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We report a Franson interferometry experiment based on correlated photon pairs generated via
frequency-filtered scattered light from a near-resonantly driven two-level semiconductor quantum
dot. In contrast to spontaneous parametric down conversion and four-wave mixing, this approach
can produce single pairs of correlated photons. We have measured a Franson visibility as high as
66%, which goes beyond the classical limit of 50% and approaches the limit of violation of Bell’s

inequalities (70.7%).

Introduction—Entanglement is perhaps the most in-
triguing of all physical phenomena, and was famously
challenged by Einstein, Podolsky and Rosen (EPR) in
1935 [1]. The EPR paradox led to Bell’s inequalities [2]
which were since tested by numerous experiments [3] in-
cluding recent “loophole-free” tests [4-6] that have con-
clusively demonstrated that entanglement cannot be ex-
plained using local hidden variable theories.

Most experiments have employed photons that are en-
tangled in the energy and polarization degrees of freedom
[7-10]. However, this method is known to be sensitive to
polarization mode dispersion in optical fibers [11]. As an
alternative, entanglement in the time-energy basis may
be employed, wherein quantum information is encoded
in the arrival time of photons, and long-distance fiber
transmission over 300 km is possible [12]. The approach
of using time-energy entangled photons was first formu-
lated by Franson, with photon pairs created in an atomic
decay process and two unbalanced interferometers [13].
Franson-type experiments have stimulated a plethora of
research activities and have been extensively used for Bell
tests in quantum optics [14-16].

Today, entangled photon pairs for Franson experiments
are primarily produced via spontaneous parametric down
conversion (SPDC) or four-wave mixing (FWM), fol-
lowing two main methods. In time-energy experiments
[17, 18], a nonlinear medium is pumped by a continuous
monochromatic laser and emission times of the photons
have an uncertainty equal to the coherence time of the
pump laser. On the other hand in time-bin experiments
[14, 19], a nonlinear medium is pumped by pulses that
have previously passed through an unbalanced interfer-
ometer, leading to a “which-path” ambiguity in emission
time. However, either method provides a nondeterminis-
tic pair generation, leading to limitations on the accuracy
and security of quantum communication.

Single-photon sources, based on single atoms, ions,
impurity centers and quantum dots (QDs) [20], have
emerged as alternatives [21, 22], emitting no more than a
single pair during any given cascade decay. In particular,
intense research efforts using InAs semiconductor QDs
have enabled the generation of triggered photon pairs at

* mulleraQusf.edu

high rates and under electric pump in a monolithic semi-
conductor chip with a high degree of polarization entan-
glement [23, 24]. Recently it was shown that such polar-
ization entanglement can be converted into time-bin en-
tanglement, with the polarization entanglement derived
from the biexciton/exciton three-level system [25, 26].

Here we explore the possibility of generating time-
energy entanglement starting directly from a two-level
QD. This approach does not require an exciton/biexciton
system and avoids the complexities associated with a
residual fine-structure splitting. Instead, it relies on a
resonantly driven two-level system, the light scattered
by which is frequency filtered. We have investigated the
ways in which correlated photons can be obtained and
measured Franson visibilities using a pair of folded Mach-
Zehnder interferometers (MZIs). The highest visibilities
obtained (66%) beat the classical limit and approach the
visibility required to violate Bell’s inequalities (70.7%).
This method paves the way for producing single time-
energy entangled photon pair sources that violate Bell’s
inequalities.

