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Photon-number squeezing in nano and microlasers

Mark Anthony Carroll,> Giampaolo D'Alessandro,? Gian Luca Lippi,® Gian-Luca Oppo,* and Francesco Papofft @
DDepartment of Physics, University of Strathclyde, 107 Rottenrow, Glasgow G4 ONG,

United Kingdom.

DSchool of Mathematical Sciences, University of Southampton, Southampton SO17 1BJ,

United Kingdom

3 Université Cote d’Azur, UMR 7710 CNRS, Institut de Physique de Nice, 1361 Route des Lucioles, 06560 Valbonne,

France

(Dated: 23 August 2021)

Based on theoretical predictions on the appearance of antibunching before the laser threshold at the nano- and mi-
croscale, we analyze the amount of photon-number squeezing naturally produced in the laser emission. Up to 3 dB
photon number noise reduction is obtained in comparison to the coherent emission, with output power estimated as a
fraction of a nW and with negligible effects due to pump fluctuations. The scheme requires a high Q cavity and holds
promise for the construction of a simple and effective photon-number squeezed source.

Measurement systems are eventually limited in their per-
formance by the presence of noise, whose reduction bene-
fits metrology, quantum imaging, optical communications and
measurements, gravitational wave detection, quantum infor-
mation, etc.!”. The strongest efforts to reduce photon num-
ber noise through light squeezing have been concentrated onto
the single emitter regime, with a record fluctuation reduction
of about 3 dB in single Quantum Dot resonance fluorescent
emission®.

Photon number squeezing was investigated early on”® for
its relative ease of implementation and for its compatibil-
ity with a large photon flux. Numerous implementations,
based on direct photon number squeezing® on pulsed non-
linear schemes with up to 10'° photons'®!'!, or superadiant
effects'>!3 have been predicted but they often produce only a
low amount of squeezing (fraction of a dB). More recently,
squeezing has been obtained from a set up based on cold
atomic samples but at the cost of a complex realization'*.

Clustering of emitters or entangled photon ensembles
represent another way of producing multiphoton squeezed
states for sophisticated computing or cryptographic applica-
tions'>-17. Polaritons in the strong coupling regimes have
produced a good amount of squeezing and hold promise as
sources of light for continuous variable quantum informa-
tion encoding and cryptography'®. Advanced nonlinear res-
onator concepts'®2! now enable the realisation of interest-
ing and flexible schemes which could find use in integrated
devices. However, all previous schemes require rather com-
plex experimental setups and recently interest is developing
for sources where intensity noise can be reduced with simpler
schemes?>?3 (and references therein). The device which we
propose provides below-threshold squeezing and is based on
a nanostructure. Thus, in spite of an output power lower than
what has been previously obtained, it offers several advan-
tages: small footprint and thermal load, thus enabling on-chip
integration; avoidance of multimode anticorrelations which,
while providing squeezed light?*, render the photon stream

not usable for numerous applications?; avoidance of feed-
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back schemes?®28 and of cooling requirements®-*, The in-

trinsic integrability of the proposed source into optical chips
offsets its intrinsic low photon flux, since virtually all pho-
tons can be used in a guided structure. In addition, giant
nonlinearities emerging in nanostructures®', metamaterials®2,
plasmonics®® and quantum interference>* hold strong promise
for the exploitation of weak signals in integrated structures.

In line with these developments, the recent quantum-dot
based Coherent-Incoherent model (CIM), where the coher-
ent and incoherent field components are independently de-
scribed, predicts from first principles the existence of a pre-
threshold regime where photon antibunching, thus squeez-
ing?, is naturally observed. The CIM model has been de-
rived under the experimentally verified conditions®’ that the
decay rate of the material polarization is much larger than that
of the photons in the cavity. In this case it is well known33
that the emitters are independent from each other and that cor-
relations between emitters are negligible even close to laser
threshold. The pump range in which antibunching appears is
broad enough to promise experimental accessibility and the
resulting degree of squeezing sizeable enough to warrant con-
sideration. Antibunching has been experimentally observed
and modeled® for a low number of emitters. In this letter
we predict that squeezing with large photon number occurs
at extremely low power supply for nano and micro laser with
emitter numbers up to 103 in the anti-bunching region®. The
advantage of this prediction is that the photon antibunched be-
haviour appears to naturally precede lasing, in a cw regime of
operation, without the need for any special experimental ar-
rangements and promises to provide photon fluxes compara-
ble or larger than those of more complex, pulsed techniques.

