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Optical gain and lasing from bulk cadmium 
sulfide nanocrystals through bandgap 
renormalization

Ivo Tanghe    1,2,3, Margarita Samoli    3, Isabella Wagner    4,5, 
Servet Ataberk Cayan    2,3, Ali Hossain Khan    6,9, Kai Chen5,7,8, 
Justin Hodgkiss    4,5, Iwan Moreels    3, Dries Van Thourhout    1,2, 
Zeger Hens    2,3 & Pieter Geiregat    2,3 

Strongly confined colloidal quantum dots have been investigated for 
low-cost light emission and lasing for nearly two decades. However, 
known materials struggle to combine technologically relevant metrics 
of low-threshold and long inverted-state lifetime with a material gain 
coefficient fit to match cavity losses, particularly under electrical excitation. 
Here we show that bulk nanocrystals of CdS combine an exceptionally large 
material gain of 50,000 cm−1 with best-in-class gain thresholds below a single 
exciton per nanocrystal and 3 ns gain lifetimes not limited by non-radiative 
Auger processes. We quantitatively account for these findings by invoking a 
strong bandgap renormalization effect, unobserved in nanocrystals to date, 
to the best of our knowledge. Next, we demonstrate broadband amplified 
spontaneous emission and lasing under quasi-continuous-wave conditions. 
Our results highlight the prospects of bulk nanocrystals for lasing from 
solution-processable materials.

Optoelectronics based on solution-processable materials, such as 
small-molecule organics1 or strongly confined colloidal quantum dots 
(QDs)2–4, holds great promise for low-cost, flexible optoelectronic 
devices. Over the past 20 years, such promise was indeed met in the 
fields of light-emitting diodes for lighting and displays5, photovolta-
ics6 and photodetection7–9. In such applications, excitation densities 
far below a single exciton per QD on average are used, and the inter-
action with light is dictated by linear absorption and spontaneous 
emission. Pushing these materials to a net optical gain—a regime of 
high excitation density where stimulated emission overtakes both 
absorption and spontaneous emission—remains, however, a huge 
challenge as of today. Inorganic nanocrystals are probably the most 

promising candidates to achieve stable room-temperature lasing 
due to a unique combination of a long-term structural stability and 
an electronic structure tunable by size, shape and composition2,3. 
After two decades of research10, a broad scope of optical gain mech-
anisms have been investigated. All of these approaches share the 
common element that at least one spatial dimension of the QD is 
under strong quantum confinement. To understand the limitations of 
these confined QDs as a gain material, three gain metrics are used for 
benchmarking: the inverted-state (or ‘gain’) lifetime τG, the threshold 
carrier density nth and the material gain coefficient gi. Although the 
lifetime and threshold (density) determine the lasing pump threshold 
Jth ∝ nth/τG under electrical or continuous-wave (CW) optical excitation, 
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otherwise. In Fig. 1a (inset), a transmission electron microscopy (TEM) 
image of the monodisperse particles with an average size of 12 ± 2 nm is 
shown. In Fig. 1b, the normalized absorption spectrum μi,0(λ) (ref. 28) 
is shown together with the photoluminescence (PL) spectrum. The PL 
quantum yield is determined as 15% and the inset in Fig. 1b shows the PL 
decay fitted to a triple exponential, where the fastest component has 
a decay rate k1 = 0.33 ns−1 (τ1 = 3.0 ns), tentatively assigned to trapping 
processes (Supplementary Section 1.2)29. Figure 1a shows the wz–CdS 
sizing curve together with the samples used here30. Beyond the Bohr 
diameter31, we observe a flat dispersion levelling off at the bulk gap, 
indicating that our particles are no longer subject to quantum con-
finement. Such assignments are in line with a recent report that puts 
a limit on confinement for CdS at 6.3 nm (ref. 32). We, therefore, label 
the particles as BNCs (bulk nanocrystals) hereafter.

To quantify the optical gain, we use the established concept of 
material gain gi(λ, t), which is a translation of the excited-state absorb-
ance A(λ, t) measured during transient absorption spectroscopy  
(Methods)13,19,33,34. As a time–wavelength-dependent quantity, gi 
delivers the three gain parameters discussed earlier: gain lifetime τG, 
threshold nth and material gain coefficient gi. Figure 1c shows a time–
wavelength map of gi(λ, t) measured on 12 nm CdS BNCs for photoex-
citation at 400 nm, creating a carrier density n = 〈N〉/V = 5.3 × 1019 cm−3, 
where V is the volume of the nanocrystal and 〈N〉 is determined from 
the cross section and photon flux (Methods and Supplementary Sec-
tion 1.5). For this pair density, gi exceeds 20,000 cm−1 and extends 
from 465 to ~550 nm, thereby surpassing the bulk bandgap (517 nm). 
Moreover, gi > 0 persists close to the time limit of our experiment, that 
is, 3 ns. We proceed to slice the data to obtain the spectra (Fig. 1d,e) 

the often overlooked gi dictates whether losses of a laser cavity can 
be compensated.