Correlated photon pairs from the Mollow triplet—
Resonance fluorescence, one of the most fundamental sig-
natures of a resonant light-matter interaction, is gen-
erated when a two-level system is exposed to a near-
resonant light field. Under strong continuous laser il-
lumination, the resonance fluorescence spectrum consists
of a “Mollow triplet” composed of one central peak at the
laser frequency, and two other peaks appearing on each
side of the central peak and separated from the latter by
a frequency approximately equal to the generalized Rabi
frequency [Fig. 1(a)] [27-30]. The emergence of these
peaks may be viewed as a result of a cascade emission
down a ladder of pairs of “dressed states” [31, 32] and it is
natural to investigate under which circumstances photon-
photon correlations can be generated via such a cascade.
The seminal work by Cohen-Tannoudji et al. first showed
experimentally that filters positioned to select opposite
Mollow triplet sidebands under a laser detuning can pro-
duce such correlations from a strongly driven two-level
atom [33]. Later theoretical work provided expressions
for the associated correlation functions [31, 32, 34]. Since
then, bunching statistics were also obtained for the case
of a QD, with two Michelson interferometers selecting
opposite sidebands in the Mollow triplet [35]. Recent
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FIG. 1. (a) Theoretical one-photon spectrum (spectral den-
sity) for Rabi frequency /27 = 1.6 GHz and laser detuning
0/2m = 1.0 GHz. (b) Experimental two-photon spectrum for
the same parameters with filter bandwidths I'1 /27 = 'z /27 =
I'/2r = 0.45 GHz. The recording time for each frequency
pair on the 29x29 point grid was identical and equal to 165
s, which together with various delay times make the total
measurement time of the map equal to about 42 hours.

theoretical work by del Valle et al. has re-examined the
problem from a more general point of view and intro-
duced the concept of a “two-photon spectrum” (TPS),
91(‘21),1“2 (w1,wsa,T1,T>), which measures the probability to
detect one photon of frequency w; at time 77 and an-
other photon of frequency ws at time T3 [36]. Using this
concept, it was found that there are actually many ways
correlated photon pairs can be produced by spectrally fil-
tering the scattered light from a resonantly excited two-
level system [37].

In this work, QDs grown by molecular beam epi-
taxy were held in a free-space closed-cycle cryostat at
a base temperature of 5 K [30]. While strongly driving
a ground-state transition (neutral exciton) with a tun-
able continuous-wave laser (frequency wr), and using a
perpendicular excitation/detection scheme [38], the reso-
nance fluorescence from a single QD was obtained nearly
background-free with a collection efficiency into the first
lens of order 10%. The radiative decay rate and spec-
tral diffusion broadened linewidth were k;nq/27 = 0.2
GHz and ksq/27 ~ 1.0 GHz, respectively. After split-
ting this QD scattered light into two equal parts, we
introduced two stable filters [39], tunable both in their
resonance frequencies, (wy,ws), as well as in their band-
widths, (I'1,I'3). Fig. 1(b) shows the experimental TPS
for a Rabi frequency of Q/2r= 1.6 GHz, laser detun-
ing, §/2r = 1.0 GHz, and filter bandwidths, T'; /27 =
I'y/2n = T'/2r = 0.45 GHz. Each point in the two-
dimensional map represents the corresponding coinci-

dence rate at 7 = Ty — T7 = 0 for a given filter frequency
pair, which we have measured by histogramming the ar-
rival times of photons.

While the scattered light from a two-level system
has overall sub-Poissonian photon statistics, by selecting
various frequency pairs one can distill different photon
statistics as seen in Fig. 1(b) (red: super-Poissonian,
blue: sub-Poissonian and white: Poissonian). In par-
ticular, the TPS reveals that other than filtering oppo-
site sidebands (blue crosses), one can generate correlated
photon pairs also by filtering in-between Mollow triplet
peaks (yellow-brown dashed contour), filtering opposite
peak tails (solid green contour) or filtering an in-between
Mollow triplet peak and an opposite peak tail (green-
brown dashed contour). The latter features were identi-
fied as a family of “leapfrog” transitions through virtual
states [40], though their exact origin is still being inves-
tigated [41]. Nonetheless, based on these correlations,
violations of the Cauchy-Schwarz inequality have been
predicted [42] and experimentally verified [37]. Moving
one step further, to investigate the possibility of gener-
ating time-energy entanglement using QD resonance flu-
orescence, one can in principle use any filter frequency
pair that can create correlated photon pairs [red region
in Fig. 1(b)]. However, limitations imposed in part by
the actual filter properties, and in part by the nonideality
of the source, lead to a reduction of the actual param-
eter space under which Franson measurements can be
performed with any given experimental apparatus. In
general, a compromise must be found between signal-to-
noise ratio and the degree of correlation of the photon
pairs. For this reason the measurements presented below
focus on the case of correlated photon pairs generated
via frequency-filtered opposite sidebands in the presence
of a modest laser detuning. Under these conditions, typ-
ical count rates are approximately 1 x 10* s~! at each
detector.

