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Abstract: Scalable photonic quantum technologies are based on multiple
nested interferometers. To realize this architecture, integrated optical struc-
tures are needed to ensure stable, controllable, and repeatable operation.
Here we show a key proof-of-principle demonstration of an externally-
controlled photonic quantum circuit based upon UV-written waveguide
technology. In particular, we present non-classical interference of photon
pairs in a Mach-Zehnder interferometer constructed with X couplers in an
integrated optical circuit with a thermo-optic phase shifter in one of the
interferometer arms.
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1. Introduction

Quantum-enhanced technologies promise to surpass the performance of their classical coun-
terparts by utilizing inherently quantum-mechanical phenomena, for example, multi-partite en-
tanglement. Certain tasks naturally lend themselves to optical implementations — small-scale
quantum computing and quantum repeaters [1, 2, 3, 4, 5], quantum cryptography [6, 7, 8, 9],
and precision measurement protocols [10, 11, 12]. To implement these quantum technologies,
linear optical devices such as beam splitters, phase shifters, and interference filters are required
[13]. Until recently, the only demonstrations of such quantum devices have been performed
using bulk table-top optics [14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29], which
is not a practical approach to scalable implementations of more powerful quantum protocols.
This is due in part to the difficulty associated with alignment and stabilization of bulk optical
elements necessary to create and maintain optimal mode matching in several sequential inter-
ferometers. The sheer size of bulk devices is also impractical for scalable manipulation of many
photons. Thus an integrated optics approach, which requires no alignment, is inherently stable
because of the small size and monolithic structure, and allows easy construction of complex in-
terferometric networks on the micro-scale, provides the best way forward in dealing with these
obstacles [30, 31].

The performance of photonic quantum technologies is largely governed by the quality of both
classical interference and non-classical two-photon or Hong-Ou-Mandel (HOM) interference
[32] at a beam splitter (or coupler in an integrated optical device) and its multi-photon gener-
alizations [33]. Such effective photon-photon interactions are critically affected by the spatial,
spectral, and polarization mode overlap of the photons, making mode matching a crucial spec-
ification for these devices.

The information transmitted and manipulated in these quantum applications is typically en-
coded in a two-level quantum system, called a qubit, which for a single photon can be realized
by its polarization, spatial, or spectral mode. In integrated optics, “dual-rail” logic is typically
implemented, in which a qubit is realized by the spatial mode of a photon, that is, one of two
paths the photon may take in different waveguides. A logical ‘1* (‘0’) is represented by the
presence (absence) of the single photon in mode a(b) and the absence (presence) of the photon
in mode b(a). In Dirac notation this can be expressed as |1). = |1,0)ap and [0). = [0,1)ap,
where |j)i, (j =0,1) is the logical state and |m, n),, is a photon number state of the electro-
magnetic field with m(n) photons in mode a(b). With this qubit encoding and careful design of
a single waveguide circuit consisting of several interconnected interferometers, each having an
adjustable relative phase between the two arms, one can envision programming any desired op-
tical circuit by adjustment of the phases on individual interferometers. This architecture would
allow implementation of many different quantum algorithms using the same device and not
require the manufacture of several additional circuits.

First steps toward integrated photonic quantum circuits were recently reported based on
etched planar silica-on-silicon waveguides [34, 35] and femtosecond-pulse-written waveguides

#111463 - $15.00 USD  Received 18 May 2009; revised 24 Jun 2009; accepted 25 Jun 2009; published 22 Jul 2009
(C) 2009 OSA 3 August 2009/ Vol. 17, No. 16/ OPTICS EXPRESS 13518