Champions in each metric have been reported, including type-II 
QDs11–14 and electron-doped systems, with record low nth but limited gi; 
two-dimensional nanoplatelets15–18, with record gi but sub-nanosecond 
τG; and CdSe/CdS QDs that offer a compromise solution on three fronts, 
mainly driven by small biexciton redshifts of less than 10 meV (Supple-
mentary Table 4)19. Several breakthroughs were made nonetheless in 
recent years leading to a single report on CW optically pumped lasing 
and numerous attempts at electrically excited stimulated emission20–27. It 
has become clear that both CW optical and d.c. electrical excitation drive 
up the losses of the photonic cavity that push the required material gain 
to levels not reachable by current state-of-art CdSe/CdS architectures19.

Here we show that CdS nanocrystals with sizes exceeding the 
upper limit for strong quantization provide the desired combina-
tion of optimized gain metrics in a single material. These so-called 
bulk nanocrystals (BNCs) provide gain values up to 50,000 cm−1, 
sub-single-exciton gain thresholds and a 3 ns gain lifetime uniquely 
limited by a radiative recombination process. Building on these met-
rics, we show highly efficient amplified spontaneous emission (ASE) in 
thin films, enabling a series of optically pumped lasers across the blue/
green spectrum under quasi-CW operation.

Optical gain with BNCs
For this work, a series of CdS nanocrystals with wurtzite (wz) crystal 
structure and sizes varying from 8 to 12 nm were synthesized using 
a continuous-injection procedure (Methods and Supplementary  
Section 1). Hereafter, we focus on the 12 nm size, unless mentioned 

a b
1.0

0.5

0

µ i,0
 (×

10
5  c

m
–1

)

600560520480440

Wavelength (nm)

PL

4.0

3.5

3.0

2.5

2.0

Ba
nd

ga
p 

(e
V)

1284

Diameter (nm)

d B

Eg,bulk

0.001

0.01

0.1

1

PL
 (–

)

1 10 100 1,000

Time (ns)

600560520480440

Wavelength (nm)

10

100

1,000

Ti
m

e 
(p

s)

2

0

µi,0

20
10
0

gi (×103 cm–1)

g i (
×1

03  c
m

–1
)

g i (
×1

03  c
m

–1
)

g i (
×1

03  c
m

–1
)

g i (
×1

03  c
m

–1
)

50

40

30

20

10

0

600560520480440

Wavelength (nm)

µi,0 µi,0n (×1018 cm–3) n (×1018 cm–3)
2.3
4.6
8.0
10.7
16.1
21.2
26.4
31.1
42.2
53.8
63.3
84.4
107

10

8

6

4

2

0

600560520480440

Wavelength (nm)

3.4
4.8
7.1
8.5
11.4
13.7
18.7
19.1
25.8
31.6

d e f

c

6

4

2

0

Probe: 517 nm
Pump: 485 nm

20

10

0
100 101 102 103 104

Time (ps)

Probe: 517 nm
Pump: 400 nm

G
ai

n 
lif

et
im

e,
 τ

G

50 nm

Fig. 1 | Photophysical properties of CdS BNCs. a, Sizing curve of wz–CdS (empty 
triangles) combined with the bandgap energy/size pairs (red diamonds) for 
our bulk-like CdS BNCs30. The vertical dashed line indicates the Bohr diameter 
(5.6 nm) and the horizontal dashed line shows the bulk bandgap of wz–CdS 
(2.398 eV; 517 nm). The inset shows a TEM image of the 12.0 ± 2.0 nm (mean) 
CdS BNCs. b, Linear absorption (black), represented as the intrinsic absorption 
coefficient μi,0, and the spontaneous PL after 400 nm excitation. The inset shows 
the integrated PL decay (red) fitted with a triple-exponential function (white 
line). c, False-colour map of the material gain gi(λ, t) > 0 after photoexcitation 

with 400 nm, creating a carrier density of n = 5.4 × 1019 cm−3. The dotted black 
line indicates the linear intrinsic absorption spectrum μi,0. The dashed lines 
indicate the spectral position (517 nm) and time (3 ps) where slicing is performed 
for d–f. d,e, Material gain spectra gi(λ) at 3 ps time delay for pumping at 400 nm 
(d) and 485 nm (e), for increasing carrier density n. f, Dynamics of the material 
gain gi(t) at the bandgap (517 nm) after photoexcitation with 400 nm (top graph) 
and 485 nm (bottom graph) for similar carrier densities as those in d and e. The 
vertical dashed line indicates the gain lifetime τG, reaching up to 3 ns for both 
pumping conditions.
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and dynamics (Fig. 1f) for increasing carrier densities n under varying 
pump wavelengths.