In order to introduce the ideas, we generalize the relation-
ship between average and variance in a Poisson process by
introducing a sub-Poissonian coefficient a:

(An?) = a(ny, 1

with n photon number, () temporal average and (An?) corre-
sponding to the variance, where a subpossonian statistics, i.e.
squeezed emission, emerges for a < 1. In order to connect
squeezing to antibunching we introduce this modified distri-
bution into the definition of the zero-dealy second-order auto-
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FIG. 1. Subpoissonian coefficient a (defined in eq. (1)) as a func-
tion of the value of g()(0) for different values of the average photon
number (n).
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Photons are antibunched when g (0) < 1, so that g (0) is
a standard measure of the degree of antibunching. Solving
equation (2) for a, we notice that it linearly depends on the
average photon number (n). As the photon number grows, the
apparent degree of antibunching is reduced for a same reduc-
tion in the relative fluctuation eq. (1) as illustrated in Fig. 1.
Thus, even though the antibunching may appear to be small, it
is possible to maintain a good amount of photon number noise
reduction, thus squeezing since g(®)(0) < 1 (see Refs. 4042
and references therein), in the photon number for macroscopic
signals. These qualitative considerations point to a potential
interest even in a moderate amount of antibunching emerging
from the model®.

The main interest of the scheme is its intrinsic simplicity
and the potential for effective photon number squeezing with
considerable large photon numbers. The fact that a below-
threshold nanolaser may spontaneously emit photon streams
in a more ordered fashion than an equivalent coherent source*?
hints to potential interest for a variety of applications. Indeed,
in this configuration there is no need to destroy phase coher-
ence to reduce photon number noise, contrary to what is re-
quired of above-threshold lasers.

We test the idea by using a quantum model®, derived us-
ing the cluster expansion technique***3, that includes both co-
herent and incoherent field components; previous cluster ex-
pansion based models neglect the expectation values of the
coherent variables**8 Its key feature resides in the univo-
cal determination of a lasing threshold irrespective of cavity
characteristics (even for B = 1, the fraction of spontaneous
emission coupled into the lasing mode), thus establishing a
clear boundary between the squeezed and coherent emission
regime. The medium is assumed to be an ensemble of iden-

(@)

Parameter  Value Description
g 7x 1010 57T Light-matter coupling strength
Ye 7% 107 57! Cavity decay rate
Y 1013 57! Dephasing rate of active medium
Yor 10% 57! nonradiative decay rate
Yol 1.4x10'2 57! Decay rate into the nonlasing modes
B 7% 104 Spontaneous emission factor

TABLE I. Parameters that appear in the model used to compute
g(z) (0), equation (3). The values in this table are used in all figures
unless stated otherwise.

tical but independent two-level emitters coupled with a single
cavity lasing mode. We remember that the rapid polarisation
dephasing permits one to omit inter-emitter correlations>84¢,
The incoherent dynamical variables are the population density
of the excited state, (c’c); the photon assisted polarisation of
the medium, &(bc'v); and the number of photons, &(b'b).
These are coupled to the coherent variables, i.e. the electric
field amplitude (b) and the classical polarisation {vc).

The lasing threshold exists only if the total number N of
emitters in the cavity is larger than a critical value N,. If this
condition is fulfilled, then at sufficiently large pump values
a stable coherent field begins to grow inside the cavity. This
has also been confirmed in a standard rate equation model that
includes stochastic noise terms*” as well as experimentally*$.

