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The ongoing miniaturization of semiconductor
lasers has enabled ultra-low threshold devices [1,
2] and even provided a path to approach thresh-
oldless lasing with linear input-output character-
istics [3–5]. Such nanoscale lasers have initiated
a discourse on the origin of the physical mecha-
nisms involved and their boundaries, such as the
required photon number [6, 7], the importance
of optimized light confinement in a resonator [8]
and mode-density enhancement [9, 10]. Here, we
investigate high-β metal-clad coaxial nanolasers,
which facilitate thresholdless lasing. We exper-
imentally and theoretically investigate both the
conventional lasing characteristics, as well as the
photon statistics of the emitted light. While the
former lacks adequate information to determine
the threshold to coherent radiation, the latter re-
veals a finite threshold pump power. Our work
clearly highlights an important and often misun-
derstood aspect of high-β lasers, namely that a
thresholdless laser does have a finite threshold
pump power and must not be confused with a
hypothetical zero threshold laser.

Thresholdless input-output curves have been observed
in metallic coaxial nanolasers (CNLs) with InGaAsP
quantum wells (QWs) as active material [3, 11]. These
structures emit radiation at telecommunication wave-
lengths and offer high potential for applications in silicon
photonics and integrated optics [12, 13]. In particular,
they can be fabricated with outer diameters of only a few
hundred nanometers, resulting in footprints that are con-
siderably smaller than for their dielectric thresholdless
laser counterparts—so far reported only in quantum-dot
systems [4, 5, 14]. The possible observation of threshold-
less lasing in QW systems brings about a debate as to
whether these devices are indeed lasers capable of gen-
erating coherent radiation. In addition, it opens up a
course of discussions on the role of various physical mech-
anisms required to ensure operation in this regime.

While the properties and the terminology of thresh-
oldless lasing have long accompanied the development
of laser physics, the much more recent realization
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of nanoscale devices operating in the thresholdless
regime have brought these issues again to the forefront.
Nanolasers manifesting close-to-linear input-output char-
acteristics in a double-logarithmic scale are usually re-
ferred to as thresholdless lasers [15], in which case all
the spontaneously generated photons are emitted into
the lasing mode (β = 1). The disappearance of the in-
tensity jump is a consequence of the absence of radia-
tive and non-radiative emission losses in high-β lasers.
However, the term thresholdless, which refers to a lin-
ear input-output characteristics, is somewhat ambigu-
ous, as such lasers may wrongly be understood to ex-
hibit a zero threshold pump power. To resolve this is-
sue, it is paramount to identify the excitation level at
which the onset of the stimulated emission occurs via
quantum optical studies. The autocorrelation function
is the measurement of choice, as it reveals a distinc-
tive change from chaotic to Poissonian photon statis-
tics when coherent emission is reached. Alternatively,
true photon-number resolving detectors can be used to
directly examine the photon statistics [16, 17]. When
dealing with high-β nanolasers operating in the cavity
quantum-electrodynamically enhanced regime, one needs
to carefully assess both the emission intensity and the
statistical properties of the emitted light, as has been
pointed out in the demonstration of nanolasers oper-
ating with different gain materials and cavity designs
[9, 18–20]. This is of particular relevance for a new gen-
eration of nanolasers using monolayer flakes of semicon-
ducting transition-metal dichalcogenides (TMDs) as gain
material in high-Q resonators with localized modes, see
e.g. [21–23]. In the vivid development of utilizing TMDs
for optoelectronics, the observation of ultra-low thresh-
old lasing has been claimed in several publications solely
based on the spectral emission properties. However, the
importance of measuring the autocorrelation function has
been pointed out e.g. in Ref. [24]. Importantly, our stud-
ies of nanolasers with close-to thresholdless behavior do
show the existence of a finite threshold, clearly highlight-
ing that thresholdless lasing should not be confused as
lasing with a zero threshold pump power. In fact, the
latter could only be achieved in a hypothetical cavity
subject to no losses.