In Fig. 1d, gi spectra at 3 ps with 400 nm pumping are shown. 
A net gain window opens up near the bandgap at n ≈ 1018 cm−3, only 
to increase—without any signs of saturation—to nearly 50,000 cm−1 
at shorter wavelengths. The gain window simultaneously shifts to 
longer wavelengths, away from the linear absorption, thereby show-
ing a net stimulated emission in the wavelength range from 520 to 
600 nm, where linear absorption is absent. Such gain coefficients 
outperform zero-dimensional systems (<3,000 cm−1) (ref. 19), leaving 
only CdSe nanoplatelets as the closest second (<20,000 cm−1) (ref. 17).  
Figure 1e shows the gi spectra, even after 485 nm pumping. Again, a win-
dow of net gain opens up, eventually stretching over a range from 490 
to 560 nm. The material gain does saturate across the entire spectrum, 
peaking at 7,000 cm−1. Figure 1f shows the dynamics of the material 
gain at the bandgap after 485 nm (top) and 400 nm (bottom) pump-
ing. We observe a net gain up to 2.9 ns, both for resonant (485 nm) 
and hot (400 nm) excitation. We define this temporal window as the 
inverted-state (or gain) lifetime τG = 2.9 ns. This multi-nanosecond 
lifetime matches state-of-the-art timescales observed in alloyed shell 
CdSe/CdS QDs21 or surface quantum well CdSe/CdS systems14, both—
however—made using more complex synthesis procedures.

From ASE to quasi-CW lasing
Next, ASE is collected from the side of a slab waveguide structure under 
variable stripe length (VSL) illumination (Fig. 2a). We obtain clear ampli-
fication characteristics (Fig. 2b), where the spectrum of the spontaneous 
emission not only increases supra-linearly but it also narrows down from 
25 to 8 nm. At higher pump fluxes, the initial ASE peak saturates and a 

shoulder at shorter wavelengths grows in. A clear threshold of 
n = 8.9(1) × 1018 cm−3 is identified for the main ASE lobe (Fig. 2c). A higher 
threshold of 2.8(3) × 1019 cm−3 characterizes the second high-energy-gain 
band. Several observations of the ASE with BNCs contrast with the numer-
ous reports on other solution-processable confined QD systems. First, 
the ASE output builds four orders of magnitude over the spontaneous 
emission, opposed to a more modest one to two orders for confined 
QDs4. Second, the spectra neither indicate any clear saturation nor any 
narrow lines typical for discrete two-level systems35. By varying the 
pumped stripe length, we can also quantify the modal gain gm at every 
wavelength (Fig. 2d). By using a calculated optical confinement factor 
Γ (Fig. 2a) and volume fraction f, we can renormalize gm to a material gain 
of gi =

gm
Γ f

 (ref. 36). As such, we obtain the gain spectra (Fig. 2e) that 
indicate a similar amplification bandwidth of the results (Fig. 1d) in solu-
tion. Deviations in the absolute gain magnitude arise from interplays 
between dynamically evolving spontaneous emission and amplification 
not encountered in dilute dispersions (Supplementary Section 3.1).

Building on the broadband and efficient ASE, we develop a 
series of optically pumped, small-footprint photonic crystal (PhC) 
surface-emitting lasers. These are uniquely out-of-plane-emitting 
lasers with in-plane feedback37,38. Figure 3a shows the PhC structure 
used, which consists of a second-order two-dimensional in-plane grat-
ing etched out of silicon nitride. A thin layer of CdS BNCs is spin coated 
on top and fills the air gaps. The device is first pumped using 450 nm 
femtosecond laser pulses. Using a PhC pitch variation between 280 
and 305 nm, lasing is obtained from 485 to 522 nm (Fig. 3b (top)). Pick-
ing out a few cavities, Fig. 3c (top) shows a varying threshold (Fig. 3d 
(black)) between 10 and 100 μJ cm–2 for varying emission wavelengths 
(red and blue). Next, the same samples were photoexcited with 7 ns 
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Fig. 2 | ASE in thin-film CdS BNCs. a, Schematic of the ASE setup with stripe 
illumination pumping and fibre-edge collection. Cross-section and optical-mode 
(green) calculations of the silicon nitride/BNC stacks used. The percentages 
indicate the degree of mode confinement in each layer of the stack. b, ASE spectra 
at a fixed stripe length of 3 mm using 400 nm pumping. We observe a strong 
supra-linear increase and sizable broadening of the collected luminescence to a 
double-peak structure. c, Integrated counts of the total spectrum (black) and the 
separate ASEn features (blue and purple), showing a clear threshold behaviour, 
indicated by the blue and purple arrows. The horizontal axis is expressed as the 

