aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

On-Chip Quantum Interference from a Single Silicon Ring-
Resonator Source
Stefan F. Preble, Michael L. Fanto, Jeffrey A. Steidle, Christopher C. Tison, Gregory A.
Howland, Zihao Wang, and Paul M. Alsing
Phys. Rev. Applied 4, 021001 — Published 20 August 2015
DOI: 10.1103/PhysRevApplied.4.021001


http://dx.doi.org/10.1103/PhysRevApplied.4.021001

On-Chip Quantum Interference from a Single Silicon Ring Resonator Source

Stefan F. Preble,! Michael L. Fanto,? Jeffrey A. Steidle,! Christopher C. Tison,? Gregory A. Howland,? Zihao
Wang,! and Paul M. Alsing?
'Rochester Institute of Technology, Microsystems Engineering, 168 Lomb Memorial Dr. Rochester, NY 14623
2Air Force Research Laboratory, 525 Brooks Rd., Rome, NY 13441

Here we demonstrate quantum interference of photons on a Silicon chip produced from a single ring
resonator photon source. The source is seamlessly integrated with a Mach-Zehnder interferometer, which
path entangles degenerate bi-photons produced via spontaneous four wave mixing in the Silicon ring
resonator. The resulting bi-photon NOON state is controlled by varying the relative phase of the integrated
Mach-Zehnder interferometer, resulting in high two-photon interference visibilities of V~96%. Furthermore,
we show that the interference can be produced using pump wavelengths tuned to all of the ring resonances
accessible with our tunable lasers (C+L band). This work is a key demonstration towards the simplified
integration of multiple photon sources and quantum circuits together on a monolithic chip, in turn, enabling
quantum information chips with much greater complexity and functionality.
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Silicon Photonics is proving to be a promising platform
for quantum information processing applications [1-16].
Photon sources with high brightness and spectral purity,
low noise and compact footprints have been demonstrated
using spontaneous four wave mixing (SFWM) in ring or
microdisk resonators [17-26]. These sources have been
used to demonstrate time-energy entanglement in off-chip
setups and photonic integrated circuits [3,27]. High
efficiency superconducting nanowire single photon
detectors have also been integrated with waveguide based
quantum circuits [4,28-32], enabling the integration of all
of the key components of a quantum information
processor.  However, complex quantum information
processors will require many sources to be integrated and
entangled together in waveguide based circuits. Recently
the first steps have been taken towards this with the
integration of photon sources and entanglement circuits on
a single Silicon chip [1,33]. However, these
demonstrations have required multiple, independent,
photon sources to realize two photon entanglement. Ergo,
the inherent fabrication variations in the sources will yield
photon pairs that are potentially distinguishable. This has
been alleviated partially in the case of resonant photon
sources by using a pulsed pump laser but it is advantageous
to be able to make use of narrow linewidth continuous
wave pump lasers in order to ensure long coherence lengths
of the entangled photon states.

Here we demonstrate the entanglement of photon pairs
produced from a single ring resonator photon source. This
ensures that the entangled photons will be
indistinguishable since they are generated within the same
device. Furthermore, since entanglement is realized from a
single device the number of photon source devices in an
entangling circuit can be halved. Furthermore, we will

show here that the resonant photon source can be operated
with pump laser wavelengths that span ~80nm, in turn,
enabling wavelength multiplexing in future systems.
Consequently, this work is a key advance in the
simplification of integrated quantum information systems
and will enable complex integration of sources and
entanglement circuits together for a wide variety of
quantum technologies, such as, quantum key distribution,
and possibly even quantum computation.

In order to use a single ring resonator as an entangled
photon source, we excite the resonator bi-directionally.
This is seen in Fig. 1(a) where two pump lasers [Pump 1
(blue) and Pump 2 (red) — each tuned to a resonance of the
ring resonator] are launched into the Silicon chip. On the
chip, they are immediately split with a y-splitter [34] and
routed into a loop. The counter-propagating pumps are then
coupled into a ring resonator photon source [Radius
R =18.5um, waveguide dimensions of W =500nm by

