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Silent white light: Reduction of the second-order intensity correlation coefficient
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We investigate the intrawaveguide statistics manipulation of broadband light by combining semiconduc-
tor quantum dot physics with quantum optics. By cooling a quantum dot superluminescent diode to the
liquid nitrogen temperature of 77 K, Blazek et al. [Phys. Rev. A 84, 063840 (2011)] have demonstrated
a temperature-dependent reduction of the second-order intensity correlation coefficient from 2 for thermal
amplified spontaneous emission light to g®(0, T = 190K) ~ 1.33. Here, we model the broadband photon
statistics assuming amplified spontaneous emission radiation in a pumped, saturable quantum dot gain medium.
We demonstrate that, by an intensity increase due to the quantum dot occupation dynamics via the temperature-
tuned quasi-Fermi levels, together with the saturation nonlinearity, a statistics manipulation from thermal
Bose-Einstein statistics towards Poissonian statistics can be realized, thus producing “silent white light” with

a reduced second-order correlation coefficient. Such intensity-noise-reduced broadband radiation is relevant for
many applications such as optical coherence tomography, optical communication, or optical tweezers.
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The quantum fluctuations of light have been in the center of
research interests since the first realization of the laser, driven
by both fundamental and practical interests [1]. This can be
best summarized by the famous saying of Landauer: “The
noise is the signal” [2]. In this spirit, lasers and thermal light
sources as “original light sources” have been considered as
benchmarks due to their second-order correlation coefficient
g2 (0) = (I*)/{I)* of unity and 2, respectively [3], deter-
mined within a Hanbury Brown and Twiss (HBT) experiment
[4,5]. Nowadays, a HBT classification in the g(z)(O) scheme is
the characteristics for each new light source and has become
central to quantum optical measurements.

Immediately after the advent of the laser, Martienssen
and Spiller and Arecchi [6,7] realized the so-called pseu-
dothermal light source in 1966. There, the scattering of laser
light at a rotating diffuser transformed the Poissonian laser
photon statistics into that of thermal light [8,9] exhibiting
Bose-Einstein statistics with g (0) of 2. This concept of
generating light with super-Poissonian statistics, i. €., bunched
or even superbunched photon counting statistics, by exploiting
Gaussian and non-Gaussian random walk scattering processes
in media led to the achievement of well-controlled states of
light [10-15]. Later on, further microscopic and mesoscopic
scattering concepts for the manipulation of light statistics have
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been comprehensively investigated and extended to waveg-
uides [16—-19].

Very recently, it has been shown that disordered systems
permit manipulation and tuning of the statistics via deter-
ministic and coherent control. Monochromatic coherent light
traversing a disordered photonic medium evolved into a ran-
dom field whose statistics has been dictated by the disorder
level [18,20]. Deterministic control over the photon-number
distribution was demonstrated by interfering two coherent
beams within a disordered photonic lattice, thus enabling the
generation of superthermal and subthermal light [21].

The generation of sub-Poissonian statistics of light states
[22] with g (0) below 1 and even single photon states by
means of nonlinear optics have been the next revolutionary
steps and opened a huge field of applications in sensing
[23-28]. A particularly interesting emission statistics of op-
toelectronic semiconductor-based emitters can be created by
the method of “quiet pumping” pioneered by Yamamoto.
By transferring the, by Coulomb repulsion regulated, sub-
Poissonian statistics of the quiet injection current onto the
statistics of the emitted photons, sub-Poissonian states of light
emerge [29-31]. The concept of manipulating light states and
exploiting their novel statistical properties beneficially via
tailoring g»(0) on demand in quantum metrology applica-
tions has also been investigated by applying nonlinear optical
processes onto light [32,33].

More recently, even so-called hybrid light has been
discovered by Blazek et al. [34] by investigating the emis-
sion properties of quantum dot superluminescent diodes
(QDSLDs). At room temperature, those are light sources
with an ultrabroadband emission spectrum (first-order coher-
ence) and a second-order correlation coefficient g(z)(O) =2.0
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FIG. 1. (a) QDSLD pumped by an electric injection current I,.
Layers of waveguides with nonreflecting tilted end facets and em-
bedded QDs serve as a lossy, nonlinear gain material. (b) Stochastic
electric field e(¢) propagating for a length §z through a transversal
sheet of inverted three-level QDs with decay rates y,9, ¥»1, an internal
pumping rate R;, a Rabi frequency €2, and a detuning A.