In this work, we measure for the first time the
power dependent second-order coherence for two metal-
lic nanolasers operating close to the thresholdless las-
ing regime. We compare conventional signs of lasing,
observed in a standard micro-photoluminescence (µ-PL)
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FIG. 1. (a) Cut-away schematic of metallic coaxial nanolaser
CNL 1. (b) Scanning electron microscope image (SEM) of the
dielectric filling of a CNL after dry etching, before silver de-
position. After silver deposition the sample is flipped and the
InP substrate is etched away. A 10 nm capping layer of InP
covers the InGaAsP region. The ends of the active medium
are terminated by a 100 nm-high SiO2 plug on one side and a
20 nm-high vacuum plug on the other, which provides an av-
enue to pump the devices and to also outcouple the generated
radiation. Details on the fabrication can be found in the SI.

setup, to quantum-optical studies of the second-order au-
tocorrelation function. Accompanying the experimental
investigation, we employ a microscopic laser model to ob-
tain important insight in the interplay of the CNL’s prop-
erties and their effect on the photon statistics of the emis-
sion. The theory is based on a quantum-optical treat-
ment of the charge carriers and their interaction with the
quantized light field, providing simultaneous access to the
input-output characteristics, the carrier population func-
tions, the first- and second-order photon correlations and,
thereby, to the power-dependence of the coherence time
and the second-order autocorrelation function g(2)(τ) (for
more details see the Supplementary Information (SI)).
Importantly, in contrast to conventional microlaser the-
ories, the β-factor does not play the role of a constant
device-dependent parameter, but is calculated directly
from the spontaneous-emission (SE) rates of carriers in
the band structure into lasing and non-lasing modes. We
find the resulting β-factor to be excitation-power depen-
dent due to phase-space filling effects. Additionally, we
show that special care has to be taken when investigat-
ing the second-order correlation function of nanolasers
by using narrow-band spectral filtering. Indeed, in our
case it leads into an enhanced intensity noise resulting in
pseudo-thermal characteristics, which can cause pitfalls
in the interpretation of the emitted light [25, 26].

The investigated coaxial nanolasers are depicted in
Fig. 1. The active medium in these cavities comprises a
ring of six InGaAsP QWs with an overall height of 200 nm
radially sandwiched between an inner silver core with a
radius of Rin and an outer metallic cladding confining
the active medium to a radius of Rout. The two CNLs
under study share a similar geometry, differing only in
their inner and outer radii. This mainly alters the spec-
tral locations of the supported modes and, in return, also
the effective β-factor. The QWs result in a broad gain
spectrum that spreads over several tens of nanometers
close to the telecom E- and S-bands at cryogenic temper-
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FIG. 2. Excitation intensity-dependent µ-PL spectra for both
CNLs. At low excitation intensities a broad non-lasing spec-
tral peak is found at smaller detuning for CNL1 (δλ = 20 nm)
than for CNL2 (δλ = 53 nm). In all spectra, the height of the
most prominent peak is normalized to unity. Due to absorp-
tion in humid air distortion is apparent in some spectra. The
broad emission feature observed for both CNLs in the shorter
wavelengths is associated with the TM01-like mode. The gain
maximum is centered at about 1430 nm and shows only a
slight dependence of the excitation intensity (see SI; Fig. S7).

atures. We label the investigated structures with CNL1
(Rout: 295 nm, Rin: 55 nm) and CNL2 (Rout: 315 nm,
Rin: 75 nm). In both cases the azimuthally polarized
TE01-like mode, exhibiting the largest quality factor and
highest confinement factor, is expected to lase. A simula-
tion of the optical modes and their properties is presented
in the SI.

Preliminary information about laser action in the
CNLs is obtained by excitation-intensity dependent µ-
PL-studies. The experimental setup used for our inves-
tigations is depicted in the SI. A selection of the mea-
sured spectra is presented in Fig. 2 for both CNLs. To
extract the conventional laser characteristics, which are
shown in Fig. 3, the measured µ-PL spectra are fitted
with pseudo-Voigt profiles (see Methods). While the in-
tegrated mode intensity of CNL1 (Fig. 3a) features a
nearly linear input-output curve resembling thresholdless
lasing, that of CNL2 (Fig. 3b) shows a more prominent
S-shape indicating a reduced β-factor. The experimental
input-output curves agree well with our quantum-optical
laser model (solid black curves in Fig. 3) apart from the
slight deviation from the S-shape of CLN2, which is ex-
plained by the possible contribution of zero-dimensional
gain centers at low excitation [19] and is not captured
by a description based solely on a two-dimensional QW
gain medium.