created carrier density n. d, VSL measurements at select different wavelengths 
(482, 483, 513 and 514 nm) at a fixed pump power, showing a supra-linear increase 
with increasing amplifier length. The dashed lines indicate fits to extract the 
modal gain coefficients. e, VSL spectrum showing the recalculated intrinsic 
gain versus wavelength at different carrier densities obtained from combining 
larger datasets than those shown in d. The error bars are defined based on the 
standard deviation (s.d.) from the exponential growth model for stripe length 
amplification (Supplementary Section 11).
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pulses at 355 nm with the same spot size, obtaining a set of quasi-CW 
lasers emitting from 495 to 518 nm (Fig. 3b (bottom)). The thresh-
olds are as low as 14 kW cm–2 (Fig. 3c (bottom)), outcompeting similar 
reports39–41. The 7 ns timescale outpaces the known non-radiative loss 
in our system, as shown later, making it a quasi-CW operation. Finally, 
Fig. 3e shows the beam profile collected at 1 m from a typical device 
under femtosecond excitation. The very small divergence (±1°) and a 
peculiar ring shape is expected for the geometry of our specific PhC 
surface-emitting lasers (Supplementary Section 5).

Modelling with strong bandgap renormalization
The bulk optical gain is mediated by a classical state filling of continuous 
bands dictated by Fermi–Dirac statistics, in terms defined by a carrier 
temperature T and carrier density n. Hereafter, we assume that the 
band structure of CdS can be described by a single valence band and a 
single conduction band, although with different curvatures described 
by the effective mass (Fig. 4a).

We express the material gain at photon energy E as the product of 
the linear absorption at E and the occupation factors for conduction fc 
and valence bands fv states (Supplementary Section 5) as

gi(E,n,T ) = μi,0(E ) × [ fc(E,n,T ) − fv(E,n,T )]. (1)

State filling leads to population inversion or fv < fc at a given pho-
ton energy E. Since we know n, only the carrier temperature T remains 
unknown. However, T can be extracted from femtosecond photolumi-
nescence (fPL)42 spectroscopy (Methods and Supplementary Section 6),  
where one directly obtains T from fitting the fPL spectra43:

PL(E ) ∝ √E − Eg × e−
E−Eg
kBT . (2)

Figure 4b shows a time–wavelength map of the fPL at 400 nm. Taking 
horizontal slices at 3 ps, we can fit equation (2) to obtain T as a function 
of time at varying pump powers (Fig. 4c). With the experimental input 
for both n and T, we model the full gain spectrum using equation (1). 
Figure 4d shows that the model reproduces the experimental shape, 
but misses the low-energy-gain window and severely underestimates 
the gain. To improve the model, we include a spectral redshift based on 
the experimental observations of sub-bandgap gain, ASE and lasing. 
In the context of bulk semiconductors, such an energy shift is often 
referred to as a bandgap renormalization (BGR) ΔBGR, which modifies 
equation (1) to

gi(E,n,T ) = μi,0(E − ΔBGR) × [ fc(E,n,T ) − fv(E,n,T )]. (3)

Using ΔBGR = 45 meV, Fig. 4d (solid black line) now shows a perfect 
match with the experimental gain spectrum. In fact, using ΔBGR as the 
only freely adjustable parameter, we can quantitatively reproduce all 
the experimental gi spectra (Fig. 4e).

Clearly, the BGR is the main driver for the gain observed in BNCs. 
Similar to the attractive biexciton interaction in confined QDs, the 
reduction in the bandgap of BNCs under increasing carrier density 
leads to an energetic redshift in the excited-state absorption spec-
trum11,19. Despite a similar impact on the spectrum, BGR has a fairly 
different origin. In strongly confined systems, multi-exciton energet-
ics are the net result of discrete carrier–carrier repulsions11,14,44 and 
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attractions; the BGR shift in bulk semiconductors is described as a 
self-energy correction of individual charge carriers due to increased 
screening in the plasma formed at a high carrier density45. Typically, 
such stabilizing effects become important in a regime beyond the 
so-called Mott density, which is reached when the interparticle sepa-
ration rs ∝ n−1/3 reaches the Debye screening length λD. The latter is 
dependent on the carrier plasma’s temperature T and carrier density n, 

resulting in an overall expression of the BGR effect depending on both 
parameters. Note that these effects are totally and purely electronic 
in origin. The lattice in polar semiconductors barely heats up despite 
the high carrier gas temperatures due to the massive discrepancy in 
heat capacity between both. To the best of our knowledge, sizable BGR 
effects have not been reported yet in solution-processable materials; 
yet, BGR clearly proves to be of extreme value. Indeed, BGR shifts the 
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e, Correspondence is found between experiment (solid) and model (dashed) 