[35-37]. However, Blazek et al. [34] demonstrated exper-
imentally, that the intensity fluctuations can be suppressed
down to g (0) = 1.33 while tuning the temperature to 190 K.
Such emission, being first-order incoherent (spectrally broad-
band) and second-order coherent (towards that of a laser),
might be called “silent white light” and is of particular interest
for applications such as optical coherence tomography [38],
fiber optic gyroscopy [39], and ghost imaging [40,41].

Our approach here is not by reconstructing the quantum
optical state of silent white light as has been performed in
Refs. [42—44], but rather more by deriving an expression
for g?(0) based solely on the practical aspects for quantum
metrology. In this spirit, we present a quantitative model for
explaining this tailoring of g®(0) [34] from the “standard
g (0) = 2.0” value for thermal amplified spontaneous emis-
sion (ASE) sources [45] towards a value of 1.33. Our model
accounts for the self-consistent modification of the photon
statistics caused by the nonlinear response of the QD gain
medium [46], as well as thermally induced occupation of
its energy levels [47,48]. This insight will promote further
developments of compact and fully integrated light sources.
For example, state-of-the art applications range from optical
coherence tomography [37,38,49], white light interferometry
[50-52], control of chemical kinetics with tailored incoherent
light [53], to sensing with fiber optic gyroscopes [54,55].

Radiation is generated in an active QD gain medium by
ASE. In contrast to a laser, the waveguide medium is termi-
nated with nonreflecting tilted end facets, shown in Fig. 1(a).
The equilibrium state of the radiation inside the diode is
a balance between the nonlinear gain from the QD ensem-
ble, its saturation behavior, the absorption from the passive
medium, and the emission output coupling of the diode. In the

following, these processes are considered in detail for a thin
transversal layer of QDs interacting with the radiation field.
According to the Maxwell-Bloch equations [56,57], the
slowly varying electric field amplitude e(¢) passing through
a thin sheet 8z of polarizable matter [see Fig. 1(b)] reads
foult) = nEn(0) + 2P ), M
280

Here, 0 < 1 < 1 accounts for scattering losses, k is the carrier
wave number of the electric field, and P is the positive
frequency part of the polarization. QDs are the active agents
embedded in the passive waveguide layers inside the diode.
They are modeled as pumped three-level systems [see the inset
in Fig. 1(b)].

The electric field drives the transition between levels |1)
and |2) with Rabi frequency 2(¢) = d»€(¢)/h, where dy; is
the dipole matrix element. The positive frequency part of the
polarization P = ndj,p,; scales with the density of QDs
n. In the rate equation limit [56], coherences p;; decay much
faster than populations p;;, which evolve as

poo = —(R; + Y10)p00 + Rip22,
P11 = Yi0poo — (Va1 + &)p11 + ¢ p2,
022 = Ripoo + (Y21 + 0o — (R + £)p2z, )

where ¢ = |QPL/y, ¥ = ya1 + R, and L = (y/2)/[A% +
(y/2)?]. In this limit, the coherence py; = —(i/2)QDw is
related to the inversion w = p1; — p2, and the stochastic field
amplitude &(z), which is modulated by the line shape D =
1/GA +y/2).

The relaxation times of the atomic populations are assumed
to be much shorter than the correlation time of the fluctuations
of &(¢). Therefore, the populations of the QD levels are in
instantaneous equilibrium. Hence, the stationary solution of
Eq. (2) can be used to determine the instantaneous atomic
coherence as

wOD

i
=——-Q , 3

021 2T 3

with the unsaturated inversion wg = [Ri(y10— y21) —

Y10v211/ (¥ Y10 + 2R;v21). We denote the saturation parameter
s = LI/ as the ratio of intensity / = |¢|> and the saturation
intensity I, = Ay (¥ 10 + 2Riy21)/|da1 > (3R; + 2y10).-

Now, the input-output relation from Eq. (1) reads &oy =
(n + a)ein and depends on a nonlinear absorption coefficient
a =kyD/(1+s), the nonlinear saturation parameter k =
apkdz, and the linear, resonant absorption coefficient oy =
nlda1 |Fwo /4hegy [57]. In the limit of a thin sheet of length
8z, all terms exceeding linear order in « can be neglected and
the input-output relation for the intensities is obtained,

4nk
Tou(lin) = (172 + o )1 + 0[87%]. )
+s

As a consequence of the broad THz bandwidth of the first-
order incoherent light, we can choose the detuning A = 0.
Thus, only three parameters 7, «, and /; remain unspecified
in Eq. (4).

Here, we start with an incoherent Gaussian photon statis-
tics as the starting point for the statistics manipulation by the
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FIG. 2. Second-order correlation coefficient g (0) vs mean in-
tensity 7, for saturation intensity I, = 5 and three nonlinear saturation
parameters « = 0.1 (red, solid), 0.35 (blue, dashed-dotted), 0.56
(green, dashed).

