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15
16 Accepted 00th January 20xx Modern quantum technology currently experiences extensive advances in applicability in communications, cryptography,
17 computing, metrology and lithography. Harnessing this technology platform for chem/bio sensing scenarios is an appealing
18 DOI: 10.1039/x0xx00000x opportunity enabling ultra-sensitive detection schemes. This is further facilliated by the progress in fabrication,
miniaturization and integration of visible and infrared quantum photonics. Especially, the combination of efficient single-
19 www.rsc.org/
20 photon sources together with waveguiding/sensing structures, serving as active optical transducer, as well as advanced
detector materials is promising integrated quantum photonic chem/bio sensors. Besides the intrinsic molecular selectivity
21 and non-destructive character of visible and infrared light based sensing schemes, chem/bio sensors taking advantage of
22 non-classical light sources promise sensitivities beyond the standard quantum limit. In the present review, recent
23 achievements towards on-chip chem/bio quantum photonic sensing platforms based on NOON states are discussed along
24 with appropriate recognition chemistries, facilitating the detection of relevant (bio)analytes at ultra-trace concentration
25 levels. After evaluating recent developments in this field, a perspective for a potentially promising sensor testbed is
26 discussed for reaching integrated quantum sensing with two fiber-coupled GaAs chips together with semiconductor
27 quantum dots serving as single-photon sources.
28
29 INTRODUCTION a) Mior b)
30 . . 1 = 1 ES 2 8s
Interferometry is a fundamental measurement technique not
31 limited to applications in chemistry, but has rather successfully
32 been used in a variety of scientific fields. A typical measurement BS1 v Possble
33 setup is a balanced Mach-Zehnder interferometer comprising two o -
. . . cotes
34 50:50 beam splitters (BS), which can be used as a sensing 3 4
35 instrument, e.g., for (bio)molecules (see Fig. 1a)). Coherent light 2 £ i
36 incident on the first BS will be split between both arms of the =~ B B2 = % %
37 interferometer, and constructive or destructive interference will }@—C
38 occur at the output ports of the second BS depending on the = o
39 potential phase shift Ap induced in one arm of the interferometer. On-chip design
40 This measurablé shift can .be C?USECI 8. by.Ilght p‘ropagatlon Fig. 1 a) Exemplary realizations of Mach-Zender interferometers
through an area n contact Wfth (‘blo)molecules, since their presence  (\1z)). In 1, beam paths illustrate light split at a first beam splitter
41 affects the effective refractive index of the guided photons. The (BS1), and then fed into the two arms of the interferometer. After
42 precision of the phase measurement for a classical light source is reflection at two mirrors the beam paths are interfered at a second
43 restricted by the standard quantum limit (SQL) as A(pSQL = 1/ beam splitter (BS2) after a phase shift (A(P) had been introduced
44 VN, with N as the number of used photons. W|th|n one of the beam paths. A schemgtlc design of an oq-chlp Mzl
realization is shown in 2. Waveguides route the light, and
45 evanescent field couplers (BS1 and BS2) act as substitutes for bulk
46 beam splitters. b) Schematic description of the Hong-Ou-Mandel
47 (HOM) effect. At a 50:50 beam-splitter, two identical photons - one
48 at each input port - arrive at the same time. In 1 and 2, one photon
is transmitted and the other one is reflected. In 3 and 4, both
49 photons either are reflected or transmitted. Only 1 and 2 are
50 possible, if perfectly aligned quantum mechanical interference
51 - occurs, as 3 and 4 interfere destructively.
“Institute of Analytical and Bioanalytical Chemistry, Ulm University, Albert-
52 Einstein-Allee 11, 89081 Ulm, Germany (corresponding author phone:
+497315022750; fax: +4907315022763; e-mail: boris.mizaikoff @uni-ulm.de).
53 b Institut fiir Halbleiteroptik und Funktionelle Grenzflichen, Universitét Stuttgart, Of particular interest to chem/bio sensor applications is the fact
54 Allmandring 3, 70569 Stuttgart, Germany (corresponding author phone: that photons in non-classical NOON states, which will be explained
+4971168564660; fax: +49 711 685 63866; e-mail: p.michler@ihfg.uni- . L. . . )
55 stuttgart.de). below, in principle allow quantum interferometric sensing
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strategies with an error of the phase estimation of Ag,, =1/N,
i.e., the Heisenberg limit (HL) (Fig. 2). This precision is only limited
by the quantum mechanical law of uncertainty, if imperfections of
the measurement system such as losses are neglected 12,

Probing photons
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Fig. 2: Comparison between the standard quantum limit (SQL) and
the Heisenberg limit (HL) with respect to the distinguishable phase
shift Ag and the number of probing photons.