using only ΔBGR as a freely adjustable parameter for both 485 nm (top) and 
400 nm (bottom) pumping. f, Obtained ΔBGR values, both absolute (right axis) 
and normalized to the bulk-exciton binding energy of wz–CdS RX = 28 meV (left 
axis), from full-spectrum fits for an increasing carrier density in the case of 
400 and 485 nm pumping. The solid black line is a parameter-free theoretical 
prediction. The ΔBGR value reaches 84 meV without clear signs of saturation. The 
inset shows a cartoon with a sea of holes (red circles) screening a single electron 
(blue circle) that sketches the physical concept leading to the BGR effect, where rs 
is the interparticle separation and λD is the Debye screening length depending on 
temperature T and carrier density n.
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Fig. 5 | Gain threshold and dynamics of CdS BNCs. a, Minimum carrier density 
required to reach transparency gi = 0, called the threshold density nth, as a 
function of wavelength for the 12 nm BNCs. The green square markers show 
the result for the 8.1 nm BNCs. The pump wavelengths are indicated (400 or 
485 nm). The vertical axes on the right indicate the same densities reported as 
the absolute number of electron–hole pairs 〈N〉 per BNC. The horizontal lines 
indicate the theoretically predicted threshold range using a range for the hole 
effective masses mLH,HH. b,c, Recombination dynamics of charge carriers in CdS 

BNCs tracked by the integrated bleach around the bandgap region (420–600 nm; 
coloured traces) for 400 nm (b) and 485 nm (c) pumping. Global fits using a 
mixed first- and second-order recombination model are indicated by the dashed 
black lines. The insets show the predicted two-body lifetime τ2 = 1/k2n0 (red dots) 
in nanoseconds for various excitation densities, where n0 is the initial charge 
density and k2 is the second-order recombination constant obtained from the 
global fit. The dashed grey line is a guide to the eye.
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window of stimulated emission away from linear absorption, effectively 
bringing larger-oscillator-strength higher-energy transitions towards 
the bandgap. Similar spectral redshifting was already shown to be ben-
eficial for strongly confined CdSe/CdS QDs; yet, the largest BGR shifts 
observed here (84 meV) in BNCs exceed typical biexciton redshifts 
(<10 meV) observed in confined systems by an order of magnitude4,19.

Following other works45,46, the BGR in three-dimensional semicon-
ductors under the assumption of static screening is given as

ΔBGR
RX

= ( n
nM(T )

)
1/2

− 2 = α−1/2(nT )
1/2

− 2, (4)

where T is the carrier gas temperature, nM is the Mott density (Supple-
mentary Section 8) and RX = 28 meV is the bulk-exciton binding energy 
of wz–CdS (ref. 47). Figure 4f shows the excellent theoretical prediction 
of ΔBGR together with the experimental ΔBGR values, where the latter are 
obtained from best fits to the material gain spectra.

Figure 5a summarizes the threshold densities nth required for 
transparency (gi = 0) for the 8.1 and 12.0 nm BNCs, showing that the low-
est density required to achieve transparency is 3 × 1018 cm−3 and occurs 
at (and below) the bandgap. We observe an increase in nth towards 
shorter wavelengths. At longer wavelengths, the 400 nm pump pro-
duces a sizably lower gain threshold opposed to the 485 nm case. The 
lowest value for nth corresponds to nth = 1.1 × 1018 cm−3, equivalent to 
a single electron–hole pair on average, 〈N〉 = 1, for the 12.0 nm BNCs. 
Remarkably however, the 8.1 nm BNCs show a similar nth, which implies 
that 〈N〉 = 0.27 < 1 is the absolute number per nanocrystal required for 
optical gain. Within a bulk picture, one can analytically calculate the 
threshold in the absence of spectral shifts (Supplementary Section 5)48. 
We find a good correspondence with the experimental thresholds (the 
horizontal lines in Fig. 5a indicate varying hole masses).

To understand the nanosecond gain lifetime, we have to focus on 
the recombination dynamics of the charge carriers. Again, using the 
notion of bulk photophysics, these dynamics can be described using 
the following general rate equation:

−dn
dt

= k1n + k2n2 + k3n3 ≈ k1n + k2n2, (5)

where each rate ki relates to a specific physical process. In the bulk view 
where excitons are considered to be absent beyond the Mott density, 
we take n (p) as the unbound electron (hole) density. In this case, k1 
refers to a linear charge-trapping mechanism. The second-order recom-
bination constant k2 relates to radiative electron–hole pair recombina-
tion. One can assign a density-dependent lifetime to the two-body 

recombination process using the initial carrier density n0: τ2 =
1

k2n0
. 

Finally, k3 relates to non-radiative Auger recombination. The lifetime 

associated with Auger processes can be written as τAuger =
1

k3n20
  

(ref. 49). To deal with the various orders, we assume that trapping is 
fluence independent and fix k1 = 0.33 ns−1 to the value obtained from 
the PL decay analysis above. At the carrier densities used in this work, 
the Auger timescale in bulk CdS is 0.1–1.0 μs, far slower than our time 
window49. This allows us to ignore the cubic term in equation (5), leav-
ing a mixed first- and second-order process whose fitting results in 
well-defined k2 values. Using the fact that the radiative k2 process is the 
limiting factor for sustaining a net optical gain, we can estimate the 
gain lifetime τG as the time it takes to annihilate nth, as determined above:

τG,485 =
1

k2,485nth
= 2.9ns. (6)

This estimation matches the observed τG of 3 ns. It also coincidentally 
lines up with the trapping rate k1 for single charge carriers as extracted 
from the PL decay.