in bulk silica [36], and optical fiber [37]. The experiments with silica-on-silicon etched waveg-
uides demonstrated that integrated optical devices can be used to perform high-visibility classi-
cal [34] and quantum interference [35] at the few-photon level. HOM interference at an evanes-
cent coupler with a visibility of 94.8 +0.5%, and implementation of a controlled-NOT (CNQOT)
quantum logic gate in the logical basis [35] show the feasibility of integrated optics for quan-
tum interference. The output of the CNOT gate was not completely characterized due to the
inability to perform full state tomography of the output. Complete characterization requires lo-
cal single-qubit unitary transformations at each output qubit, that is, the ability to switch to a
superposition basis for detection. This can be achieved by using a Mach-Zehnder interferom-
eter (MZI) and two phase shifters. In addition, devices constructed from etched waveguides
have considerable loss due to the roughness associated with the etching process, and suffer
from an inability to cross waveguides over one another, restricting the topology of quantum
circuits that can be realized. The femtosecond-laser-writing approach removes the topological
restrictions on circuits that can be constructed by writing 3D structures and the loss caused by
etching. The crucial ability to control the optical phase between different waveguides and ob-
serve high-visibility quantum interference at the same time has yet to be demonstrated in either
approach.

In this letter, we present the first quantum interference in phase-controlled integrated pho-
tonic quantum circuits. The waveguides are produced by direct UV-writing (DUVW) in planar
silica-on-silicon waveguides [40]. The UV-writing process enables creation of couplers with
varying splitting ratios by crossing waveguides at different angles [41] as illustrated in Fig.
1. These X couplers may circumvent the planar restriction by crossing waveguides with es-
sentially no coupling [42], allowing the realization of any circuit topology. Photolithography
methods cannot be used to construct X couplers because this technique leaves under-etched
segments in the crossing area, resulting in effects such as uncontrolled coupling ratios and high
scattering losses.

Phase control is implemented through a thermo-optic phase shifter, that is, via local heating
of a waveguide. This is accomplished by passing a small current through a NiCr electrode
deposited above the waveguide. The inherent stability and low propagation loss of the integrated
devices paired with the ability to control the phase between different optical paths and excellent
mode matching allows observation of phase-dependent quantum effects, such as NOON-state
interference [43, 27, 29].

2. Waveguides

In traditional integrated optical devices, light is guided along a core channel embedded in a
cladding of slightly lower refractive index (similar to an optical fiber). These channels are typ-
ically prepared from semiconductor wafers using lithographic etching techniques. Support of
a single transverse mode for a given wavelength range is achieved by careful choice of the
waveguide dimensions and refractive indices of the core and cladding layers. Coupling be-
tween waveguides can be achieved by bringing together the two guides sufficiently close so
that their evanescent fields overlap. The coupling ratio 7, which is equivalent to the beam split-
ter reflectivity, is determined by the distance between the waveguides and the length of the
coupler. This evanescent coupler, also known as a directional coupler, operates by an interfer-
ometric effect so that the coupling ratio (or effective beam splitter reflectivity) is wavelength
dependent. The interferometric nature of the coupler also makes it sensitive to temperature and
polarization fluctuations at the coupling junction as well as unavoidable manufacturing imper-
fections. In previous work we have demonstrated that compact X couplers produced by DUVW
can be used to improve the coupler stability through careful refractive index matching in the
waveguide crossing area [41].
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Laser written waveguides allow creation of structures that are not viable with lithographic
etching techniques of standard integrated optics manufacturing such as X couplers [41, 44],
and Bragg reflectors [45]. Since there is no lithographic step, the waveguide writing process is
quite rapid and enables quick development from prototype to completed device. The host-slab
waveguides are fabricated by flame-hydrolysis deposition (FHD) [46], utilizing 6” diameter
silicon wafers (1 mm thick) with a 20 um thick thermal-oxide silica layer as a substrate and
further deposition of doped silica layers to provide in-plane optical confindement. The wafer is
subsequently diced into chips with typical dimensions of 25 mm x 10 mm (length x width).
The guiding structure consists of a lower silica cladding layer (18 um), a guiding germanium-
doped (= 0.5 % atomic mass, measured by energy dispersive X-ray (EDX) spectroscopy) silica
core (4.5 um), and a top silica cladding layer (18 um). The individual waveguides are written
by focusing a continuous-wave UV laser (244 nm wavelength) onto the chip which is subse-
quently moved transversely to the surface normal with computer-interfaced 2D mation control,
as depicted in Fig. 1. The core of the waveguide is formed by a local change in refractive index
of the Ge-doped planar silica layer that is proportional to the local fluence of the UV light, and
is roughly 8n = 4 x 102 [41, 44]. This leads to an effective step-index profile for the guiding
core. To ensure symmetric single transverse spatial mode operation of the waveguides at 800 nm
wavelength (where high-efficiency single-photon detectors are available), care must be taken in
choosing the core dimension, laser focusing and fluence [41, 44]. The UV laser was focused to
a spot size of approximately 4.5 um to match the core thickness and ensure a circular guiding
mode. The cladding layers were doped with Boron to closely match the index of the Ge-doped
core layer. This implies that the photo-induced index change is the main contribution to optical
guiding. The supported transverse waveguide mode is extremely well matched to single-mode
optical fibers, with measured butt-coupling efficiencies of up to 70% in a single channel. In
our experiments, we operate with ~60% coupling efficiency at the inputs and outputs due to
difficulties coupling multiple channels at the same time.

