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Coherent and thermal light: Tunable hybrid states with second-order coherence
without first-order coherence
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We demonstrate the realization of a new hybrid state of light that is simultaneously spectrally broadband, i.e.,
in-coherent in first order, and exhibits a laserlike normalized intensity correlation coefficient of 1.33, reflecting
high coherence in second order. This is achieved by temperature-tuned light emission from an optoelectronic
quantum dot superluminescent diode where the condensation of injected charge carriers into the globally lowest
energy state of the strongly inhomogeneously broadened semiconductor quantum dot ensemble gives rise to a
particular balance between spontaneous and stimulated emission.
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I. INTRODUCTION

The coherence properties of photonic beams are governed
by the nature of the photon emission process. In contrast to
fully coherent laser light originating from stimulated emission
events, thermal light generated by spontaneous emission
is incoherent in first and second order, where first-order
coherence characterizes the correlations of the field depending
on the spectral bandwidth of the source [1] and second-order
coherence is related to intensity correlations reflecting the
temporal distribution of photons [2]. An exciting photon state
with interesting coherence properties is realized by amplified
spontaneous emission (ASE), which contains ingredients from
both spontaneous and stimulated emission [3].

Electrically pumped superluminescent diodes (SLD’s) that
unite the spatially narrow output beam of a laser with the
spectrally broadband character of an LED are an efficient and
compact source of ASE light on a semiconductor basis [4].
This unique combination is achieved by a tilted waveguide
design with antireflection-coated facets that suppresses modal
laser emission and leads to a smooth optical output spectrum
that is determined by the gain curve of the active material.
Various optical properties can be tailored by the proper
choice of the gain material, and even further control of
the emission parameters can be achieved by nanostructuring
the active region [5–8] where in the final step carriers are
confined in tiny pyramids [9], the so-called quantum dots
(QD’s). Similar to atoms, optoelectronic QD’s represent fully
quantized zero-dimensional carrier systems with particularly
interesting energy level schemes. An electron that is injected
into a dot can recombine with a hole under the emission
of radiation. The lowest optical transition inside each dot
is commonly referred to as the ground state (GS), which is
followed by the first excited state (ES) and second excited
state (SES) at higher energies [see Fig. 1(a)]. The exact
position of the energy levels within each dot, and therefore
the photon energy, is determined by a variety of intrinsic dot
parameters, e.g., material, composition, size, and shape [10],
which complement variations of the band gap induced by
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temperature changes [11]. Spectrally broadband emission is
finally achieved through a self-organized growth process that
introduces large dot size variations in the ensemble resulting in
a strong inhomogeneous broadening of all optical transitions
[12] leading to a short coherence length in first order.

The coherence properties in second order can be described
by the normalized second-order correlation function g(2)(τ ) =
〈I (t)∗I (t + τ )〉/〈I (t)〉2, where the correlation of field in-
tensity I (t) is performed at different time delays τ and 〈 〉
designates statistical averaging [13]. With the advent of
quantum optics, accompanied by the famous Hanbury-Brown
and Twiss experiment, there has always been the paradigm that
a monochromatic laser emits photons with an intensity corre-
lation of g(2)(τ ) = 1 reflecting Poissonian photon statistics,
whereas spectrally broadband incoherent light from a thermal
source exhibits an enhanced intensity correlation of g(2)(τ =
0) = 2 at zero time delay, inevitably connected to photon
bunching [14,15]. In this article, we break this paradigm and
demonstrate simultaneously spectrally broadband emission in
the near-infrared spectral region with an optical bandwidth
of several THz and laserlike intensity correlations of 1.33 by
controlling the photon emission process in a QD SLD through
a temperature-induced occupation condensation of the injected
charge carriers. This coherent and thermal light with tunable
hybrid coherence properties represents an exciting new class
of classical photon states that not only stimulates perpetual
scientific interest in the quantum nature of light, as in the very
recent field of “ghost imaging” [16,17] where correlations
and spectral properties play a key role, but also represents an
ideal, intensity-stabilized light source for low-coherent light
applications such as optical coherence tomography [18].