QD saturable medium and the QD level scheme. This im-
plies an exponential probability density for the input intensity
p(ln) [44],

) = e T (k) =1, )

with an average intensity I. Thus, the nth-order moments of
the output photon intensity are given by

(1 () = / Al I () pEn). ©)
0

In equilibrium, gain is compensated by loss and defines a
self-consistent relation for the intensity (4),

{Iowt) = (L) = 1(n). )

From this condition, we can determine the inaccessible loss
rate n([) in favor of the equilibrium intensity /.

Now, we are able to evaluate the stationary, zero delay time
(tr = 0) relative intensity-noise correlation function

g2t =0.1) = lim (fou(t)*)/(fow)? ®)

as a measure for the intensity fluctuations. Serendipitously,
one can evaluate this expression analytically in terms of
u(T) = €’T(0, T), the incomplete gamma function I'(0, 7) =
fIOO dr e/t [58], and the relative intensity Z = I;/I. Within
the thin sheet limit O[8z%], one finds in good approximation

g20) =2 — 8Z{l + I[1 — 2u(Z)] — T*u(Z)}. (9)

In Fig. 2, we depict this intensity correlation g®)(0) versus the
internal QDSLD intensity I for a chosen saturation intensity
I; and various saturation parameters x = 0.1, 0.35, and 0.56,
respectively. In general, g (0) shows a strong decrease with
increasing I, which is stronger for higher «. However, we note
that this is only the case if the medium is inverted, i. e., k > O.

In agreement with previous work on thermal ASE sources
[45], we observe g(z)(O) = 2.0 for all parameter combina-
tions at low input intensity. Maintaining the balance between
gain and loss by implicitly satisfying Eq. (7), increasing
saturation in the medium is reached by tuning the internal
QDSLD intensity I rather than the external pumping rate I,.
Hence, our observation of intensity noise suppression with
increasing I extends established knowledge on thermal ASE
sources [45].
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FIG. 3. Schematic depiction of the occupation of the QD levels
as a function of temperature 7 for the explanation of the experimental
measurement of peak power emitted by the diode from Ref. [34].

Thermal effects within the QD gain medium influence the
carrier population and thus determine the key parameter of
g (0) via the generated photon density or the intensity 7.
Its influence on the statistics via the emitted intensity are
schematically summarized in Fig. 3. For the description of
this temperature-dependent reduced second-order correlation
coefficient, we consult a rate equation model that has been
developed previously to describe the threshold currents’ tem-
perature dependence in strongly inhomogeneously broadened
QD lasers, reflecting its radiative recombination processes
[47,48]. Thereby, we combine the two worlds of quantum
optics and semiconductor quantum dots.

The charge-carrier distribution in semiconductor QD mate-
rials depends on temperature, and the mean carrier occupation
number for each energy level is obtained by averaging over
the whole inhomogeneous dot ensemble. The ingredients of
the model are the two confined QD levels, namely the GS
(ground state) and the ES (excited state), and the so-called
wetting layer, which provides the joint interaction medium
for all QDs. Their appropriate interaction is accounted for
by relaxation rates, carrier escape processes via thermally
activated escape, tunneling, and Auger processes. Finally, all
states interact with a bosonic phonon bath. The outcome is
the carrier distribution or the population densities entering
directly into the radiative photon emission rates.

At room temperature, high-energy phonons induce a global
thermal equilibrium of the whole QD ensemble through in-
teraction with the surrounding wetting layer (see Fig. 3).
This thermally excites some of the carriers into higher en-
ergetic states, leaving some of the lower states unoccupied.
Accordingly, the occupation is described by an equilibrium
Fermi-Dirac distribution with a global Fermi level for all
electron levels.

When the temperature is reduced, the carriers are still
uniformly distributed among the individual dots. However,
thermal excitations freeze out, the nonradiative losses de-
crease, and charge-carrier condensation into the globally
lowest-energy state occurs. This maximizes the occupation
numbers of the GS and ES transitions.

At even lower temperatures, this common occupation
statistics or global equilibrium collapses. The exchange of
carriers between the individual dots breaks down and inside
each dot all the energetically lowest states have the same
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FIG. 4. Mean output intensity / vs temperature 7. Experimental
data (red, Ref. [59]) and model [blue, Eq. (10)] yield a maximum
intensity at around 190 K, implying an increase in diode efficiency at
this temperature.

population, irrespective of their energy. This characterizes a
so-called random population. The resulting distribution is a
nonequilibrium distribution with a “virtual” excitation spec-
trum obtained by averaging over the whole ensemble, thus
reflecting more the energetically inhomogeneous dot distribu-
tion. This leads again to a decrease in radiative recombination
accompanied by a small increase in linewidth.