‘Waveguide
_ Si0, Overclad, 18um

244nm Laser

=
|

— Ge:SiO, Core, 4.5pum

\SiOQ Underclad, 18pm

Focussing Lens

Substrate, Imm

Waveguide Chip

2D motion
control

Fig. 1. Schematic of the UV-waveguide writing process and their structure (inset).

The effective beam splitter reflectivity of the X couplers is primarily governed by the inter-
section angle of the guides (2.45° for 50:50 coupling) and the balance of the UV-light fluence
(and thus the index change 6n) between both waveguides at the crossing region. The X cou-
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plers are formed by writing one channel at a time taking care to decrease the laser flux at the
crossing point to ensure a continuous refractive index profile, as depicted in Fig. 1. Due to the
dependence of the coupling ratio on geometry as opposed to optical interference, which oc-
curs in evanescent couplers, X couplers are less sensitive to fabrication imperfections, thermal
fluctuations, and polarization state at the coupling junction [41, 44].

To control the phase between two different waveguides on the chip a thermo-optic phase
shifter is used. A small NiCr electrode (0.4 um x 50 um x 2.5 mm = height x width x length,
0.85 kQ electrical resistance) is deposited directly over one of the waveguides through which a
current can be passed. The local Ohmic heating causes the refractive index to change slightly,
thus inducing an optical phase difference between the two different waveguides. This phase can
be adjusted across a full range from 0 to 27.

3. Experiment

To demonstrate the capability of our UV-written waveguides in the quantum regime, we per-
formed two experiments using a Mach-Zehnder interferometer (MZI) as shown in Fig. 2.
First we demonstrate the mode-matching capabilities and phase stability of the integrated
optics and X-coupler performance by observing non-classical two-photon Hong-Ou-Mandel
(HOM) interference [32]. Here the MZI is used as a beam splitter with effective reflec-
tivity 7 = (14 cos(A¢))/2. The phase difference between the two interferometer arms is
Ap = ¢ — ¢o, with ¢ the phase change due to the thermo-optic phase shifter, and ¢p any initial
phase difference between the arms when no current is applied.

In HOM interference two photons are incident at opposite input ports of a 50:50 beam split-
ter. If the photons are identical in all degrees of freedom (polarization, spatial, and spectral
including phase), then the photons will always exit the beam splitter in the same output port.
This can be seen as a consequence of the bosonic nature of photons. If some distinguishability
between the photons is introduced, say by changing their relative arrival time to the beam split-
ter, then there is a chance that the photons will exit the beam splitter from different ports. By
placing photon-counting detectors at the output ports of this beam splitter and examining the
coincidence statistics for repeated experiments as a function of the relative time delay between
the photons, the characteristic HOM dip in coincidence rate at zero time delay is observed [32].
The visibility of the HOM dip sets a lower bound on the photon indistinguishability and thus
mode overlap [47, 48].

The photons used in our experiments, centered at 830 nm wavelength, are created from a
degenerate, collinear, type-I1 spontaneous parametric downconversion (SPDC) source [47, 48].
The 5 mm long potassium-diphosphate (KDP) crystal is pumped with 600 mW of frequency-
doubled pulses (415 nm wavelength and 3.5 nm bandwidth) derived from a Ti:Sapphire laser.
The downconverted light is passed through an interference filter (IF) (830 nm central wave-
length and 3 nm bandwidth) to ensure good spectral overlap of the photons, prior to separating
the two polarization modes on a polarizing beam splitter (PBS). Quarter and half wave plates
(QWP and HWP) are used prior to launching each polarization state into single-mode fibers
(SMFs) to ensure that each beam propagates through the MZI with the same polarization. A
temporal delay line (7) in the path of one of the photons allows control of the relative arrival
time of the photons at the MZI. The SMFs were directly coupled to the waveguides using a v-
groove assembly (Oz Optics) and fixed by index-matched epoxy. The spacing of the waveguides
(250 um) was chosen to match the commercially available fiber array used in the experiments.