II. EXPERIMENTAL RESULTS

The investigated SLD consists of six active layers contain-
ing InAs dots embedded in InGaAs quantum wells (QW’s).
We analyze the coherence properties of the SLD emission
through photon correlation studies [19] with a time resolution
shorter than the coherence time [20] of the SLD, which is in the
order of femtoseconds. We apply an appropriate experimental
technique that has recently been demonstrated by Boitier et al.
[21], where they succeeded in measuring g(2)(τ ) of thermal
light by exploiting the effect of two-photon absorption (TPA)
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FIG. 1. (Color online) (a) Single quantum dot energy level
scheme. Carriers enter the ground-state (GS), excited-state (ES), and
second-excited-state (SES) optical transitions through the wetting
layer (WL) and recombine with the emission of photons. For low
pump currents, only the GS transition emits. With increasing current,
the ES and SES transitions also contribute to the emission. (b)
Two-photon absorption setup. The QD SLD is operated inside a
liquid-nitrogen-cooled cryostat. The emission enters the Michelson
interferometer consisting of a beamsplitter, BS, a fixed and a variable
mirror with the displacement, �x. The combined beams pass a
long-pass filter (λ > 850 nm) and are tightly focused onto the
photomultiplier tube (PMT) where the TPA signal is generated.

[22,23] in a semiconductor GaAs photomultiplier tube. To
investigate the temperature dependence of g(2)(τ ), we operate
the QD SLD inside a liquid-nitrogen-cooled cryostat where the
temperature could be varied from 290 down to 90 K [Fig. 1(b)].
The nonlinear TPA signal is generated by tightly focusing the
SLD emission onto a Hamamatsu R928 photomultiplier tube
(PMT) that operates in TPA mode at the output of a Michelson
interferometer. The characteristic signature of TPA processes
given by the quadratic relation of PMT current to optical input
power has been verified for the investigated power regime.
To correlate photons at different time delays τ , one mirror of
the interferometer is mounted on a high-precision translation
stage. We record the PMT current as a function of mirror
displacement and extract g(2)(τ ) analogous to Refs. [21,24] by
applying a low pass filter and normalizing the interferogram
to the sum of the individual PMT currents with one path of the
interferometer blocked, respectively.

The temperature dependence of the spectral properties of
the QD SLDs’ emission is discussed exemplarily by means of
three optical output spectra at 290, 190, and 90 K. At room
temperature and a constant pump current of 1 A, the QD
SLD emits amplified spontaneous emission with an optical
spectrum that is dominated by the ES contribution at 1.22 μm
exhibiting a broad spectral bandwidth of 35 nm or 8 THz
(Fig. 2). The temperature-induced changes in the optical
spectra reflecting the band-gap variations lead to an overall
blueshift of the entire emission spectrum that is complemented
by a relative change in the intensity ratio of the contributing
GS and ES transitions, such that the ES-dominated emission at
room temperature develops continuously into a GS-dominated
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FIG. 2. (Color online) Optical spectra of QD SLD at a pump
current of 1 A for various temperatures. With reducing temperature,
the optical spectra shift to shorter wavelengths and the relative
intensity changes from an ES-dominated emission at 290 K to a
GS-dominated emission at 90 K.

emission at 90 K. The origin of this temperature-induced spec-
tral dynamic is discussed below. With decreasing temperature,
the output power of the total emission increases. Compared
to room-temperature operation, the output powers at 190 and
90 K experience a 2.5- and 1.8-fold increase, respectively.