Spontaneous and stimulated emission into the laser
mode result from the steady-state occupation of car-
rier states in the band structure. For our laser model,
the light-matter coupling constants for both CNLs
are determined by matching the measured and calcu-
lated cavity-enhanced time-resolved photoluminescence
(TRPL) traces (see SI; Fig. S4). Radiative losses enter
in the form of an effective rate, which then allows us to
calculate the β-factor (see SI; Eq. (S24)). As shown in
Fig. 3c,d it exhibits a decrease with increasing excitation
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p o w e r. S e v e r al f a ct or s h a v e b e e n i d e nti fi e d t o m o dif y
t h e S E r at e a n d β -f a ct o r at c o n st a nt e x cit ati o n p o w e r,
s u c h a s li n e- s h a p e e ff e ct s a n d s p e ct r al d et u ni n g [ 2 7, 2 8],
e v e n i n t h e pr e s e n c e of f a st d e p h a si n g [ 2 9], a s w ell a s
p o p ul ati o n e ff e ct s [ 3 0]. H er e, t h e o ri gi n of t h e o b s e r v e d
e x cit ati o n p o w e r-i n d u c e d c h a n g e of t h e β -f a ct or i s at-
t ri b ut e d t o t h e n o n- e q uili bri u m c a rri e r di stri b uti o n f u n c-
ti o n s t h at e nt er t h e S E r at e a n d, t h er e b y i n fl u e n c e β . At
t h e o n s et of sti m ul at e d e mi s si o n, w e o b s e r v e h ol e b ur n-
i n g i n t h e c ar ri er di stri b uti o n f u n cti o n s i n s p e ctr al vi ci n-
it y of t h e c a vit y r e s o n a n c e. Wit h i n c r e a si n g e x cit ati o n
p o w e r, p o p ul ati o n s still ri s e i n p a rt s of t h e b a n d str u c-
t u r e t h at ar e n ot d e pl et e d b y sti m ul at e d e mi s si o n i nt o
t h e l a s e r m o d e. T h e S E r at e i n t h e l a s er m o d e n o l o n g e r
g r o w s, a s t h e p o p ul ati o n s a r o u n d t h e m o d e ar e fi x e d b y
t h e h ol e- b ur ni n g e ff e ct. T h e i n c r e a si n g n u m b e r of c ar-
ri er s i n hi g h e r-l yi n g st at e s l e a d s t o a l a r g e r S E i nt o t h e
n o n-l a si n g m o d e s, w hi c h i n e ff e ct l o w er s t h e β -f a ct o r ( s e e
SI). T h e p e a k v al u e of β i s r e a c h e d at t h e p oi nt of t h e
m a xi m u m S E r at e i nt o t h e l a s e r m o d e i n r el ati o n t o r a-
di ati v e l o s s e s. T h e hi g h e r v al u e s of β wit h a m a xi m u m
of 0. 9 o bt ai n e d f o r C N L 1 ar e c o n si st e nt wit h it s pr a cti-
c all y t hr e s h ol dl e s s b e h a vi or. I n C N L s t h e hi g h β -f a ct or
st e m s f r o m a st r o n g li g ht m att e r i nt e r a cti o n l e a di n g t o
a n e n h a n c e m e nt of r a di ati v e d e c a y [ 1 1]. T o s u p p o rt t hi s
e x pl a n ati o n, w e di s c u s s t h e e x cit ati o n- p o w e r d e p e n d e n c e
of β i n t h e SI i n m o r e d et ail. I n t hi s c o nt e xt, w e pr e s e nt
T R P L lif eti m e m e a s ur e m e nt s a n d c al c ul ati o n s f o r b ot h
C N L s a n d c o m p a r e t h e s e wit h t h e lif eti m e i n pl a n ar m a-
t e ri al, fr o m w hi c h a P u r c ell f a ct o r of a b o ut 1 5 i s e sti-
m at e d.

