), zinc acetate
dihydrate (Zn(CH;C00),-2H,0, 99.99%), selenium (shot, 2-6 mm,
99.998%) and sulfur (99.999%) were purchased from Alfa Aesar. Oleic
acid (OA,90%),1-octadecene (ODE, 90%), toluene (anhydrous, 99.8%),
chloroform (anhydrous, 99%), 2-propanol (anhydrous, 99.5%), ethan-
olamine (99.5%) and octane (anhydrous, 99%) were purchased from
Sigma-Aldrich. Trioctylphosphine (TOP, 97%) was purchased from
Strem. Ethanol (absolute, 200 Proof) was purchased from Fisher Chemi-
cal. TFB and HAT-CN were purchased from Lumtec. Silver pellets (Ag,
99.99%) were purchased from Kurt J. Lesker. The materials were used
asreceived.

Synthesis of ccg-QDs

Preparation of precursor solutions. The synthesis of CdSe/Cd,Zn,_Se/
ZnSe, ;S,5/ZnS ccg-QDs was conducted using four precursor solutions
(A, B, Cand D). Solution A was prepared by mixing 0.5 ml Cd-oleate
(0.5M), 0.125 mI TOP-Se (2 M) and 0.375 ml ODE. The 0.5 M Cd-oleate
solution was prepared in a three-neck flask by dissolving 10 mmol
Cd(CH,C00),-2H,0in10 ml OA and 10 ml ODE. The cadmium mixture
was degassed at 120 °C under vacuum for1 hand kept at 100 °C under
nitrogen for further use. The 2 M TOP-Se solution was prepared in a
glove box by dissolving 40 mmol selenium in 20 ml TOP. Solution B
was prepared by mixing 1.25 ml Cd-oleate (0.5 M), 1.25 ml TOP-Se (2 M)
and 2.5 ml ODE. Solution C was prepared by mixing 1 ml ODE, 0.5 ml
TOP-Se (2 M) and 0.5 mlI TOP-S (2 M). The 2 M TOP-S was prepared ina
glove box by dissolving 40 mmol sulfur in 20 ml TOP. Solution D was
prepared by mixing 0.5 ml ODE and 0.5 mI TOP-S (2 M).

Synthesis. The synthesis of the ccg-QDs started with the preparation
of CdSe cores. For this purpose, 6 ml ODE and 0.2 ml Cd-oleate (0.5 M)
wereloaded into a100-ml three-neck flask and degassed at 120 °C for
25 min. The reaction flask was heated to 310 °C under nitrogen and
0.1 ml TOP-Se (2 M) was promptly injected into the reaction. Forty
seconds after TOP-Se injection,1 mI TOP was added dropwise for 20 s.
In2 min, 1 mlof solution Awas added continuously to the reaction flask
atarate of 5ml h™for12 min.

In the next step, the preformed core particles were overcoated
with a compositionally graded Cd,Zn,_,Se layer. For this purpose,
2 ml Zn-oleate (0.5 M) solution was promptly injected into the reac-
tion flask at a temperature of 310 °C. 0.5 M Zn-oleate solution was
prepared beforehand by mixing 20 mmol Zn(CH,C0O0),-2H,0, 20 ml
OA and 20 mlODE inathree-neck flask. The mixture was degassed at
130 °C for 1 hunder vacuum and then kept at 120 °C. After the injec-
tion of Zn-oleate, 5 ml of solution Bwere continuously added into the
reaction flask at arate of 4 ml h™ for 75 min. While adding solution B,
Zn-oleate (0.5 M) solution was promptly injected three times at 18.75,
52.5and 67.5 min in the amounts of 2, 4 and 2 ml, respectively. Next,
the ZnSe, S, s shell was grown on top of the Cd,Zn,_,Se layer. Dur-
ing this reaction stage, 1.5 ml of solution C was continuously added
into the reaction flask at 310 °C at a rate of 2 ml h™ for 45 min. While
adding solution C, Zn-oleate (0.5 M) solution was promptly injected
three times at 15, 30 and 45 min in the amount of 1 ml per injection.
The particles were completed with a thin ZnS layer. 0.5 ml of solution
D was continuously added in the reaction flask at 310 °C at a rate of
1ml h™for 30 min. While adding solution D, 1 ml Zn-oleate (0.5 M)
solution was promptly injected once at 15 min. The reaction flask
was cooled to room temperature by removing the heating mantle
and adding 36 ml chloroform at 70 °C. This synthesis resulted in the
ccg-QDs schematically depicted in Fig. 1a.