For room-temperature operation of the SLD, the inter-
ferogram, containing both first- and second-order coherence
properties, is shown in Fig. 3(a) together with g(2)(τ ). In the
interferogram, bright and dark fringes alternate with a period
corresponding to the SLD’s central emission wavelength of
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FIG. 3. (Color online) SLD coherence properties. (a) TPA in-
terferogram (left scale) and second-order coherence function g(2)(τ )
(right scale) at 290 K, with g(2)(0) = 2.04 ± 0.05 indicating the photon
bunching. (b) TPA interferogram at 190 K, with g(2)(0) = 1.33 ± 0.05
indicating a more regular photon emission.
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FIG. 4. (Color online) Reduced photon bunching. Second-order
correlation coefficient g(2)(0) at various temperatures. Error bars are
shown exemplarily. The limiting cases of fully coherent laser emission
reflected by g(2)(0) = 1 and totally incoherent thermal emission with
g(2)(0) = 2 confine the shaded region.

1.22 μm. The contrast of the fringes quickly vanishes for
optical path differences exceeding 60 μm (τ > 200 fs)
reflecting the SLD’s short coherence length of only 32 μm.
We find a value of g(2)(τ = 0) = 2.04 ± 0.05 for equal optical
path lengths, indicating an enhanced probability of detecting
two photons simultaneously, the direct manifestation of photon
bunching. At room temperature, the amplified spontaneous
emission of the QD SLD, therefore, represents “pure” first-
and second-order broadband incoherent thermal light with
photon bunching and large intensity fluctuations [25]. The
observed value of g(2)(0) = 2 clearly differs from g(2)(0) = 1,
which is expected for coherent laser emission and represents
the ultimate limit in the classical description of light [26,27].
A modification of g(2)(0) toward 1, therefore, reflects a higher
degree of second-order coherence [19]. However, an even more
regular, “fermionic” photon distribution can be achieved by
nonclassical light sources that exhibit antibunching [28] with
g(2)(τ ) values smaller than 1. Note that the ratio between the
central and the decorrelated part of the PMT current at large
time delays does not reach the ideal 1:4 ratio that is obtained
in [21]. We attribute this reduction to mechanical vibrations
that occur during the scanning process and partially anticipate
the low-pass filtering procedure.

III. HYBRID-COHERENT LIGHT GENERATION

Now we analyze the temperature dependence of the coher-
ence properties, where g(2)(0) represents an indicator for the
magnitude of photon bunching (Fig. 4). Starting with g(2)(0)
∼ 2 at room temperature, we find a decreasing behavior with a
pronounced minimum of g(2)(0) = 1.33 ± 0.05 at 190 K. For
lower temperatures, g(2)(0) tends toward 2 again. Transferred
to the photon picture, the striking reduction of g(2)(0) down to
1.33 means that the groups of photons break up and the photon
stream becomes more regular, shifting the temporal photon
distribution toward that of a laser. In this “stabilized” emission
regime with reduced fluctuations, we access an interesting
class of hybrid photon states with still low first-order coherence
and increased second-order coherence. As is evident from the
fast decay of the interferogram in Fig. 3(b), the coherence
length of the SLD equals 27 μm and remains almost unaffected
by the temperature variation. The additional peaks in g(2)(τ )

at ±60 fs, originating from the beating of spectral GS and
ES components, are not responsible for the g(2)(0) reduction
as they become even more pronounced at lower temperatures
where g(2)(0) increases again.

Recently, a similar hybrid light state was realized in an
SLD utilizing a quantum-well gain material [29]. However,
there, by operating the QW SLD at high pump currents close
to the lasing threshold, a different physical mechanism was
responsible for the generation of spectrally broadband light
with reduced intensity fluctuations. Here, in contrast, we
exploit the unique properties of quantized zero-dimensional
quantum dot charge-carrier systems to manipulate the del-
icate emission hierarchy balance between spontaneous and
stimulated emission in the amplified spontaneous emission
of the QD SLD by temperature tuning. Furthermore, regarding
the achievable spectral bandwidth, QD gain materials can, via
the balanced combination of GS and ES contributions, provide
amplification over more than 100 nm [30] and thereby easily
exceed the spectral range of QW SLD’s.