A cl o s e r i n s p e cti o n of t h e s p e ct r al c h ar a ct e ri sti c s of
t h e C N L s i s r e q uir e d t o a c c e s s ot h e r c o n v e nti o n al si g n s
of l a si n g. Fi g. 3 e,f r e v e al t h at t h e c e nt r al w a v el e n gt h s
of b ot h C N L s s h o w st r o n g bl u e- s hifti n g wit h r e s p e ct t o
t h e gr o wi n g e x cit ati o n i nt e n sit y. H o w e v er, at hi g h e r i n-
t e n siti e s, C N L 2’ s e mi s si o n w a v el e n gt h e x p e ri e n c e s r e d-
s hifti n g, w hi c h i s att ri b ut e d t o h e ati n g e ff e ct s. A d di-
ti o n all y, b ot h C N L s s h o w li n e wi dt h n a r r o wi n g b y a b o ut
o n e or d er of m a g nit u d e f or t h e e x cit e d m o d e wit hi n t h e
m e a s u r e d i nt e n sit y r a n g e, w hi c h i s i n a g r e e m e nt wit h t h e
c al c ul ati o n s p r e s e nt e d i n Fi g. 3 g, h. Wit hi n t h e i n v e sti-
g at e d e x cit ati o n-i nt e n sit y r a n g e t h e s p e ct r al li n e s h a p e s
c h a n g e f r o m a L o r e nt zi a n t o G a u s si a n p r o fil e, w hi c h i s
r e fl e ct e d i n t h e P s e u d o- V oi gt p r o fil e b y µ c h a n gi n g fr o m
1 t o a b o ut 0. 3 ( s e e M et h o d s) i n Fi g. 3i,j. I nt e r e sti n gl y,
t hi s c h a n g e b e gi n s at t h e s a m e e x cit ati o n i nt e n siti e s at
w hi c h t h e e mi s si o n li n e wi dt h st a rt s t o s at ur at e, t h at i s
a r o u n d 5 0 k W c m − 2 f o r C N L 1 a n d a r o u n d 2 0 0 k W c m− 2

f o r C N L 2, p o s si bl y i n di c ati n g t h e o n s et of t e m p er at ur e
i n d u c e d i n h o m o g e n e o u s br o a d e ni n g at hi g h e r e x cit ati o n
i nt e n siti e s. W hil e s u c h t h e r m al e ff e ct s a r e n ot i n cl u d e d i n
t h e m o d eli n g, t h e k e y s at u r ati o n f e at u r e of t h e li n e wi dt h
r e d u cti o n i s r e pr o d u c e d ir r e s p e cti v e of t h e s p e ctr al li n e-
s h a p e. Fr o m t h e li n e wi dt h s, c o h e r e n c e ti m e s c a n b e o b-
t ai n e d, a n d w e e sti m at e a l o w e r li mit of 0 .3 p s b el o w
t h r e s h ol d t o 8 p s a b o v e t h r e s h ol d ( s e e M et h o d s).

R e c e ntl y, w e s h o w e d t h at a n al m o st li n e a r i n p ut-
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FI G. 3.  E x ci t a ti o n p o w e r d e p e n d e nt o p ti c al p r o p e r ti e s of
t h e C N L s: ( a- b ) i nt e g r a t e d e mi s si o n i nt e n si t y a n d i nt r a-
c a vi t y p h o t o n n u m b e r, ( c- d ) β -f a c t o r, ( e-f ) c e nt r al e mi s si o n
w a v el e n g t h λ c , ( g- h ) s p e c t r al f ull wi d t h a t h alf m a xi m u m
( F W H M ) w a n d (i-j ) li n e s h a p e p a r a m e t e r µ f o r C N L 1 (l ef t )
a n d C N L 2 ( ri g ht ). M e a s u r e d v al u e s a r e ill u s t r a t e d wi t h s y m-
b ol s, w h e r e a s t h e bl a c k s oli d li n e s a r e p r e di c t e d b y t h e t h e-
o r e ti c al m o d el ( s e e SI ). T h e d a s h e d li n e s i n ( a- b ) i n di c a t e a
m e a n i nt r a- c a vi t y p h o t o n n u m b e r of o n e, w hi c h i s of t e n r e-
g a r d e d a s a t h r e s h ol d c o n di ti o n f o r n a n ol a s e r s [ 1 5, 2 4]. C N L 1
a n d C N L 2 m e e t t hi s c ri t e ri o n a t p u m p r a t e s of a p p r o xi m a t el y
6 5 k W c m − 2 a n d 1 5 5 k W c m − 2 , r e s p e c ti v el y. We n o t e t h a t t h e
a zi m u t h all y p ol a ri z e d li g ht f r o m t h e C N L s i s p r oj e c t e d t o a
li n e a r p ol a ri z a ti o n p ri o r t o m e a s u r e m e nt. T h e wi g gli n g a r ti-
f a c t s i n ( e-f ) a r e c a u s e d b y a b s o r p ti o n of t h e C N L e mi s si o n
i n h u mi d ai r.