Using this model we have computed the intra-cavity value
of
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8
expressed in terms of field creation and destruction opera-
tors, as a function of the model parameters summarised in ta-
ble I. The important parameters that control and characterise
squeezing are the pump parameter per emitter, r, the number
of emitters, N, the cavity decay rate, ¥ and the light-matter
coupling strength, g. The remaining system parameters are
the decay rate of the medium, 7; the non-radiative decay rate,
Y. and the decay rate into non-lasing modes, 7,;. The latter
controls f3, where the ultimate limit of 8 = 1 corresponds to
Yu = 0.

From here on, we concentrate on parameter values which
match a microlaser, simply because we aim at obtaining
macroscopic amounts of output power. The findings, however,
generally hold for all devices down to the extreme nanoscale,
with features which only change quantitatively. In Fig. 2 we
plot the steady state values of g2) (0) as a function of the pump
for two different lasing devices. As the pump increases the
two photon statistics (depending on the device) enter three dif-
ferent regimes: from super-Poissonian (thermal light) to sub-
Poissonian (squeezed light), and, then, to Poissonian (coher-
ent light) — in the good cavity limit (y. < g, solid line); when
cavity losses are equal to the coupling strength (dashed line)
the antibunching becomes negligibly small and disappears en-
tirely in the bad cavity regime (. > g, not plotted). The anti-
bunching region shows a sensitive dependence on the number
of emitters as there is only a small window of pump values
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FIG. 2. The intensity autocorrelation function versus pump r for
different paired values of the cavity losses 7. and number of emit-
ters N above the critical number N, required for lasing. In or-
der to meet the condition for lasing, as the cavity losses increase
so to must the number of emitters, therefore N = {21,150} and
Yo = {7x10%1,7 x 10'% 1} for the solid and dashed curves re-
spectively.

for which squeezing can occur and this becomes narrower as
the number of intra-cavity emitters increases®. As we later
show, this constraint does not strongly affect the scheme’s im-
plementability.

Concentrating on 7y, < g, we remark that while squeezing
is possible with a very small number of emitters, provided
the coupling g is sufficiently strong, a substantial amount of
power is obtained only from devices which are capable of
passing the laser threshold®, i.e. with N > N,.. We thus con-
centrate on this regime keeping the remaining values of table I
fixed, as their influence on the final result is only minor.

To estimate the photon number noise reduction we directly
compute the relative fluctuation of the photon number,

(An) — /(bTbbTb) — (bTh)?
(n) (b7b)

which can be transformed into an expression containing
2¥(0) by the normal-ordering® of (b*bb"b):

A

B _ Sty g0 -1, )

(n)
As expected, noise reduction appears for g(2) (0) < 1. Itis also
important to note that as N increases g(?) (0) approaches 1 and
we recover the relative fluctuations of the classical limit, i.e.
1/+/n.

However, the presence of antibunching ensures a more reg-
ular temporal distribution of photons than the random oc-
currences of coherent emission®?, thus squeezing, which we
quantify by defining an attenuation coefficient

“

Ags = 20log,, (%) , (6)

FIG. 3. Squeezing as a function of N. The black curve is obtained
from equation (6) at the minimum of g(z)(O) calculated from the
CIM, whereas the red curve shows squeezing for a coherent field.
The inset shows how much squeezing is gained compared to a coher-
ent field with the same photon number.

and comparing its value® to the one which characterizes co-
herent emission (g?(0) = 1).

We first consider the case of an ideal pump with no fluctu-
ations and evaluate the attenuation at the minimum of g (0),
i.e., where squeezing is greatest. Fig. 3 compares the noise
attenuation as a function of the emitter number (black cir-
cles) to the reference coherent field emission (red circles) ob-
tained by imposing g(2>(0) =1 in eq. (5). The inset shows
the difference between the two. The best squeezing, -3 dB,
for N = 13, just below the critical number of emitters required
for lasing, N = 15, for the parameters used in Fig. 3. We see
that even with 100 emitters there is still approximately 1.5 dB
of squeezing. This is obtained with standard laser parameter
values. With some technological efforts in the realization of
dedicated devices and some optimization better results can be
obtained.