Purification. The synthesized ccg-QDs were purified with ethanol by
centrifuging at 7,000 rpm for 5 min and then redispersing in 10 ml

toluene. These solutions were used in spectroscopic measurements.
For device fabrication, ccg-QDs were further washed with acetonitrile.
In this procedure, 2 ml of ccg-QDs in toluene were mixed with 20 ml
acetonitrile and centrifuged at 9,000 rpm for 15 min. The washing
step was repeated two more times. The precipitate was fully dried and
redispersed in octane to obtain a desired concentration (typically,
20 mgml™).

Fabrication of reference LEDs

Glass substrates coated with L-ITO were purchased from Thin Film
Devices, Inc. The glass/L-ITO substrate was washed using sequential
10-min sonication steps in isopropyl alcohol, acetone and ethanol.
After the cleaning step, the substrate was dried using a N, gas blower.
Afterwards, 20 pl of ccg-QD solution (20 mg ml™) were spin-coated
ontothe L-ITO substrate at2,000 rpm for 30 s to form one monolayer
ofthe ccg-QDs. This procedure was repeated two more times to prepare
afilm that nominally contained three ccg-QD monolayers. Follow-
ing deposition, the ccg-QD film was annealed at 100 °C for 10 min. To
fabricateaHTL, 10 mgof TFB were dissolved in 1 ml of chlorobenzene
and spin-coated onto the ccg-QD layer at 4,000 rpm for 30 s, which
was followed by annealing at 120 °C for 20 min. Then, a 50-nm-thick
LiF interlayer was deposited by thermal evaporation using a shadow
mask, which defined a ‘current-focusing’ aperture in the form of the
30-pm-wide slit. After that, a100-nm-thick HIL of HAT-CN was depos-
ited using thermal evaporation with a deposition rate of 0.2-0.3 As™.
The device was completed with a100-nm-thick Ag electrode depos-
ited by means of thermal evaporation (at arate of 1A s™) through a
shadow mask with a300-pm-wide slit orthogonal to the slit in the LiF
interlayer. This allowed us to obtain two-dimensional current focus-
ing and limit the injection areato 30 x 300 pm?2. We would like to point
out that the hole-injection part of our devices is distinct from that of
traditional QD LEDs that usually use a combination of MoO, HIL and
anorganic HTL. However, the standard HIL/HTL combination leads to
large optical losses that are mitigated here using the new design of the
hole-injection device part'>*,

Fabrication of devices witha BRW

BRW devices were assembled on top of ITO-coated DBR substrates
purchased from Thin Film Devices, Inc. The substrates were cus-
tom made to match their stopband to the emission spectra of the
ccg-QDs. In particular, their reflection coefficient was >95% (normal
incidence) across the wavelength window of 490-690 nm (Supple-
mentary Fig. 4), which covered both the 1S and 1P emission bands
(Fig.1c). The DBR was made of ten pairs of Nb,O;and SiO, layers (60 nm
and 100 nm thickness, respectively) prepared on aglass substrate. A
50-nm-thick ITO film was deposited on top of the Nb,O; layer of the
DBR. The resulting multilayered stack is depicted in Supplementary
Fig. 4. The acquired ITO/DBR/glass substrates were cleaned using
the same procedure as in the case of reference devices. Then, a
ZnO ETL with a thickness of 50 nm was deposited through a sol-gel
method. A sol-gel solution was prepared by dissolving 0.2 g of zinc
acetate dihydrate (Zn(CH,;C00),-2H,0) and 56 mg of ethanolamine
in 10 ml of 2-methoxyethanol (CH;0CH;CH;OH). The solution was
stirred overnight before use. 300 pl of a sol-gel precursor was spun
at 3,000 rpm for 50 s and annealed at 200 °C for 2 h in ambient air.
Afterwards, the active ccg-QD layer and the rest of the device were
prepared using the same steps as in the case of reference LEDs (see
previous section).