o ut p ut c h a r a ct e ri sti c a c c o m p a ni e d b y li n e wi dt h n a r r o w-
i n g c a n o c c ur i n t h e r e gi m e of a m pli fi e d S E, w hi c h c a n
b e i d e nti fi e d b y a s s e s si n g t h e p h ot o n st ati sti c s of t h e a s-
s o ci at e d e mi s si o n [ 3 1]. T o r ul e o ut t hi s p o s si bilit y i n t h e
c a s e of C N L 1, w e st u d y t h e ti m e- d e p e n d e nt s e c o n d- or d e r
a ut o c o r r el ati o n f u n cti o n g ( 2 ) (τ ) ( s e e M et h o d s f or d et ail s
o n t h e m e a s u r e m e nt) b y s el e cti n g t h e C N L s’ m o d e vi a a
1 2 n m b a n d p a s s filt e r. I n Fi g. 4 a, b w e p r e s e nt t w o of t h e
m e a s u r e d c oi n ci d e n c e hi st o gr a m s g ( 2 ) (τ ) f o r C N L 1. We
e xt r a ct r a w v al u e s of g ( 2 ) ( 0) b y fitti n g G a u s si a n t e m p o-
r al p r o fil e s t o t h e m e a s u r e d d at a. T h e fitt e d p e a k h ei g ht s
a r e p r e s e nt e d i n Fi g. 4 c, d f or b ot h C N L s s h o wi n g gr a d-
u all y d e cr e a si n g g ( 2 ) ( 0) at e x cit ati o n i nt e n siti e s hi g h e r
t h a n a b o ut 1 0 0 k W c m − 2 . B el o w t h at, t h e r a w v al u e s of
g ( 2 ) ( 0) a r e m or e str o n gl y li mit e d b y t h e t e m p or al r e s o-
l uti o n of o u r g ( 2 ) (τ )- s et u p d u e t o t h e e x cit ati o n- p o w er
d e p e n d e nt c o h e r e n c e ti m e [ 9, 3 2]. T h e r a w m e a s ur e d
g ( 2 ) (τ ) hi st o g r a m s a r e t h e n d e c o n v ol ut e d, c o m p e n s ati n g
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f o r t h e fi nit e ti mi n g-jitt er ( 5 0 p s) of o u r s u p e r c o n d u cti n g
n a n o wi r e si n gl e- p h ot o n d et e ct o r s f oll o wi n g t h e pr o c e d ur e
i nt r o d u c e d i n R ef. [ 3 1] ( s e e M et h o d s). I n Fi g. 4 e,f w e
p r e s e nt t h e d e c o n v ol ut e d g

( 2 )
d e c o n v ( 0) v al u e s f or t h e i n v e sti-

g at e d C N L s, w hi c h a g r e e w ell wit h o u r t h e o r eti c al p r e di c-
ti o n. M or e o v e r, w e p e rf o r m a s e c o n d s e ri e s of e x cit ati o n-
i nt e n sit y d e p e n d e nt m e a s u r e m e nt s of g ( 2 ) (τ ) f o r C N L 1
wit h ti g ht s p e ct r al filt eri n g a s s h o w n i n Fi g. 4 e wit h r e d
s q u a r e s ( s e e M et h o d s). T h e e ff e ct of n ar r o w b a n d s p e c-
t r al filt eri n g i n t h e H B T m e a s u r e m e nt i s of p arti c ul ar
r el e v a n c e w h e n st u d yi n g e mi s si o n of n a n ol a s e r s, w hi c h
oft e n h a v e s m all c a vit y q u alit y f a ct o r s a n d l a r g e e mi s-
si o n li n e wi dt h s. I n o u r c a s e, a t o o n ar r o w s p e ctr al s el e c-
ti o n i n g ( 2 ) (τ )- s et u p l e a d s t o artif a ct s i n t h e a s s o ci at e d
p h ot o n a ut o- c or r el ati o n a n d a n i n c or r e ct i nt e r pr et ati o n
of t h e m e a s u r e d a ut o c o rr el ati o n f u n cti o n.