The remarkable observations of the ASE experiments line up with 
our BNCs behaving as bulk-like semiconductors. In such systems with 
a high density of states, we can, in fact, maintain state filling in closely 
spaced energy levels to obtain a net gain over a continuous and broad 
energy range. The second important observation was the high dynamic 
range. We can understand this since the limiting process is radiative 
recombination (k2), which only speeds up light emission at a higher 
density, outcompeting any unwanted trapping and Auger processes. 
Furthermore, the lower-limit threshold for quasi-CW lasing can be 
approximated from the estimate Pth,fs/τG resulting in ~5 kW cm–2. The 
nanosecond thresholds are in line with this estimate, which confirms 
our coherent understanding of the BNCs as gain materials.

Conclusions
Low-threshold broadband ASE and quasi-CW lasing were demon-
strated using CdS BNCs. The gain metrics coherently transpire into 
lasing devices and can be quantitatively explained using a bulk pho-
tophysics model combined with a large BGR, an effect unobserved in 
solution-processable materials to date, to the best of our knowledge. 
Our results are promising for efficient solution-processable gain mate-
rials capable of operating under realistic operating conditions, such 
as CW optical and d.c. electrical pumping. In addition, they also pro-
vide a revival of the benefits of bulk photophysics such as a high and 
continuous density of states combined with large cross sections and 
limited non-radiative losses. Due to historical limitations in material 
quality and an inability to confine both light and carriers in a printable 
material with bulk optical properties, these effects were never fully 
exploited (Supplementary Section 11). A possible downside of the bulk 
is the limited spectral tuning, but this can be remedied by alloying50,51. 
Our findings encourage a revision of the potential for bulk photophysics 
in optoelectronics in general.
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Methods
Materials and precursors
Anhydrous cadmium oxide (99.5%) was purchased from Chemlab 
Analytical, sulfur powder (S, 99.5%) was purchased from Sigma-Aldrich 
and tri-octylphosphine (TOP, min. 97.0%) was purchased from Strem 
Chemicals. 1-Octadecene (ODE, tech. 90%) and oleic acid (tech. 90%) 
were purchased from Alfa Aesar and further purified. A cadmium oleate 
(0.5 M) solution is prepared as follows: 1,024 g cadmium oxide powder 
(8 mmol), 8 ml oleic acid and 8 ml anhydrous ODE were added into a 
50 ml three-necked flask. The mixture was then heated up to 105 °C 
under a vacuum and maintained for 60 min. Next, the flask was heated 
to 300 °C under a N2 flow and kept for 5 min at that temperature. A 
transparent product forms and the obtained cadmium oleate solution 
(0.5 M) was cooled to room temperature and stored in a N2 atmosphere. 
Since the solution solidifies, it should be gently heated before use. A 
TOPS (0.5 M) solution is prepared as follows. In a 20 ml vial, 10 ml of 
TOP was added to 0.160 g of elemental S powder (5 mmol) and the 
solution was stirred at 90 °C for 30 min under N2 gas until fully com-
plexed. All the stock solutions were stored in sealed 20 ml vials under 
a N2 atmosphere.

Synthesis protocol
In a 50 ml three-necked round-bottom flask, 8 ml anhydrous ODE was 
loaded and heated to 105 °C under a vacuum and kept for 60 min. Then, 
the flask was filled with N2 and heated to 325 °C. An equimolar solution 
of preheated cadmium oleate and TOPS was mixed and slowly injected 
into the ODE at the rate of 2 ml h–1. The injection time was adjusted to 
synthesize CdS BNCs of different sizes. For example, to synthesize 
monodisperse 12 nm CdS BNCs, 0.75 ml of cadmium oleate and 0.75 ml 
of TOPS solutions were mixed together and injected for 45 min. After 
the injection was complete, the solution was left undisturbed at 325 °C 
for 15 min for the remaining precursors to fully react and to allow 
ripening of any smaller particles. Afterwards, the particles were puri-
fied twice using a 1:3 ratio mix of methanol and 2-propanol and later 
redispersed in toluene. To obtain the 8 nm particles, an aliquot was 
taken at the 70 min mark and size-selective precipitation was used to 
remove any remaining smaller particles.