Device characterization

All fabricated devices were tested at room temperature in air. For
edge-emission measurements, devices were cleaved across the emit-
tingareausing adiamond tip. Intheregime of electrical excitation, the
devices were driven using square-shaped voltage pulses generated by
afunction generator (Tektronix AFG320; pulse amplitudeupto3.5V),



followed by a high-speed bipolar amplifier (HSA4101, NF Corpora-
tion) with 20 times voltage gain. The voltage applied to a device was
measured using a Tektronix oscilloscope (TDS2024B) connected to the
monitoring port of the amplifier. The generated transient current was
measured by monitoring the voltage drop across a10-Q-load resistor
onthe current return (Supplementary Fig. 5).

Both edge-emission and front-emission spectra were collected using
a Czerny-Turner spectrograph (Acton SpectraPro 300i) dispersing
light in the focal plane of a liquid-nitrogen-cooled charge-coupled
device (CCD) camera (Roper Scientific) or a fibre-coupled Ocean
Optics USB 2000 spectrometer (Fig. 1e,f, Fig. 3b and Extended Data
Fig.10). The spectral resolutions were 0.1nmand 0.4 nm, respectively.
The optical power of edge emission was measured using a standard
photodiode-based power meter (Thorlabs S120VC with an active
area of 73 mm?). The power meter head was positioned 1 cm away
from the cleaved edge of the device (Fig. 4a). The EQE was obtained
on the basis of the instantaneous output power emitted during the
voltage pulse (P,,.) and the driving current (/) using the following
expression:

(Puhv)
EQE="/e)

in which hvis the averaged energy of the edge-emitted photons cal-
culated fromthe measured EL spectraand eis the elementary charge.

Optical measurements

Optical absorption and PL measurements. Optical absorption and PL
measurements were conducted on ccg-QD/toluene solutions loaded
into 1-mm-thick quartz cuvettes. The absorption spectra were col-
lected with anultraviolet-visible scanning spectrometer (Lambda 950,
Perkin EImer). In the PL lifetime studies, a ccg-QD sample was excited
with 3.1-eV, 40-fs pulses at a 250-kHz repetition rate derived from a
frequency-doubled Ti:sapphirelaser (Miraoscillator and RegA ampli-
fier, Coherent). The laser pulses were focused onto the sample into a
100-pm-diameter spot. The emitted PL was collected in the direction
normaltothe sample plane, spectrally selected with a Czerny-Turner
spectrograph (Acton SpectraPro 300i) equipped with an exit slit and
detected withafibre-coupled superconducting nanowire single-photon
detector (Opus One, Quantum Opus), followed by a time-correlated
single-photon counting apparatus (PicoQuant PicoHarp). The PL was
measured at the maximum of the 1S PL peak with a 2-nm bandwidth;
the temporal resolution of the setup was 70 ps.