Alt o g et h e r, t h e st r o n g a g r e e m e nt b et w e e n e x p eri m e nt
a n d t h e o r y s u p p o rt s t h e v ali dit y of t h e d e c o n v ol uti o n
p r o c e d u r e p e rf or m e d o n t h e r a w g ( 2 ) ( 0) d at a. M o r e o v e r,
t h e r a w d at a i s r e p r o d u c e d b y t h e o r y if t h e c al c ul at e d
c o h er e n c e ti m e s a n d t h e ti m e r e s ol uti o n of t h e g ( 2 ) (τ )-
s et u p a r e u s e d t o c o n v ol ut e t h e c al c ul at e d r e s ult, pr o d u c-
i n g t h e s oli d li n e s i n Fi g. 4 c, d. We e m p h a si z e t h at t h e s e
p r e di ct e d li n e s ar e n ot o bt ai n e d f r o m a fit, b ut r e s ult
f r o m c al c ul at e d c o h er e n c e ti m e s a n d g ( 2 ) ( 0) f or a si n gl e
c o n si st e nt p ar a m et e r s et f o r e a c h C N L ( s e e SI). Cl e a rl y,
b ot h t h e e x p e ri m e nt a n d t h e or y pr o vi d e str o n g e vi d e n c e
f o r a t r a n siti o n f r o m s p o nt a n e o u s t o sti m ul at e d e mi s si o n
a n d i n di c at e l a s e r o p e r ati o n i n b ot h C N L s. T h e a ut o-
c o r r el ati o n st u di e s r e v e al t h at b ot h C N L s h a v e a wi d e
t r a n siti o n r e gi o n f r o m s p o nt a n e o u s t o sti m ul at e d e mi s-
si o n s p a n ni n g o v er t w o or d e r s of m a g nit u d e of t h e o ut p ut
i nt e n sit y [ 3 1, 3 3].

I n c o n cl u si o n, o u r c o m bi n e d e x p e ri m e nt al a n d t h e o r et-
i c al q u a nt u m- o pti c al i n v e sti g ati o n s of m et al- cl a d c o a xi al
n a n ol a s e r s p r o vi d e u n a m bi g u o u s e vi d e n c e f o r t h r e s h ol d-
l e s s l a s er o p er ati o n wit h c o h er e nt e mi s si o n at t el e c o m
w a v el e n gt h s. T h e v ali dit y of t h e fir st- a n d s e c o n d- o r d er
c o h er e n c e pr o p e rti e s o bt ai n e d f r o m e x p e ri m e nt i s s u p-
p o rt e d b y q u a nt u m- o pti c al m o d eli n g, w hi c h yi el d s si-
m ult a n e o u s a g r e e m e nt of t h e i n p ut- o ut p ut c h ar a ct eri s-
ti c s, c o h e r e n c e ti m e, a n d a ut o c o r r el ati o n f u n cti o n. Fr o m
t h e mi cr o s c o pi c l a s e r m o d el, w e o bt ai n a β -f a ct o r t h at
i s p u m p- p o w e r d e p e n d e nt i n c o nt r a st t o t h e wi d e- s pr e a d
a s s u m pti o n of a d e vi c e- d e p e n d e nt c o n st a nt β . O ur r e-
s ult s hi g hli g ht t h at it i s c r u ci al t o c oll e ct t h e s p e ctr all y
b r o a d e mi s si o n li n e of a n a n ol a s e r wit h o ut tr u n c ati n g it s
s p e ctr al t ail s i n or d e r t o c or r e ctl y a c c e s s t h e u n d e rl yi n g
p h ot o n st ati sti c s. A s s u c h, t hi s w or k pr o vi d e s t h e fi r st
c o m pr e h e n si v e c h a r a ct e ri z ati o n of t hr e s h ol dl e s s l a si n g i n
hi g h- β m et alli c q u a nt u m- w ell n a n o s c al e l a s er s. It p a v e s
t h e w a y f o r d e si g ni n g t h e n e xt g e n er ati o n of ult r a s m all
c o h er e nt li g ht s o u r c e s, b e n e fiti n g f r o m q u a nt u m e ff e ct s
a p p e a ri n g at t h e n a n o s c al e.
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FI G. 4. ( a- b ) E x p e ri m e nt al g ( 2 ) ( τ ) c oi n ci d e n c e hi s t o g r a m s
( bl a c k li n e s ) f o r C N L 1 m e a s u r e d a t di ff e r e nt e x ci t a ti o n i nt e n-
si ti e s, t o g e t h e r wi t h t h e G a u s si a n fi t s ( r e d li n e s, u n c e r t ai nti e s