Transient absorption spectroscopy
Samples were excited using 110 fs pump pulses at 400 nm through 
second-harmonic generation in α-BBO, or at 480 nm created from the 
800 nm fundamental (Spitfire Ace, Spectra Physics) through nonlinear 
conversion in an optical parametric amplifier (TOPAS, Light Conver-
sion). The probe pulses were generated in a 1-mm-thick CaF2 crystal 
using the 800 nm fundamental. The pulses were delayed relative to the 
pump using a delay stage with the maximum delay of 6.0 ns for 485 nm 
pumping and 3.3 ns for 400 nm pumping. The probe spectrum in our 
experiments covers the ultraviolet–visible window from 420 to 700 nm. 
CdS BNCs were dispersed in an optically transparent solvent (toluene) 
and continuously stirred to avoid charging or photodegradation. The 
pump wavelength and sample concentration were chosen to obtain 
an optimal trade-off between having a good signal at the band-edge 
transitions and still not having too strong absorption at the pump 
wavelength to assure uniform pumping of the sample.

The average number of absorbed photons (or equivalently created 
excitons) at time zero, noted as 〈N〉, can be calculated from photon flux 
Jph, cuvette length L and nanocrystal absorption cross section at the 

pump wavelength σλp : ⟨N ⟩ = Jph × σλp ×
1−e−α0,λp L

α0, λp L
 (Supplementary  

Section 1). The photon flux is calculated from the beam area, obtained 
through a Thorlabs charge-coupled device beam profiler, and defined 
as Abeam = 2π × σxσy, where σi is the standard deviation in the i = x or y 
direction.

The absorption cross section of the BNCs can be calculated as 
σ = μi,0 × VQD (Supplementary Section 1.3). Based on this, we can 

translate the photon flux into an average number of absorbed elec-
tron–hole pairs per nanocrystal, 〈N〉 = Jph × σ. More useful in the case of 
bulk semiconductors is the notion of a mean charge density n = 〈N〉/VQD. 
For example, a single electron–hole pair 〈N〉 = 1 in an 8.1 nm QD cor-
responds to a carrier density of n = 3.6 × 1018 cm−3. The decreasing 
absorption cross section at 485 nm under increased pumping is taken 
into account as σ485 = σ485(n = 0) × A485(n)

A485(n=0)
, where A(n) is evaluated  

at 0.5 ps.

Quantifying spectroscopy
Quantifying and modelling the optical gain relies on studying the 
time–wavelength window, where absorbance A of the material at hand 
turns negative (A < 0) at a given carrier density. The latter can be cal-
culated based on the volume of the crystals and the absorbed photon 
density (Methods). The former can be easily set up using a transient 
absorption experiment since A(λ, t) = ΔA(λ, t) + A0(λ), where ΔA is the 
differential absorbance. Since A still depends on concentration and 
path length, we again normalize it to the intrinsic coefficient μi(λ, t) 
(ref. 28). Since we are interested in the net optical gain, we define the 
material gain gi(λ, t) = −μi(λ, t). Using this quantity, we can directly 
compare the results with other reports in the literature16,19,33 and also 
obtain modal gain coefficients gm, that is, those experienced by a con-
fined photonic mode in a laser cavity, as shown later. Here gi(λ, t) is 
a time- and wavelength-dependent quantity, which contains all the 
relevant gain metrics of the material such as (1) the threshold nth(λ), 
minimum carrier density to obtain gi(λ, t) > 0; (2) the magnitude and 
spectral width gi(λ, t0), obtained from similar spectral slicing at fixed 
delays; and (3) the lifetime τG(λ), that is, the time window for which 
gi(λ) remains positive.

fPL spectroscopy
For the detection of broadband PL transients on a sub-picosecond 
timescale, we used the transient grating PL technique42. The output 
of a femtosecond Ti:S laser was split into the pump and gate parts. 
For the pump part, second-harmonic (400 nm) generation was used 
in the experiments and focused onto a 50 μm2 spot onto the sample. 
During the measurement, the sample was continuously stirred in a 
1 mm cuvette to avoid photoinduced degradation effects or charging 
of the nanoparticles. The PL signal from the sample was collected and 
refocused onto the gate medium—a 1 mm fused silica crystal—using a 
pair of off-axis parabolic mirrors. For the gate part, about 40 μJ of the 
800 nm output was split using a 50/50 beamsplitter to generate the two 
gate beams and focused onto the gate medium at a crossing angle of 
approximately 8° and overlapped with the PL in a boxcar geometry. The 
two gate beams, which spatially and temporally overlap inside the gate 
medium, generate a laser-induced grating. This transient grating acts 
like an ultrafast optical shutter to temporally resolve the broadband 
PL signals by diffracting the gated signal from the PL background. 
Two achromatic lenses collimated and focused the gated signals onto 
the spectrometer entrance (Princeton Instruments SP-2300), and the 
gated PL spectra were measured by an intensified charge-coupled 
device camera (Princeton Instruments, PIMAX3). A 435 nm long-pass 
filter and 750 nm short-pass filter were used to remove the residual 
pump and intense 800 nm gate, respectively. The time delay between 
the pump and gate beams was controlled via a motorized optical delay 
line. For each transient PL spectrum, 30,000 shots for the time delay 
at each gate were accumulated. Four sequential scans were conducted 
and their results were averaged.