IV. DISCUSSION

For the description of this temperature-dependent reduced
second-order correlation coefficient, we now consult a rate
equation model that has been developed previously to describe
the threshold currents’ temperature dependence of strongly
inhomogeneously broadened quantum dot lasers reflecting
its radiative recombination processes [31,32]. Thereby, we
combine the two worlds of quantum optics and semiconductor
quantum dots. The charge-carrier distribution in semicon-
ductor QD materials 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 quantum
dot levels, namely the GS and the ES, and the so-called
wetting layer, which provides the joint interaction medium for
all quantum dots. 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 Bose-Einstein phonon bath. The
outcome is the carrier distribution or the population densities
entering directly the radiative photon emission rates. At room
temperature, high-energy phonons induce a global thermal
equilibrium of the whole QD ensemble through interaction
with the surrounding wetting layer [Fig. 5(a), top] and
thermally excite some of the carriers into higher energetic
states, leaving some of the lower states unoccupied [Fig. 5(b),
top] such that 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 decrease, and charge-carrier condensation into the
globally lowest energy state occurs, thereby maximizing the
occupation numbers of the GS and ES transitions [Figs. 5(a)
and 5(b), middle]. 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 population irrespective of their energy, which
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FIG. 5. (Color online) Charge-carrier condensation.
(a) Schematic visualization of the thermal coupling of three
identical quantum dots embedded in the wetting layer for various
temperatures. Top: Strong coupling occurs at 290 K. Middle:
Reduced thermal coupling at 190 K and thermally isolated dots
at 90 K (bottom). (b) Mean carrier occupation per energy level
averaged over the whole QD ensemble. Broadened bands are
chosen to illustrate the inhomogeneous broadening of all levels.
The number of available carrier sites increases for higher states
due to an increased level degeneracy. Gray circles denote states
occupied by carriers; white circles indicate empty states. At 190 K,
charge-carrier condensation maximizes the excited-state occupation.
(c) Excited-state spectral peak power with a local maximum close to
190 K.

characterizes a so-called random population. The resulting
distribution is a nonequilibrium distribution with a “virtual”
excitation spectrum obtained by averaging over the whole
ensemble [Figs. 5(a) and 5(b), bottom], thus reflecting more
the energetically inhomogeneous dot distribution. 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 radiative 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 SLD that we investigate through temperature-
resolved spectral analysis. The spectral peak power extracted
from the maximum value of the optical spectra shown in
Fig. 2 represents an easily accessible indicator for the spectral
gain. The relative development of the spectral gain of the
excited-state contribution that dominates the total emission
down to temperatures of 160 K is shown in Fig. 5(c). In the
weakly coupled thermal regime at 190 K, we find an increase
by a factor of 6 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 [3]. At room temperature,
the QD SLD 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
amplification. These quasistimulated processes increase the
second-order coherence and suppress intensity fluctuations
[25,33], thus realizing the exciting hybrid coherent photon
states. The intensity noise level of the QD SLD has been
measured by the experimental technique of direct detection
[29] in the white-noise-dominated frequency regime between
20 and 30 MHz. Compared to the noise level at room
temperature (−130 dB/Hz), we found a beneficial intensity
noise reduction of −13 dB/Hz for the hybrid coherently
emitting QD SLD at 190 K. At lower temperatures, the gain
of the ES contribution is reduced, and conventional incoherent
ASE is again obtained. Of course, it is worthwhile to think
of a further increase in the peak gain to reach the classical
correlation limit of g(2)(0) = 1. However, one has to be
aware that the crucial requirements in the SLD design to
prevent modal emission and therefore maintain low first-order
coherence will become even more demanding.

V. CONCLUSION

In summary, we have shown that a temperature-induced
increase of stimulated emission in QD SLD’s creates second-
order coherence and tears bunched thermal photons apart.
The resulting new class of photon states with tunable hybrid
coherence properties provides a deeper and more complete
understanding of the light generation process and represents
an ideal candidate for low-coherent light applications.
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