Setting the relative optical phase in the MZI so that it performed as a nearly 50:50 beam
splitter and delaying the arrival time of the photons by adjusting the optical delay line, we ob-
tain the two-photon HOM interference dip shown in Fig. 3 (a). The raw visibility of the dip
(79 & 1%), defined by V = (Rmax — Rmin)/Rmax and obtained from a Gaussian fit, is at first
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Fig. 2. Experimental setup. Horizontally and vertically polarized photon pairs created by
SPDC pass through an interference filter (IF) prior to being separated by a polarizing beam
splitter (PBS). A temporal delay line (7) in one of the photon paths controls the relative
arrival time of the photons to the MZI. Half and quarter wave plate pairs (HWP and QWP)
ensure the photons coupled into single-mode fibers (SMFs) arrive at the waveguide with
identical polarization states. A computer-controlled voltage supply (V) controls the relative
phase, ¢, between the interferometer arms. The outputs of the interferometer are sent to Si
avalanche photodiodes (APDs). The singles and coincidence count rates are monitored by
field-programmable gate array (FPGA) electronics connected to a computer. Inset shows a
schematic of the setup.

not so encouraging, since much better interference has been observed in bulk optics [47, 48].
However, this is mainly due to significant contamination arising from more than one photon
pair being produced in the SPDC source. This background could be reduced by lowering the
SPDC pump power, but this would significantly increase the data acquisition time. Since we
are interested mainly in the device characteristics and not the source specifications, we sub-
tract the effects of the background. To determine this background we block one of the MZI
inputs and count the number of coincidences in 300 seconds. This is repeated with the other
input blocked and the sum normalized by the counting time is taken as the background (~ 75
/'s) which is subtracted from the raw data. The resulting background-subtracted dip is shown
in Fig. 3 (b), which gives improved visibility (95.0 + 1.4%), indicating better mode overlap.
This demonstrates the ability to set a stable phase over the measurement time (= 10 min.) and
observe high-visibility quantum interference.

The residual 5% visibility is attributed to the polarization mode mismatch of the input pho-
tons. Even though the waveguide X couplers are polarization insensitive, to observe high-
quality quantum interference requires that the photons are launched into the guides with iden-
tical polarizations, which is difficult to achieve with the non-polarization-preserving single-
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mode-fiber v-groove assemblies used here. This can be addressed by using polarization-
maintaining-fiber v grooves in future applications.
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Fig. 3. Two-photon HOM interference through a waveguide MZI with the phase (¢) tuned
to act as a 50:50 beam splitter. Plots show (a) measured coincidence count rate (79 + 1%
visibility) and (b) background subtracted coincidence count rate (95.0 4 1.4% visibility)
as a function of the relative arrival time of photons to the beam splitter, . Error bars are
calculated assuming Poisson count statistics and propagating errors for the background
subtraction. The blue line is a Gaussian fit.

To show the phase-control performance of our integrated optical circuits at the quantum level,
we perform a two-photon NOON interference experiment. In an interferometer, NOON states
of light lead to a fringe pattern in N-fold coincidence photodetection events that oscillates
N-times faster as a function of the phase than the classical fringe pattern. A NOON state of
the electromagnetic field is one in which two modes a(b) are in an equal superposition of
having N(0) photons in mode a(b) and O(N) photons in mode a(b), i.e. the state of the field is
ly) = (IN,0) +]0,N))/+/2. Here [m,n) is a Fock state with m(n) photons in mode a(b). We
can realize a two-photon NOON state inside the MZ1 by launching the state |1, 1) into the inputs.
This state transforms after the first coupler into the superposition

11,1) — (|2,0) — [0,2))/V2, 1)

due to the HOM effect. The right-hand side of Eq. (1) is the two-photon NOON state. If there is
a phase shift, ¢, in mode a relative to b, the state evolves as