In essence, at around 190 K, a maximum in the radia-
tive recombination occurs due to the occupation condensation
into the globally lowest-lying state that is still described
by a Fermi-Dirac distribution. This redistribution of carriers
modifies the optical gain properties of the QDSLD that we in-
vestigate through temperature-resolved spectral analysis. The
spectral peak power extracted from the maximum value of
the optical spectra represents an easily accessible indicator for
the spectral gain.

The relative development of the peak power is shown in
Fig. 4. In the weakly coupled thermal regime at 190 K, we find
an increase in peak power compared to room temperature due
to the condensation of charge carriers. The local maximum
in peak power indicates a larger amplification, which in turn
affects the photon emission process. At room temperature, the
QDSLD emits amplified spontaneous emission in a delicate
balance, where spontaneously emitted photons are amplified
moderately. At 190 K, the maximum in the spectral gain
increases the probability of stimulated emission such that the
initial spontaneous emission experiences a stronger amplifica-
tion. These quasistimulated processes reduce the second-order
intensity correlation coefficient g (0) and suppress intensity
fluctuations [60,61], thus realizing the exciting hybrid coher-
ent characteristics of the emission.

The consequence of this behavior is a hierarchy in the
contributing QD levels with a peak behavior of the emitted
intensity as a function of temperature as illustrated by Fig. 4,
which shows the experimental findings of the emitted intensity
of the diode as a function of temperature. We can phenomeno-
logically model the emitted power as a temperature-dependent
Gaussian function with an offset 61,

I(T) = Te~T-Tr/o* 4 5. (10)

The experimental data can be fitted well for [ = 1.51 &
0.13, Tp=(197.1+£09) K, o=(13.1£1.0) K, and
81 =0.15£+0.03.

These thermal fitting parameters can be used to construct
the temperature-dependent behavior of g(z)[O, I(T)]. As can
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FIG. 5. Second-order correlation coefficient g®[0, I(T')] vs tem-
perature T for /; = 5 and varying saturation parameter values «. For
« = 0.35 (blue, dashed-dotted), we are able to match the experimen-
tal data [34]. This agreement deteriorates for x = 0.1 (red, solid).
Within the limits of the model, the intensity noise suppression could
even reach g»(0) = 1.07 for x = 0.56 (green, dashed).

be seen in Fig. 5, all nonlinear saturation parameter combi-
nations k show a suppression of intensity fluctuations around
190 K. With the parameters set to I; = 5 and « = 0.35 (blue),
we achieve good agreement with the experimental data [34].
The calculations using the fitted data from Fig. 4 do not reach
a plateau of g (0) = 2.0 for high and low temperatures. This
is due to the finite offset 8/ = 0.15 4 0.03 of /(7). With the
saturation parameters set to [y = 5 and k = 0.56 (green), we
are able to produce an intensity noise suppression below the
experimentally reported value of g (0) = 1.33 with a mini-
mum of about g (0) = 1.07.

Having developed a good description of the experimentally
observed g(z)(O) reduction of hybrid light, we are now able to
search towards even more reduction, eventually reaching the
Poissonian correlation limit of g = 1, still keeping the spec-
tral broadband character. Adjusting our model parameters, we
are able to show reductions of g®(0) nearly down to a value
of 1.07 for a k = 0.56, very close to “real” Poissonian statis-
tics, but now not for a laser but still for a broadband hybrid
ASE light source. However, we admit that it is experimen-
tally and technologically quite challenging to find appropriate
QD level systems and QDSLD designs preventing stimulated
modal emission, thus maintaining low first-order coherence,
and avoiding a collapse of the spectral linewidth [35].

In conclusion, we have developed a quantum optical model
for a thermally tuned photon statistics transformation of
broadband THz-wide ASE radiation emitted from a quantum
dot superluminescent diode from the thermal Bose-Einstein
statistics towards Poissonian statistics, thus producing silent
white light. The two ingredients, nonlinear gain saturation and
an increased recombination determined by the temperature
dependence of the hierarchy of the quantum dot occupation,
allowed to account for the experimentally observed findings
considering real world parameters. This is relevant for a
variety of applications, such as optical coherence tomogra-
phy [37,38,49], white light interferometry [50-52], control
of chemical kinetics with tailored incoherent light [53], or
sensing with fiber optic gyroscopes [54,55].

The data that support the findings of this study are available
from the contact author upon reasonable request.
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