TA spectroscopy. For transient absorption (TA) studies, ccg-QDs
were diluted in toluene and loaded into a 1-mm-thick quartz cuvette
to achieve an optical density of around 0.2 at 2.4 eV. The sample was
continuously stirred during the measurements to avoid uncontrolled
photocharging. Ahome-built pump-probe TA setup used aregenera-
tively amplified femtosecond ytterbium-doped potassium gadolinium
tungstate (Yb:KGW) laser (PHAROS, Light Conversion) generating
190-fs,1,030-nm (1.2-eV) pulses. The repetition rate was set to 500 Hz.
Thelaser outputwas splitintoapump and a probe channel. The signal
in the pump arm was frequency doubled in a BBO crystal to produce
110-fs, 515-nm (2.4-eV) pulses. The pump beam was focused onto the
sample into a 130-um spot. The probe pulses transmitted through a
delay line were focused onto asapphire plate to generate a white-light
supercontinuum, which was then focused onto the sample into an
80-pum spot overlapping the centre of the sample area excited by the
pump pulses. A mechanical chopper in the pump arm blocked every
second pulse from a pump-pulse sequence. The transmitted probe
pulses were analysed with an Avantes AvaSpec-ULS1350F-USB2 spec-
trometer synchronized with the chopper. The pump-induced changes
inthe absorption coefficient of accg-QD sample (Aa = a - a,, inwhicha
and a, are the excited-state and ground-state absorption coefficients,

respectively) were acquired as a function of pump fluences (tuned
from 3 ) cm~2to 6 m) cm™) and pump-probe delay (varied from -5 ps
to4.5ns).

TA data analysis and quantification of optical gain. The ‘chirp’ of
the white-light supercontinuum probe was analysed and accounted
forusing procedures of ref. 36. The pump level was evaluated in terms
of a per-pulse fluence (w,). The average per-dot excitonic occupancy
generated by the pump pulse was inferred from(N) = o,w,/hv,, inwhich
hv, is the pump-photon energy and g, is the corresponding ccg-QD
absorption cross-section. The value of 6, was determined froma Poisson
analysis of w,-dependentlong-delay TA signals following the procedure
of ref. 37. Two-dimensional optical gain ‘maps’ in the photon energy-
delay time (hv-t) space were obtained by computing excited-state
absorption from a(hv,t) = ay(hv) + Aa(hv,t). In this representation,
optical gain appears as features with a(hv,t) < 0.

In this work, we use several metrics to evaluate optical gain that
include material gain, modal gain and net gain. We define material
gain (G,,,,,) as a gain coefficient of an infinitely thick close-packed QD
film. The corresponding mode confinement factor of the QD medium
(Fyp) is1.Modal gain (G,,.g) is the gain coefficient of a QD film of a final
thickness. It relates to G, by G0 = qpGmar, in Which Iy, is the mode
confinement factor of the QD film, which is less than 1. Net gain (G,..)
corresponds to the overall gain coefficient of a device that accounts
foropticallosses: G, = Groq — (ioss, iIN Which ay. is the optical-loss coef-
ficient.

ASE measurements. A ccg-QD film or a cleaved electroluminescent
device was mounted in the focal plane of a cylindrical lens with a focal
length of 10 cm. Femtosecond pulses (110-fs duration, 3.6-eV photon
energy,100-Hzrepetitionrate) fromatripled Yb:KGW laser (PHAROS,
Light Conversion) were focused onto the sample into a 1.7-mm-long
stripe orthogonal to the sample edge. The stripe width was approxi-
mately 40 um. The edge-emitted light was collected with an imaging
systemand analysed using a Czerny-Turner spectrograph (Acton Spec-
traPro 300i) coupled to aliquid-nitrogen-cooled CCD camera (Roper
Scientific). In VSL measurements, the length of the excited strip (/) was
varied by moving arazorblade placed into the pump beam (Fig.3e and
Supplementary Fig.3). To determine net optical gain (G,,,), the intensity
of edge-emitted light (/,4ge) Was fit to /gp. = B(EXP(Geel) = 1)/Grec + Cl,in
which Band Cwere l-independent constants.