(12,0)—0,2))/v2 — (|2,0)€?* —10,2))/ V2, @)

where the two-photon component in mode a picks up twice the phase ¢. After the second beam
splitter we project onto the state |1,1), that is, collect the two-fold coincidence counts at the
output of the MZI. This leads to a coincidence rate as a function of the relative phase ¢ given
by

Ri1(¢) = Ro{1+Acos[2(¢ + ¢o)]} ()

Here Ry is an overall count rate, A = (Rnax — Rmin)/(Rmax + Rmin) is the fringe visibility, and
¢ is the initial phase difference in the interferometer. Hence the characteristic 2¢ fringe pattern
in the coincidence rate for the two-photon NOON state can be observed. The visibility of these
fringes is a measure of the indistinguishability of the photons propagating in the waveguides,
and thus characterizes the performance of the couplers, phase shifter, and waveguides at the
quantum level.

The two-photon NOON state is produced from the same SPDC source used in the two-photon
HOM interference experiment, with the time delay between the beams set to zero. The raw
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Fig. 4. Two-photon NOON interference through a waveguide MZI as a function of the phase
induced by the thermo-optic phase shifter. Plots show (a) raw measured coincidence count
rate (78.9 + 3% visibility) and (b) background subtracted coincidence count rate (88 4+ 3%
visibility) at zero time delay. Error bars are calculated assuming Poisson count statistics
and propagating errors for the background subtraction. The blue line is a fit to Eq. (3).

two-fold coincidence rates as a function of the phase induced by the thermo-optic phase shifter,
@, is plotted in Fig. 4 (a). The phase is related to the dissipated power, P, by ¢ = oP. Here
o =0.579+0.006 deg/mW is determined from the classical fringe pattern. The power is given
by P =V?/R, where V is the applied voltage and R= 85045 Q is the measured resistance of
the thermo-optic phase shifter.

Again we note that there is a significant background coincidence contribution from multiple
photon events similar to those that occurred in the HOM interference experiment. This can be
taken into account by measuring the two-fold coincidence count rates as the phase is varied for
each of the SPDC modes blocked. These background count rates can then be subtracted from
the raw data giving a fringe visibility of 88 4+-3% as shown in Fig. 4 (b). The visibility is not
equal to the 95% observed in the HOM interference because the waveguide used for the HOM
experiment was damaged by driving the thermo-optic phase shifter with too much power.

The discrepancy in the visibilities of the HOM (95%) and NOON-state (88%) could in princi-
ple be due to the phase shifter introducing distinguishability between the modes, the waveguides
may be polarization sensitive, or input photon mode mismatch. We can rule out the first two of
these since they would affect HOM interference visibility in all waveguides. The 95% visibility
observed in the HOM experiment taken over 10 minutes quantifies the minimum performance
of the waveguide circuits. This sets a quantitative lower bound on their mode matching and sta-
bility capabilities. However, we are not able to rule out the input state of light. The polarization
mode mismatch of the photons launched into the waveguide is not trivial to determine. This can
be addressed by using polarization-preserving optical fibers to couple light into the waveguides.

4, Conclusions

Integrated optics is a promising route to scalable quantum technologies. The UV-written waveg-
uide circuits demonstrated here have several advantages over structures developed with litho-
graphic techniques. The ability to create X couplers as opposed to evanescent (directional)
couplers, which operate over a larger bandwidth, can be used to circumventing the topological
restrictions of the planar 2D structure and enables new circuit designs. The laser writing process
allows for rapid development of circuit layouts and can be used to create other devices such as
Bragg reflectors in situ. We have shown the first phase-controlled photonic quantum circuits in
an integrated optical device, which is a key requirement for future developments in quantum
technologies. The observed 95% HOM interference visibility and 88% two-photon NOON-state
fringe visibility are promising indicators that controllable quantum circuits of nested interfer-
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ometers can be constructed. Although further development of the polarization invariance of
the X couplers is needed. In addition, this technology sets the stage for development of more
complicated quantum circuits and applications, such as a quantum thermal sensor.

Note added in proof: We note that similar results to those reported here have recently been
published [49].
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