H =220nm, and a waveguide to ring gap of g =150nm ]

where they induce SFWM in opposite directions, which
generates entangled photon pairs. The ring resonator was
designed to have zero dispersion, therefore, when the pump
frequencies are tuned to resonances that are equally spaced
from a central resonance, degenerate bi-photons are
produced as dictated by the energy conservation relation:
Epump, * Epump, = Esi-photon  (depicted by the virtual

energy level diagram in Fig.1(a)). We have recently shown
that this photon generation process results in bright
(~3x10%photons/s/mW?/GHz), low noise (Coincidental-to-
Accidental Ratio of greater than 500), degenerate bi-
photons [21].
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FIG. 1. (a) Dark-field microscope image of the quantum circuit on the Silicon-On-Insulator chip consisting of an integrated pump splitting
circuit, ring resonator (Q~15k, FSR~5nm) entangled bi-photon source and Mach-Zehnder analysis circuit. The devices were fabricated using
electron beam lithography using a process similar to the one described in [35]. Typical waveguide losses are 3dB/cm. (b) Schematic of the
complete experimental setup. A pair of tunable lasers, Pump 1 (Blue Detuned - New Focus 6328) and Pump 2 (Red Detuned - Agilent
81642A) with ImW of power, are polarized, combined and passed through pump clean-up filters (Clean-up Filter inset: ~128 dB rejection).
A short section of High Index fiber (Nufern UHNA-7) was fusion spliced to optical fiber (SMF-28) to efficiently mode match to the Silicon
waveguide achieving a total insertion loss of ~5dB (we have demonstrated <1.25dB fiber-chip coupling loss using this method before [21]).
The relative phase (8) in the Mach-Zehnder was controlled by heating one of the spirals (by varying the current through shorted needle probes
in contact with the spiral). Photons from the two outputs passed through bandpass pump rejection filters (Bandpass Filters inset: ~140 dB).
The rejected pumps are sent to optical power meters to measure the classical signatures. The bi-photons are detected by free-running InGaAs
Avalanche Photodiodes (idQuantique 1D210 — 10% Efficiency, 1D230 — 25% Efficiency) and correlated using a time-to-digital converter
(Picoharp 300). (c) Transmission spectrum of the ring resonator (as measured from one of the outputs of the Mach-Zehnder interferometer
when the relative phase is tuned for ~50/50 splitting) indicating the wavelengths of the two pump lasers [Pump 1 (blue) and Pump 2 (red)]
as well as the resonant wavelength of the resulting bi-photons (“green”).
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two-photon NOON state (N=2), which is a well-known form ow cow

of entangled state that exhibits a factor of N sensitivity to
relative phase changes over classical light.

This state is coupled out of the resonator, and into a Mach-
Zehnder analysis circuit for confirmation (Fig. 1(a)). The
circuit is composed of two legs of waveguide which are
spiraled to increase their total path length (~1mm). One of
the spirals is thermally tuned to induce a relative phase shift
[ 8] between the two paths. Combining the legs of the Mach-
Zehnder onto a 50/50 directional coupler completes the
analysis resulting in the phase dependent output state:

nocoinc. ~ 9
n=0,12,..

The distinguishing feature of this two-photon interference
is that it oscillates at twice the frequency as classical light.
Specifically, the bi-photons interfere at the output of the
Mach-Zehnder so that they either bunch together (no
coincidences) or anti-bunch (coincidences) at phase shifts
that are multiples of =, whereas classical light in the Mach-
Zehnder experiences constructive/destructive interference
over multiples of 2. Consequently, the observation of bi-
photon coincidences that oscillate at twice the rate as is seen



with a classical signal is a clear indication of bi-photon
NOON state generation and interference in the device.

This is seen in Fig. 2 where the measured classical signal
and coincidences are plotted. The classical light output from
the two ports of the Mach-Zehnder is shown in Fig. 2(a). As
the relative phase is changed, the signals cycle between
destructive and constructive interference and it is clear that
the coincidences shown in Fig. 2(b) oscillate at twice the
frequency, supporting our theorized output state in Eqgn. (2).
Consequently, counter-propagating entangled bi-photons
must have been generated in the ring resonator in order to
observe the high visibility coincidence oscillations observed
here.