Michelson interferometry measurements. To characterize the
temporal coherence of a device output, edge-emitted light was col-
lected and collimated with an objective (Olympus PLN10X) and sent
into aMichelsoninterferometer. Alinear polarizer was used to select
either ASE or spontaneous emission. The beam was split between two
arms using anon-polarizing 50/50 beam splitter and reflected using
flat mirrors. One mirror was mounted onto a single-axis linear stage
(Aerotech ANT130L), which enabled accurate control of the time delay
between the two arms. The output beams were collected using an
objective (Olympus PLN10X) and detected with an avalanche photodi-
ode (Micro Photon Devices PDM series). Atime-tagged, time-resolved
mode provided by a time-correlated single-photon counting module
(PicoQuant HydraHarp 400) was used to record the intensity of the
interference pattern.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The data that support the findings of this study are available from the
authors onreasonable request.
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Extended DataFig.2 | Comparisonofedge-emitted and surface-emitted
ELspectraofthereferenceandthe BRW devices. a, Thespectraofedge-
emitted and surface-emitted EL (top and bottom subpanels, respectively) of
thereference device (insetsillustrate the configuration of the measurements)
donotshow any apparent qualitative distinctions (the device is operated at
920 A cm™). Furthermore, the edge emission isabout 50 times weaker than
surface emission. b, By contrast, the BRW device shows a substantial
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differenceinthe spectralshape of edge-emitted and surface-emitted EL

(top and bottom subpanels, respectively);j =730 A cm™. Furthermore, edge
emissionis about two times more intense than surface emission. The spectrum
of edge-emitted ELis dominated by 1S and 1P ASE features, whereas the
surface emission comprises asingle narrow peak at2.05 eV owingto a vertical
Fabry-Pérot cavity formed by the bottom DBR and the top silver mirror. a.u.,
arbitrary units.
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several TIRmodes are supported by the waveguide owing to reflections
fromvarious layers of the thick DBR stack. The range n.¢ < n, corresponds to a
photonic bandgap or astopband defined by the reflection spectrum of the DBR
(purpleline). ABRW mode (blueline) islocated in the stopband of the photonic
structure.c, Acomparison of guided mode parameters between the TE, TIR
(pink) and BRW (orange) modes of the DBR-based structure (Fig. 2b) and the
TE,TIRmode (red) of the reference device (Fig. 2a). The calculated parameters
include the effective refractive indices (n.), the modal angles (6,,,), the mode
confinement factors for the ccg-QD layer (/) and the optical-loss coefficients
(@ios)-
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Extended DataFig.5|Evolution ofedge-emitted and surface-emitted EL
spectrawithincreasing currentdensity. a, Edge-emitted EL spectra of the
BRW device as afunction of . The bottom subpanel shows ‘raw’ (not normalized)
experimental spectra. The top subpanel shows the normalized spectrascaled so
astomatchthe amplitude of the 1S spontaneous emission feature (owing to a
highnoise level below the ASE threshold, we present the measured spectra
using two-band Gaussian fits). The normalized spectra clearly show the
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emergence of asharp 1S ASE band. b, Similar sets of data for surface-emitted
EL ofthe samedevice. The ELis dominated by a vertical cavity mode at1.84 eV.
Itisred-shifted versus that of the device shownin Extended Data Fig. 2b,
because of alarger thickness of the device tested in the present measurements.
Thefeaturearound1.77 eV results fromlight leakage through the DBR (see
Supplementary Fig. 4). Unlike edge-emitted EL, the surface-emitted signal
shows spectrally uniform growth with increasing j. a.u., arbitrary units.
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Extended DataFig. 6 |Thej-dependentspectraofedge-emitted EL of the
BRW device measured with a TE polarizer. Owing to a ‘lossy’ character of
TMmodes (strongly attenuated by the silver electrode), ASE occurs because
oflow-loss TEmodes. The spontaneous emission does not exhibit preferred
polarization. Therefore, the use of a TE polarizer allows us to emphasize
narrowband ASE features over broadband spontaneous emission. Asaresult,
the EL spectrameasured at high current densities (j>200 Acm™) are
dominated by narrow 1S and 1P ASE peaks. The marked difference of these
spectrafromthose of the reference devices (Fig. 1fand Extended Data Fig. 1a)
isyetanother confirmation of the ASE effect realized in our BRW devices. a.u.,
arbitrary units.
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Extended DataFig. 8| Coherence measurement ofedge-emitted EL
conducted using Michelsoninterferometry. a, Interferogram of the 1S ASE
band of the BRW device drivenatabout100 A cm 2 The edge-emitted lightis
fibre coupledintoaMichelsoninterferometer consisting of acube beamsplitter,
afixedarmand avariable-length arm controlled by a piezoelectric stage. The
interference signalis detected with a Siavalanche photodiode. 1S ASE is
isolated using a 620-nm (or 2-eV) long-pass filter and alinear polarizer set to
the ‘vertical’ (TE) polarization (Fig.3d, left). b, Fringe visibility extracted from
theinterferogramina (black symbols) as a function of the time delay between
thetwo arms of the interferometer. An exponential fit of the experimental
data(redline) yields coherence time . 0f 47 fs. c,d The interferometric
measurements conducted for the ‘horizontal’ (TM) polarizationin which ASE
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observed polarization-dependent threefold differencein r.indicates the
presence of two subsets of photons with distinct temporal coherences. As
expected for the ASE effect, the photons produced by stimulated emission
(they dominate the edge-emitted TE-polarized light) exhibit alonger z,
compared with photons produced by spontaneous emission (they dominate
theedge-emitted TM-polarized light). The measured coherence times are
consistentwith those inferred from r. = (mAv) ™, in which Avis the emission
linewidthinthe frequency domain. In particular, based on the linewidths of the
1Sspontaneous and ASE bands (82to 30 meV, respectively, for the sample used
inthestudies of coherence), the estimated coherencetimesare 16 fsand 44 fs.
Bothvaluesare in excellent agreement with the results of the interferometric
measurements (16 fs and 47 fs, respectively).
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Extended DataFig. 9 |Studies of operational stability ofaBRW device.