ASE/VSL
Samples were spin coated from toluene on ~200-nm-thick silicon 
nitride deposited by chemical vapour deposition on oxide-on-silicon 
substrates. By including a high-index layer (nSiNx = 1.85), we can increase 
the mode confinement and hence the net modal gain obtainable. For 
photoexcitation under femtosecond conditions, a cylindrical lens 
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was used to create a stripe pattern of the 400 nm, 120 fs excitation 
source, at 1 kHz.

Optically pumped lasers
All the laser device measurements were carried out at room tem-
perature under ambient conditions, without the use of a cryostat 
or substrate temperature controller. For laser operation under fem-
tosecond optical pumping, an excitation wavelength of 450 nm is 
obtained from a 1 kHz pulsed laser system producing 120 fs pulses 
(Spectra Physics Spitfire combined with Light Conversion TOPAS). 
For laser operation under nanosecond excitation, 7 ns pump pulses 
at 355 nm from a Nd:YAG nanosecond pulsed laser (Ekspla, 355 nm; 
repetition rate, 100 Hz) were focused on the sample. In both cases, 
the pump was focused on the sample to create a 200 × 200 μm2 area 
and the emitted light is confocally collected after passing through 
an appropriate dichroic mirror to block the pump from reaching the 
spectrometer.

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

Data availability
The datasets are available from the corresponding author upon rea-
sonable request.
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    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

Yes

No

Figure 3 of main text & Figure S7 Supporting Information.

2.   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

Yes

No

Section sS4-S6 of the Supporting Information, in particular Figure S7, S11 and S12.

Resolution of the spectrometer used to make spectral 
measurements

Yes

No

Section S6 of the Supporting Information, in particular paragraph on line narrowing 
experiments.

3.   Coherent emission

Measurements of the coherence and/or polarization 
of the emission

Yes

No

Laser characterization is done using short pulsed excitation for which the actual 
resulting coherence is (a) typically not well defined and (b) not trivial to collect. 

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

Yes

No

Figure 3e shows a measurement of the near field beam profile, showing a beam with 
a predictable donut shape and a few degree divergence angle, in - line with modeling 
of the 2D feedback grating, as described in Section S5.

5.   Operating conditions

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

Yes

No

In the main text - methods - and Supporting Information section S4. Everything, from 
fabrication to measurement, is at room temperature in ambient air, no special 
precautions were taken in that regard. Measurements were performed both under 
femtosecond and nanosecond excitation, as shown in Figure 3 of the main text.

Threshold values provided as density values (e.g. W cm-2 
or J cm-2) taking into account the area of the device

Yes

No

Reported as energy density, microjoules/cm^2 for femtosecond experiments  and as 
a power kW/cm^2 for nanosecond experiments. Also as absorbed photon density in 
the material (cm^-3) where relevant for the physical model. Device area is dictated by 
the pump spot in the 2D PhC grating.

6.   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

Yes

No

The lasing is discussed in detail in the main text and in Supporting Information S4,S5 
and S6. In particular ASE is ruled out as it is measured separately (Figure 2 main text) 
and shows extremely different spectral characteristics, as shown in Figure S12, and in 
comparison with Figure 3 of the main paper text.  
Modification of the PL spectrum is not observed below threshold due to the specific 
nature of the cavity, as explained in section S4 of the Supporting. A very high degree 
of control is attained over the optical modes as shown in the main text by varying the 
pitch of the grating leading to well-defined and predictable spectral lines (Figure 3b). 
Moreover, also the emission pattern can be explained from theory and presents a 
well-defined out -of-plane nearly collimated beam of light, strongly opposing 
scattering. Note that also the grating pitch can be correlated 1:1 to the lasing mode 
wavelength as shown in Figure 3b of the main paper.

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

Yes

No

Laser thresholds are in-line with the fluency needed for net ASE in films and 
population inversion (lifetime) in solution. The material gain supplied by the BNCs is 
also large enough at these fluences to overcome the cavity loss, as estimated in 
Section S4 via the Q-factor of the cavities, see Figure S7. 
Efficiency is hard to define (or even measure) under pulsed excitation as the 
collection setup has not been optimized for absolute, deterministic measurements.

8.   Statistics

Number of devices fabricated and tested
Yes

No

As shown in Figure 3b of the paper, on a same substrate lasers of different emission 
wavelengths can be made by varying the pitch on that same substrate, thereby 
showing great control over the device fabrication. In total, 5 separate layer stacks 
were built independently and lasing action was obtained every time with only minor 
variations in laser wavelength due to small fluctuations in layer thicknesses (silicon 
nitride, BNC film). Combining this with pitch variations with every separate 
fabrication run, up to 25 separate laser structures were tested and all ran 
successfully.

Statistical analysis of the device performance and 
lifetime (time to failure)

Yes

No

Devices are stable under 1 kHz pulsed excitation in ambient at room temperature for 
up to 1 million laser pulses. This is indicated in Figure S14 in the Supporting 
Information.
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