Franson interferometer—The principle of the Fran-
son interferometer is based on the superposition of two-
photon events generated at different times [13]. The mea-
surement apparatus consists of two unbalanced MZIs in
which each MZI has a short arm of length S; and a long
arm of length L; (i=1,2). If the optical path length dif-
ference (AL; = L; —S;), is less than the coherence length
ct. of the incident photons, where 7. is the photon co-
herence time and c is the speed of light, then one-photon
interference will be visible as the length of an arm is var-
ied. Therefore, to elicit two-photon interference in the
coincidence detection between the detectors, AL has to
be greater than cr..

For any incident photon pair, there are four equally
probable ways to reach the detectors: both photons can
take the long arms (L; and L), both may take the short
arms (S7 and S3), or one photon may take the short (S;)
while the other takes the long arm (L) and vice-versa.
If Li = Ly and S1 = S5, then these four possible paths
will appear as three distinct peaks in a coincidence mea-
surement. The first two cases are indistinguishable in
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FIG. 2. (a) Experimental setup. The split frequency-filtered scattered light from a QD is connected to two unbalanced Mach-
Zehnder interferometers, with L1 = Ly = 190 cm and S1 = S2 = 2 cm. The phase of each interferometer (®;) is controlled

by varying the length of their respective short arms.
GHz, (w1 —wr)/2m =

(b) Second-order correlation function for /27 = 1.6 GHz, §/2r = 1.2
—(w2 —wr)/2m = 2.0 GHz. (c) One-photon interference (95%) observed at each interferometer during

the alignment process, using the pump laser as the interferometer input. The blue line denotes the background level.
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FIG. 3. Histograms of the normalized coincidence rate for
two different phase settings as indicated, (a) minimizing and
(b) maximizing the central peak. The measurement time was
600 s for each panel and the bin width was 256 ps. The red
and pink shaded areas indicate the coincidences involved in
the calculation of the visibility as defined in the text. The
dashed black line indicates the accidentals level.

their time of detection, as long as the path length dif-
ference in both interferometers is kept smaller than the
coherence length of the pump laser. The last two events
are distinguishable from each other as well as from the
first two cases because of the delay between “clicks” of
the two detectors, i.e., the detector receiving the pho-
ton taking the short path will “click” first. Note that
the distinction of events is achieved by postselection of
recorded time-tags. The two-photon interference effect
in indistinguishable events is a manifestation of photon
entanglement in time, and a time-energy entangled state
can be written as, |®) = %ﬂSl, So) 4 e ®1H+P2) |1 o)),
where ®1=® 1 — Pgs; and =P o — Pg 2 are the phase
differences between the respective long and short arms in
the interferometers.

Results—The implementation of Franson interferome-

try using the light scattered from a QD is illustrated in
Fig. 2(a). Frequency-filtered resonance fluorescence was
sent directly into a MZI formed by a non-polarizing 50:50
beamsplitter and two mirrors. The optical path length
difference in each interferometer was about 188 cm (S
= 2 c¢cm and L = 190 cm), which is much larger than
the coherence length (c7, = 30 cm) of the photons scat-
tered by an InAs QD [43]. Filter frequencies were set
in such a way as to generate correlated photon pairs un-
der the conditions /27 = 1.6 GHz, §/2r = 1.2 GHz,
(w1 —wr)/2m = —(w2 —wg)/27 = 2.0 GHz, with cor-
relation function shown in Fig. 2(b). A piezoelectric
transducer (PZT) was used to vary the relative phase, ®,
between the short and long arms in the interferometers,
which were carefully aligned with the pump laser to ob-
tain a high degree (95%) of one-photon interference [Fig.
2(c)]. Finally, the output of each interferometer was con-
nected to a single-photon counting detector (APD1 and
APD2) with a time resolution of less than 500 ps. The
normalized coincidence rate between the two detectors is
shown in Fig. 3 for two phase adjustments. Figure 4(a)
and Fig. 4(b) show the phase-dependent normalized co-
incidences within the central peak for a time window of
1024 ps and 4096 ps, respectively.