In order to show that the two-photon interference is a
direct result of the generation of an entangled bi-photon
quantum state in a single ring resonator, we shifted the
wavelength of the “Pump 2” laser by one resonant peak
towards the central bi-photon resonance (seen in Fig. 1(c)).
In this case, energy conservation dictates that the generated
bi-photons will no longer be generated at the symmetrically
centered resonance (Agiphoton~1551nm). Instead any bi-
photons that could be generated would have to be at a
wavelength that does not correspond to an actual resonance,
which strongly inhibits their generation [22]. We do note
though that if any bi-photons were to be generated that they
would still fall within the transmission window given by the
bandpass pump rejection filters (Fig. 1(b)) and as a result
they would be measured. However, as is seen in Fig. 2(b)
(Incoherent-“orange-line™), no coincidences are observed
and it can be concluded that entangled bi-photons were not
generated even though both pump lasers are still producing
photons. Specifically, the only photons that are generated are
from the independent four wave mixing actions of each
pump laser. These independently generated photon pairs
must be spectrally non-degenerate and as a result, when they
are only measured within the spectral window of the pump
rejection filter, the photons are effectively incoherent (e.g.
thermal); consequently, they do not interfere with each other.

The observed photon interference in Fig. 2(b) has a
measured visibility of Vgaw™93.3£2.0%. When the
accidentals are subtracted (which is common practice and is
done to remove the noise from the detectors and other photon
generation processes [1]) the visibility is observed to be V=
96.0+2.1%. These high visibilities indicate that the
observed coincidences arise from the bi-photon
entanglement discussed in this letter. We do note though that
the visibilities could be improved upon. First, it is seen that
the classically measured visibilities in Fig. 2(a) are lower
than desired. This is likely due to un-optimized directional
couplers (e.g. length and waveguide separation gap) in the
Mach-Zehnder interferometer. By analyzing the dependence
of visibility on directional coupler splitting ratio and by also
using other test structures on the same chip we believe the
directional coupler in this device is within +/-7% of a 50/50
coupling ratio. In the future we plan to integrate heaters and
optimized directional coupler designs to mitigate this

variation [36]. Another source of noise is seen in the
coincidence data around a phase shift of ~x. This noise is due
to the thermal/mechanical stability of the setup; particularly,
the electrical needle probes used to locally heat one leg of
the Mach-Zehnder interferometer. Since the data was
measured over many hours, the probes inevitably shifted
position, which strongly affects the coincidences at this point
because they occur over the high sensitivity quadrature
points of the classical signal.
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FIG. 2. (a) Classical laser light from the two outputs of the silicon
circuit (blue diamonds and purple circles) as the relative phase of
the Mach-Zehnder was varied. The heating power was converted to
phase using a fit of the applied heating power and assuming the
phase linearly depends on temperature. The blue- diamond data
was scaled by a factor of x1.67 for ease of comparison. This path
experienced a higher loss on the chip because the waveguide was
physically longer and required multiple electron beam lithography
fields to be stitched together, resulting in higher than typical loss.
This longer waveguide was required in order to couple light in/out
of the chip using the three optical fibers, each controlled by an
independent piezo stage. (b) Coincidences between the two paths
measured for ninety-seconds (green circles). The coincidences were
measured with a 32ps time resolution and integrated over 224ps in
order to account for the timing jitter of the Avalanche Photodiodes.
This integration range was found to maximize the observed
visibility. The accidentals were obtained by averaging the time
correlations far away from the coincidence peak over a time interval
of 320ns. The calculated error is obtained from the standard
deviation of the accidentals over the same range. (orange line —
Incoherent):  Coincidence counts when the pumps are tuned
asymmetrically about the central resonance, resulting in
independent, incoherent, photon pairs.

The peak coincidences observed were also limited by loss
within the device and the detectors. The free running InGaAs



photon detectors have relatively low dark count rates
[~2.5kHz for the 1D210, and ~200 for the 1D230] but only
when operated with long dead times [50us-id210, 25us-
id230]. We characterized the detectors and for the photon
flux detected we determined that approximately 50% of the
photons were being lost within the dead time of the detector.
Consequently, the actual coincidences could increase by
approximately four times with better detectors. It should also
be noted that the ring resonator photon generation device
itself has an effective photon-pair loss. Specifically, the bi-
photons generated within the microring cavity may be lost
through different ports of the ring resonator as recently
pointed out by Vernon & Sipe in [37]. However, this is
inherently true for any resonator that has intrinsic loss —even
one that is just coupled to a single waveguide [37]. In
contrast, the double-bus ring resonator used here enables the
control of the relative coupling strengths and simplifies the
integration of the source with the analysis circuit.