pi n k ) yi el di n g g ( 2 ) ( 0 ) = 1. 0 1 8 0 ± 0. 0 0 1 8 a n d 1. 0 0 2 3 ± 0. 0 0 1 8,
r e s p e c ti v el y. T h e t e m p o r al r e s ol u ti o n of o u r H B T s e t u p i s
a b o u t 8 0 p s c o r r e s p o n di n g t o t h e F W H M of t h e m e a s u r e d
c o r r el o g r a m i n ( a ). ( c- d ) R a w ( bl a c k s q u a r e s ) a n d ( e-f ) d e-
c o n v ol u t e d g ( 2 ) ( 0 ) v al u e s ( bl u e ci r cl e s ) f o r C N L 1 (l ef t ) a n d
C N L 2 ( ri g ht ) wi t h r e s p e c t t o e x ci t a ti o n i nt e n si t y. T h e t h e o-
r e ti c al p r e di c ti o n s a r e ill u s t r a t e d wi t h g r a y s oli d li n e s. T h e
r a w v al u e s i n ( c- d ) fi t w ell wi t h t h e t h e o r e ti c al p r e di c ti o n s i n
( e-f ) af t e r b ei n g c o n v ol u t e d wi t h t h e e s ti m a t e d g ( 2 ) ( τ )- s e t u p
r e s p o n s e ti m e ( S e e SI ). T h e r e d s q u a r e s i n ( e ) a r e r a w v al u e s
m e a s u r e d wi t h n a r r o w- b a n d s p e c t r al fil t e ri n g. A s a v ali d a-
ti o n of o u r s e t u p, t h e o r a n g e d a s h e d li n e s h o w s t h e v al u e of
g ( 2 ) ( 0 ) m e a s u r e d f o r a s p e c t r all y fil t e r e d i n c a n d e s c e nt l a m p,
f o r w hi c h t h e r m al c h a r a c t e ri s ti c s i s e x p e c t e d b y d e fi ni ti o n.
T h e g r a y d a s h e d li n e p r o vi d e s a g ui d e f o r t h e e y e.

M E T H O D S

Fi t ti n g t h e m e a s u r e d li n e s h a p e s

F o r fitti n g t h e m e a s ur e d li n e s h a p e s w e u s e p s e u d o-
V oi gt s p e ctr al pr o fil e s I i n t er m s of w a v el e n gt h λ gi v e n
b y

I (λ ) = A µ
π

2 w
w 2 + 4 ( λ − λ C ) 2 + ( 1 − µ ) 2

√
l n 2

w
√

π
e − 4 l n 2

( λ − λ C ) 2

w 2

h a vi n g t h e ar e a A , t h e c e nt r al w a v el e n gt h λ C , t h e s p e c-
t r al f ull- wi dt h of h alf m a xi m u m ( F W H M) w a n d t h e
L o r e nt zi a n- G a u s si a n mi xi n g p ar a m et e r µ ( 0 ≤ µ ≤ 1).
F o r L o r e nt zi a n- s h a p e d s p e ctr al li n e s, t h e c o h e r e n c e ti m e
i s c al c ul at e d f r o m t h e f r e q u e n c y s p e ctr al F W H M ∆ν b y
τ c o h ,L o r e n t z = ( π ∆ ν ) − 1 a n d c a n b e a p pr o xi m at e d f o r a
p s e u d o- V oi gt li n e s h a p e b y τ c o h ≈ ( 2 − µ )(π ∆ ν ) − 1 .
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Measurement of the second-order autocorrelation
function and deconvolution of experimental data