For a source of strongly-correlated photon pairs, the
total number of coincidences in the middle peak in Fig.
3 undergoes interference while the phases of the interfer-
ometers (®; and ®5) are varied. The phases for the mea-
surements reported in Fig. 3(a) and 3(b) were such that
the middle peak was minimized and maximized, respec-
tively. The height of the side peaks were found to be inde-
pendent of the phases. For this particular measurement
the total recording time was 600 s and the bin size was
256 ps. An interference visibility can be defined in the
usual way as V= (Cmax - Cmin)/(cmax + Cmin)a where
Chnin (Cmax) are the number of coincidences, above the
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FIG. 4. Normalized coincidences in the central peak plotted as a function of the phase &1+ ®2 with a postselection window
width of (a) 1024 ps and (b) 4096 ps. (c) Franson visibilities for different measurement settings. The red dashed line and the
green solid line indicate the classical limit (50%) and the limit at which Bell’s inequalities are violated (70.7%), respectively.

accidentals level, associated with the middle peak under
interference minimum (maximum) conditions. By posts-
electing events occurring within a 1024 ps wide time win-
dow (approximately coinciding with the coherence time
of QD scattered photons) [red bars in Fig. 3] and while
changing the phases of the interferometers (®; and ®5),
we have obtained a visibility of V = 66 4= 4 % after fitting
with a sinusoidal function [Fig. 4(a)], which exceeds the
classical limit (50%) and is close to the limit correspond-
ing to a violation of Bell’s inequalities (70.7%) [44]. For
a larger time window of 4096 ps (combination of red and
pink bars in Fig. 3), a visibility of 63 + 4% [Fig. 4(b)]
was obtained.

Discussion—TIdeally the visibility in this experiment
would be equal to unity, and we have investigated the po-
tential causes for the imperfect interference seen in Fig. 3
and Fig. 4. An essential requirement in Franson’s scheme
is that crp, > AL [13], where 7, is the pump laser coher-
ence time. We have used a stable continuous-wave pump
laser with a coherence time of about 166 ns (AL/c =~ 6
ns), thus meeting this requirement. The same laser was
used to align the MZIs, and its long coherence time is
confirmed by the high degree of one-photon interference
(= 95%) in Fig. 2(c). To ensure that the visibility was
not artificially reduced by random phase fluctuations in
the MZIs, we employed an active stabilization method
[Fig. 2(a)] consisting of a stable secondary laser and field-
programmable gate array (FPGA) controllers providing
feedback to the PZTs [45]. Moreover, by carefully fiber
coupling the output of each interferometer using free-
space lenses, we have verified that the contribution from
the two arms of each interferometer is within 2% of each
other, which resulted in similar probabilities for “long-
long” and “short-short” coincidence events. This leaves

the possibility of intrinsic nonidealities associated with
the source, and/or limitations originating in the filters
we employed. To verify the integrity of our filtering pro-
cess we have repeated the experiment in the presence of
an additional pre-filter [Fig. 4(c) measurement 6], which
increased the off-resonance rejection ratio. However, we
found no significant influence of this pre-filter on the fi-
nal Franson visibility. It is thus very likely that the non-
unity Franson visibility observed here has its origin in the
source itself, and further investigations will be needed to
draw additional conclusions. We note nonetheless that
we could not observe a significant variation in visibility
when performing the experiment for different QDs in the
same sample [Fig. 4(c) measurements 7 to 10].

Conclusion—We have used two-photon interference
obtained from a Franson interferometer to investigate
the possibility of generating time-energy entanglement
using a resonantly driven two-level system, the scattered
light from which was spectrally filtered. The measured
Franson visibility of 66% indicates a clear violation over
the classical limit and approaches the limit for a viola-
tion of Bell’s inequalities. We speculate that the visibil-
ity in our experiments is limited by properties intrinsic
to the source, perhaps originating in influences related
to phonon scattering and/or spectral diffusion, which
are processes often causing deviations from ideal two-
level system behavior in InAs epitaxial QDs [30, 46, 47].
Nonetheless, our method based on single photon pairs
can be potentially used in future quantum communica-
tion schemes, with entanglement preserved through op-
tical fibers.
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