By reducing the value of the phase precision below A®g,,, the
regime of super-sensitivity is reached. Without the usage of NOON-
states or other entangled states, sensing beyond the SQL is also
possible by using squeezed states. These are non-classical coherent
states, whereby the amplitude-phase-uncertainty of light is
squeezed. This is enabled by increasing the uncertainty in one
quadrature, while reducing it in the other. For example, phase-
squeezed states were successfully used to increase the sensitivity of
gravitational wave detectors > The disadvantage of squeezed light
is its rather complex generation, which typically relies on non-linear
schemes such as parametric down-conversion or four-wave-mixing.
These schemes are probabilistic, and thus require high pumping
powers, which need to be filtered prior to sending the probing
signal into the sensing area. Therefore, these schemes are currently
mainly realized using highly elaborate experimental setups, and
bulk optics 8,

If the sensing scenario is constrained by the power incident at the
sample, as frequently the case for chemical or biological samples, it
is necessary to create a probing signal with accordingly low classical
background. This circumstance favours NOON states as the
fundamental mechanism for generating non-classical light. NOON
states are maximally path-entangled N photon states written as

[Wnoon) = \%(IN, 0)ap + IO,N)A,B), in which N photons are in a

superposition state. Hence, all photons are either in state A and
none in state B or vice versa. A two-photon NOON state (i.e., a 2002
state) may be created by taking advantage of the Hong-Ou-Mandel
(HOM) effect. There, the interference of two indistinguishable
photons at a 50:50 beam splitter is utilized with both photons in a
superposition state in either of the beam paths. Hence, the
probability of both photons leaving the beam splitter at different
outputs cancel each other out (see Fig. 1b)).9’1° Indistinguishable
implies that the photons are equal in each property including
energy, polarization, and wave-packet form.

Using an interferometric sensing scheme (see Fig. 1a) where one
light path experiences a phase shift A with respect to the other

path, the state is transformed to \/% (IZ,O) + ei2)0, 2)), since the

phase shift in the sensing area of the two-photon NOON-state is
twice that of a single photon (i.e., two times ¢). The signal is

2 | Analyst., 2017, 00, 1-3

measured by recombining both paths at another beam splitter, and
a single photon detector at each output port. Unlike classical
interferometric schemes where the measurement of the signal
intensity at the output ports is sufficient, quantum interference
using NOON states results in a phase-shift-dependent oscillation of
the coincidence rate of the single photons at the two output ports.
This oscillation can be measured by determining the correlation
signal of the two corresponding outputs.

As the 2002 state received a doubled phase shift compared to a
single photon, the oscillation rate is twice the classical expected
intensity oscillation rate. Consequently, super-resolution, i.e., a
faster oscillation than the classical intensity oscillation is readily
achieved. Using an N-photon NOON state would therefore result in a
cos(N ¢) correlation signal 113, yet, the generation of NOON states
with N>2 is highly nontrivial.

Super-resolution itself can also be achieved without quantum
interference ™. However, one can distinguish between quantum
and classical input states by the degree of visibility of super-
resolution fringes, as depicted in Fig. 3. It is important to note that
guantum interference alone is not sufficient for sensing beyond
classical limits. For each particular sensing system, losses and
photon generation efficiencies must be taken into account to
determine whether improved performance is achieved or not. This
leads to the introduction of a new threshold (Cg,), which can be
calculated via the standard interferometric limit (SIL) ™ as: Cg;p, =

1/ ,ep(eied)N‘iN, with the generation efficiency &, of the NOON

state, interferometer transmissivity €;, and detection efficiency &4
of the photons. Only if the contrast of the super-resolution fringes
(see Fig. 3) is higher than this threshold, classical performance
criteria may be surpassed, and super-sensitivity is reached. The
contrast is defined as C = (Iyax — Inin)/ Upax + Imin) With the
minimal (Iy;,,) and the maximal (Iy4,) signal of the oscillation. This
in turn is determined by the degree of indistinguishability of the
photons, which is specified by the interference visibility V, and the
degree of the classical mode overlap of the beam paths of the
entire optical chem/bio sensing setup. Surpassing the SIL is a highly
challenging demand, since, e.g., for a 2002 state a precision of
Cs, = 0.96 is required, if state-of-the-art indistinguishable single-
photon sources and single-photon detectors are used % This
implies that V needs to be = 0.96.