a, Thedependence of the current density (left axis, open diamonds) and the
output power (right axis, blue circles) of an unencapsulated BRW device on
time of operation under excitation with10-V, 1-ps pulses at 1 kHz. The datawere
recorded atintervals of 1 min. The data points shownin the plot (separated by
10-minintervals) are averages over ten measurements. During the first 2 h, the
outputintensity decreased by only 9%. A slow decrease in the output power and

the current density continued for the next 2 h, at which point device failure
finally occurred. On the basis of these measurements, the characteristic 7,5
timewas 2.7 h(T,sdenotes the time at which the device output decreases to 75%
ofits original value). b, The ELspectra at the beginning of the test show distinct
1Sand 1P ASE features. ¢, These features are preserved following 2 h of
continuous device operation. a.u., arbitrary units.
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Extended DataFig.10 | Reproducibility of characteristics of BRW ASE
devices.a-d, Characteristics of four devices from four different chips (each
chip contains eight devices). The data are organized into four columns, one
column per device. The top row shows thej-Vcurves (black lines) and the
V-dependent edge emissionintensity (right axis, blue lines). The middle row
shows EL spectrathat feature prominent1S and 1P ASE bands. The bottom row
shows the dependence of the 1S bandwidth onj, which exhibits ‘line narrowing
typical of the transition to the ASE regime. There is excellent consistency
between all shown datasets. e, The analysis of device-to-device variability

ASE threshold (A cm2)

ASE linewidth (meV)

ofaturn-onvoltage (left), a1S ASE threshold (middle) and a1S ASE linewidth.
The histograms were obtained on the basis of the measurements of 11 devices.
Theaverage values of the measured parameters and the standard deviations
areindicatedinthe figure.Inthe case of the turn-on voltage and the ASE
linewidth, the standard deviations are 22% and 25% of the average value,
respectively. Thelarger deviation observed for the ASE threshold (about 52%)
canbeattributed to high sensitivity of j; »s¢ to device-to-device variationsin
propagationlosses and avaried degree of charging of anactive QD layer. a.u.,
arbitrary units.



natureresearch

Lasing Reporting Summary

Corresponding author(s): Victor I. Klimov

Nature Research wishes to improve the reproducibility of the work that we publish. This form is intended for publication with all accepted papers
reporting claims of lasing and provides structure for consistency and transparency in reporting. Some list items might not apply to an individual

manuscript, but all fields must be completed for clarity.