Noise is also produced by non-degenerate photons
produced by the pumps acting independently of each other.
We previously observed that a single pump will produce a
comb of photon pairs [21]. Therefore, each pump
spontaneously produces an incoherent photon at the bi-
photon resonance. In order to minimize this effect it is key
to optimize the relative powers of the two pump lasers.
Specifically, if the power of one laser is stronger than the
other one, more non-degenerate photon pairs will be
produced by that stronger pump. Consequently, it is
important to match the two pump powers to maximize the
Coincidental/Accidental Ratio (CAR) of the bi-photons. For
all of the measurements shown in this letter this optimization
was done and resulted in a CAR of ~80 when both pumps
each had ImW of power (~350uW each at the chip). We note
that this CAR is lower than in our previous work [21]
because here we had to use photon detectors with higher
noise (~kHz vs Hz) and the additional elements in the circuit
yield more loss which degrades performance. Regardless,
higher CAR’s can be obtained through further circuit
optimization and at lower pump power levels but we selected
this power as it gave a reasonable tradeoff between noise and
photon flux. We also note that noise is produced from Raman
processes in the UHNATY fiber and the glass cladding
surrounding the Silicon waveguide [21].

While the presence of multiple resonance modes is a
challenge from a noise standpoint, the multiple resonances
provide flexibility in how the bi-photons are produced.
Specifically, all of the resonances accessible with our
tunable lasers can be used to produce bi-photon pairs,
provided the two pump lasers are tuned such that energy
conservation is met for the central bi-photon resonance. This
requires the dispersion to be relatively flat, but [as seen in
Fig. 3(a-f)] when the two pump lasers are symmetrically
tuned to all resonances over a range spanning up to AA=X.-
A1=78.5nm and down to AA=19.4 (which is the closest the
pumps could be placed together due to the limitations of the
filter bandwidths (Fig. 1(b) insets)), high visibility two

photon interference is observed. We do note though that
there are some variations in both the peak coincidences and
the accidentals that do yield variability in the observed
visibility. We believe this is due to the weak wavelength
dependence observed for the entire circuit (Fig. 1(c)), which
is likely a result of the dispersion of the directional couplers.
Regardless, the ability to use any resonant wavelengths to
produce the two photon interference enables flexibility for
future wavelength division multiplexed integrated quantum
circuits.

Another important consideration is how selective the
wavelength dependence of the two photon interference is.
We measured the spectral selectivity of the resonator by
setting the relative phase of the Mach-Zehnder to = (i.e. peak
coincidences) and then scanned the wavelengths of both
pump lasers, as seen in Fig. 3(g-h). We find that the
coincidences only occur when the two pump wavelengths
coincide with the energy conservation relation of the
spontaneous four wave mixing process. Here this
corresponds to AArwhm~0.13nm, which closely matches the
inherent spectral width of the ring resonances and supports
the conclusion that the bi-photon bandwidth is dictated by
the resonator [11].
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FIG. 3. (a-f) Coincidences for different pump laser wavelengths.
(g-h) Dependence of the coincidences on the wavelengths of the
two pump lasers. The scales are different because the New Focus
laser (blue scale with range -0.1 to 0.1nm) has a very limited fine-
tuning range.

In conclusion we have demonstrated quantum interference
of photons produced from a single Silicon ring resonator



photon source. This was achieved by exploiting the inherent
degeneracy of the clockwise and counterclockwise modes of
aring resonator. This effectively doubles the functionality of
a single ring resonator photon source and will enable
considerable  simplification of  future  multi-qubit
entanglement quantum circuits that rely on multiple photon
sources. Here a ring resonator source with a relatively large
radius was used in order to demonstrate wavelength
flexibility of a resonant photon source. This resulted in a
source brightness of approximately ~1x10°
photons/s/mW?/GHz. In future work, the quality factor of the
resonator can be engineered and/or a smaller diameter
resonator could be used to increase source brightness and
minimize non-degenerate photon noise.
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