The second-order autocorrelation function g(2)(τ) can
be accessed via the famous Hanbury Brown and Twiss
(HBT) experiment by coincidence discrimination of emit-
ted photons at the output ports of a symmetric beam
splitter [34]. Since HBT measurements can be conducted
with single-photon sensitive click-detectors without true
photon-number resolution, it has become the standard
tool for classifying light sources via the time-resolved in-
vestigation of photon-correlations. As of now, measur-
ing the second-order autocorrelation of light sources that
have short coherence times sets great demands on the
temporal resolution of the photo detection [9, 32, 35, 36].
Since the CNLs under test exhibit coherence times of the
order of one to ten picoseconds, we expect to measure
a significant hint of photon bunching only with detec-
tors having a response time on the same order of magni-
tude [37]. Fortunately, superconducting nanowire single-
photon detectors (SNSPDs) offer a free-running tech-
nique for recording photon arrival times at telecommuni-
cation wavelengths with a high detection efficiency and
a timing-jitter of only a few tens of picoseconds [38].

For deconvolution of the measured raw g(2)(τ) his-
tograms, we follow the procedure introduced in Ref. [31].
When comparing the coherence time of the emitted light
(≈1 ps) to the g(2)(τ)-setup response time (≈80 ps) con-
sisting of two SNSPDs, we have to expect a sharply spik-
ing g(2)(τ)− 1 function that is convolved with a broad
instrument impulse response function, loosing almost all
information on the original qualitative shape of g(2)(τ).
Therefore, we do not try to fit a model function to the
measured data, but instead, we take advantage of the
fact that its area τarea =

∫∞
−∞(g(2)(τ)− 1) dτ is preserved

in the measurement. We extract this area by integrat-
ing g(2)(τ)− 1 over a 320 ps window centered around
τ = 0. Assuming that the Siegert relation can be ex-
tended to partly thermal light as g(2)(τ) = 1 + a|g(1)(τ)|2
with the thermal light fraction a, we obtain an estimate

for the deconvoluted g(2)(τ) by dividing the area by the
coherence time τcoh =

∫∞
−∞ |g

(1)(τ)|2dτ and adding 1:

g
(2)
deconv(0) = 1 + a = 1 + τarea

τcoh
. We note that the errors

of the deconvoluted values of g
(2)
deconv(0) increase with de-

creasing excitation intensity due to the growing spectral
width causing shorter temporal coherence of the lasing
modes. Additionally, at higher excitation intensities val-
ues as low as g

(2)
deconv(0) = 1.05 can be reached as a indi-

cation of low excess noise.

Impact of spectral filtering on the measured
autocorrelation function

In order to address the impact of spectral filtering
on the autocorrelation measurement of g(2)(τ = 0) of a
nanolaser, the nanolaser emission is spectrally filtered to
a FWHM of 22 pm (see SI) before the HBT measurement.
Raw g(2)(0)-values as high as 1.85 ± 0.04 are measured
at the lowest excitation intensity. The slight deviation of
this result from the ideal value of g(2)(0) = 2 can be at-
tributed to the temporal resolution of our g(2)(τ)-setup.
In the studied case, the measured raw g(2)(0) values re-
duce only to approximately 1.67. The measured values
of g(2)(0) can only decrease with increasing excitation
intensity, if the narrowing of the emission line leads to
a linewidth comparable to or smaller than the spectral
selection. This “pseudo-thermal characteristics” may be
misinterpreted as an indication that the nanolaser does
not completely undergo the lasing transition. Actually
g(2)(0) > 1 after tight spectral filtering originates from
first-order coherence times shorter or similar to the spec-
tral filter time constant resulting in random construc-
tive/destructive interference at the filter output. Such
effects have been observed to arrive from the inevitable
phase noise of the spontaneous emission [26], explain-
ing the bunching below 50 kW cm−2 pump intensity. At
higher pump intensities the lack of first-order coherence
may also be attributed to inhomogeneous broadening,
which would agree with the observed change in the spec-
tral lineshape in the region where µ < 1.
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