For further information on Nature Research policies, including our data availability policy, see Authors & Referees.

» Experimental design

Please check: are the following details reported in the manuscript?
1.

Threshold

Plots of device output power versus pump power over
a wide range of values indicating a clear threshold

Linewidth narrowing

Plots of spectral power density for the emission at pump
powers below, around, and above the lasing threshold,
indicating a clear linewidth narrowing at threshold

Resolution of the spectrometer used to make spectral
measurements

Coherent emission

Measurements of the coherence and/or polarization
of the emission

Beam spatial profile

Image and/or measurement of the spatial shape and
profile of the emission, showing a well-defined beam
above threshold

Operating conditions

Description of the laser and pumping conditions
Continuous-wave, pulsed, temperature of operation

Threshold values provided as density values (e.g. W cm-
or J cm2) taking into account the area of the device

Alternative explanations

Reasoning as to why alternative explanations have been
ruled out as responsible for the emission characteristics

e.g. amplified spontaneous, directional scattering;
modification of fluorescence spectrum by the cavity

Theoretical analysis

Theoretical analysis that ensures that the experimental
values measured are realistic and reasonable
e.g. laser threshold, linewidth, cavity gain-loss, efficiency

Statistics

Number of devices fabricated and tested
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For both optically and electrically pumped devices, the ASE thresholds are indicated
in the main text. The threshold-like ASE onset is illustrated in Fig. 1c (optical
excitation) and Fig. 3b,c (electrical excitation).

>
Q
—t
=
=
@)
=
D
w
(D
QU
=
(@)
o
Q-
A,
=2
(@]
=
(@)
°
[}
=
=)
(@]
wn
-
3
=)
Q
=
=

Fig. 1c (optical excitation) and Fig. 3b,c (electrical excitation). These data indicate
both the threshold behavior of the output intensity and line narrowing during the
transition from spontaneous emission to ASE.

0.1 nm

Fig. 3d and Extended Data Fig. 7 - measurements of polarization indicate the
preferred TE polarization for ASE and no preferred polarization for spontaneous
emission. Extended Data Fig. 8 - temporal coherence measurements, which indicate a
longer coherence time for ASE compared to spontaneous emission.

Sup Fig. 9 - beam divergence measurements.

These ASE devices are excited with 1-mks voltage pulses at 1 kHz repetition rate
(main text and Fig. 4 caption). This corresponds to quasi-d.c. excitation as the pulse
duration is longer than the single exciton lifetime (~10 ns).

ASE thresholds are provided as current density (j_th,ASE = 13 A cm”-2)

The effect claimed in this paper is ASE. We have provided a detailed analysis of
alternative explanations including spectral filtering due to transverse cavity effects
and spontaneous emission from multiexcitons.

Yes, we have conducted a quantitative analysis of modal gain and losses (COMSOL),
and the ASE thresholds. The theoretical results are in excellent agreement with the
experimental observations.

Z UID

A total of 15 chips were fabricated. Each chip contained 8 devices. This paper is based
on measurements of devices from 11 chips. Extended Data Fig. 10 - analysis of
reproducibility based on the measurements of 11 devices.




Statistical analysis of the device performance and Yes Extended Data Fig. 9 - studies of operational stability. Stable ASE regime is maintained
lifetime (time to failure) I:‘ No for several hours of operation.
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