The case just considered neglects pump fluctuations. How-
ever, incorporating them is of vital importance if we are to un-
derstand the viability of potential devices. Pump stabilization
has been one of the first means of obtaining squeezing®!>2 and
technology is capable of achieving stability values well below
1% for the currents needed to pump a small device. We there-
fore consider a maximum amplitude fluctuation in the pump
by £1% and observe its influence on the photon number noise
reduction.

Fig. 4 shows the absolute noise reduction (as in the main
panel of Fig. 3) for the below-threshold laser (orange shaded
area) and for a coherent signal (green shaded area). The lower
curve delimiting the region corresponds, for both cases, to a
positive 1% fluctuation — enhancing the amount of power —
while the upper one represents the boundary set by a nega-
tive 1% fluctuation. In either case, the spread increases from
something extremely small at when the number of emitters is
at the minimum value, N = 15, to a sizeable fluctuation for
N =100. The fact that the antibunched curves lie below the
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FIG. 4. Left panel: Spread in squeezing of the antibunching and
coherent sources in Fig. 3 due to +1% fluctuations in the pump
as a function of N (taken above N.). Right panel: Output power
(black) and pump current (red) as a function of N > N.. All points
are evaluated at the minimum of g<2)(0).

coherent ones signal the fact that a large part of the contribu-
tion to the fluctuation originates from the change in photon
number, rather than in a modification in the amount of anti-
bunching (cf. inset in Fig. 3). Only the differentially larger
growth of the fluctuation in the below-threshold laser (upper
bound of the fluctuation, corresponding to the steeper part of
the antibunching curve — inset of Fig. 3) is to be attributed to
come to a change in the amount of antibunching. Since we
have considered a rather large pump fluctuation, compared to
what is technologically feasible, and the laser injection cur-
rent can be controlled to a much better degree, it is reasonable
to consider the influence of pump noise negligible.

The right panel of Fig. 4 displays the absolute amount of
current needed to pump the laser at the optimum antibunch-
ing value as a function of the emitter number. The injected
current is is, at N = 15, about 40 uA (red symbols) and, as
already mentioned, can be easily stabilized to better than 1%.
The accompanying outcoupled output power (black circles —
computed on the basis of the intracavity photon number, cav-
ity losses and photon energy at A = 1 um) is about 0.7 pW
(i.e., ~ 107 photons) around the intracavity -3dB squeezing
level, and grows to ~ 5 pW for 100 emitters (and ~ 1.5 dB
squeezing). Given that better pump stabilization is achievable,
we have checked the results with pump fluctuations of the or-
der of 0.1%. The stability is greatly improved and the output
power can grow to 50 pW with 1000 emitters with ~ 1.25 dB
squeezing still gained compared to a coherent source .

It is important to remark that the conditions we have exam-
ined here correspond to a “good cavity” device (Q ~ 2 x 10%,
following the definition of Ref. 48), as observed in Ref. 39
with a number of quantum dots consistent with the numbers
used in this work. Larger photon fluxes can be obtained by
increasing the cavity losses (thus decreasing Q) provided the
coupling factor g is correspondingly increased. Since we have

4

used a standard value for g, routinely achieved in technologi-
cal realizations, there is some margin for improvement there.
It is likely that a careful choice of parameters and technologi-
cal efforts may improve by one order of magnitude the power
expected at the output of the device.

In summary, a recent model, which treats the incoherent
and coherent parts of the field for lasers to describe the emis-
sion of Quantum-Dot based small-scale (nano- and micro-)
lasers, predicts the appearance of photon emission with an-
tibunched statistics before the lasing threshold®. Following
the lead that this more regular photon emission produces re-
duced fluctuations, we have analyzed its properties with real-
istic physical construction parameters of a microlaser in the
intent of obtaining a macroscopic output. The model predicts
up to 3 dB photon-number squeezing with little influence of
pump fluctuations, compared to the noise floor of an equiv-
alent coherent field and output power approximately 0.7 pW.
The squeezing is naturally produced by the physical interac-
tion, without the need for any external action, since — contrary
to standard squeezing of coherent output — below threshold
there is no macroscopic phase to be degraded. Developments
of this investigation include its extension to nanolasers to ex-
plore the exploitation of the same phenomenon at low photon
numbers.
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