It is important to note that higher NOON states are more sensitive to
losses (g; and g4), as directly evident considering the equation of
Cs;;, above. This is due to the fact that the absorption of only one
photon destroys the entire NOON state due to the collapse of the
wave function. Consequently, the highest usable NOON state
depends on the achievable Cg;; of the experiment.

If NOON states are generated with individual QDs instead of a single
QD, the condition of indistinguishable photons is not sufficient
anymore for achieving the required emission characteristics.
Instead, the photons need to be additionally transform-limited, i.e.,
any effect of uncorrelated charge noise in vicinity of the QDs needs
to be suppressed. This again is highly challenging, however, has
been overcome and realized in recent studies operating near the
ideal limit." Today, the experimental realization of two-photon
interference from two remote QDs is under extensive investigation,
and has achieved state-of-the-art visibilities of ~ 50%."
Nevertheless, this is clearly on a path towards realization in the
near future, if existing photonic technologies are smartly combined.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3: Simulated coincidences rates at the output ports of a
perfectly aligned MZI using a single-photon source at each input
port plotted in dependence of the phase shift in one interferometer
arm for pure distinguishable (i.e., no quantum interference and just
classical interference, respectively; visibility V =0), pure
indistinguishable (i.e., maximal quantum interference; visibility V =
1), and partially indistinguishable (i.e., V = 0.5) photons. V = 0 and
V = 0.5 do not exhibit super-sensitivity despite revealing super-
resolution.

A requirement for the integration of such quantum technologies
into suitable real-world sensing devices is a scalable system. Hence,
one needs to consider on-chip integration of all required elements
for quantum sensing. Moreover, using integrated optics has the
appealing benefit of providing a stable system platform enabling
applications outside specialized laboratory environments. As
scalability and on-chip integration are currently investigated for
quantum computing, and both schemes, i.e., NOON sensing and
quantum computation may be realized using linear optics with
single photons, the integration of NOON state based sensing directly
benefits from advances in integrated quantum computing 1921
Therefore, a NOON state based concept for achieving super-
sensitivity via two fiber-coupled on-chip platforms is discussed
devising a prospective sensing platform enabling chem/bio
diagnostic schemes. Prior to considering the operation and
conceptualization of the required on-chip components, the
required properties for the suggested IllI-V semiconductor quantum
dots serving as single photon sources are discussed 22, as well as the
overall sensing concept for chem/bio sensing with NOON states and
integrated infrared photonics.

GENERATION OF PATH-ENTANGLED PHOTONS VIA
QUANTUM DOTS

A key element for quantum photonics is the coherent generation of
single photons and entangled photons 22 To date, entangled
photon pairs, suitable for NOON states, are mostly generated by
spontaneous parametric down conversion (SPDC) or four-wave
mixing 25728 However, these schemes require external optical
pumping sources with high output power, and the emitted photons
exhibit a Poissonian distribution, i.e., these sources may not be
used as on-demand single-photon sources in a straightforward way.
However, they can be used as heralded single-photon sources, i.e.,
if one photon of an entangled photon pair is detected, the

This journal is © The Royal Society of Chemistry 2017

occurrence of the second one is certain. This renders such sources
also suitable for NOON state generation. Hence, a variety of
generation schemes including the measurement of super-phase-
resolution have been realized **’. Besides the realization of
entangled two-photon systems, entangled four-photon interference
beyond the SQL has been demonstrated " Recently, even higher
NOON states (i.e., N = 5) have been realized by mixing quantum and
classical light 3, However, for on-chip usage of these sources, and
for studying samples with low optical damage threshold, radiation
incidence of the rather strong pump lasers has to be efficiently
suppressed, which remains challenging for on-chip implementations
* " Similar challenges are encountered when using squeezed
coherent states, where the usage of additional off-chip filters is
commonly necessary *_ Another limitation of the direct production
of NOON states via SPDC is the decreasing probability for the
creation of high photon states, and the necessity of post-selection
to filter NOON states with lower N.

In this context, semiconductor quantum dots (QD) have been
introduced as a versatile alternative for deliberately producing
entangled photons 342 semiconductor quantum dots are only a
few nanometers in diameter, and are usually grown on a
semiconductor substrate. They can be used as bright and efficient
on-demand single-photon and entangled photon sources with
narrow emission bandwidths up to transform-limited photons in the
bandwidth range of a few hundred MHz Y anda photon generation
rate at the high MHz up to GHz range *_ This renders QDs
particularly suitable for on-chip quantum sensing schemes.

Most recently, phase super-resolution with NOON states generated
by QD-based on-demand single photon sources has been shown 32,
as well as super-sensitivity ® The brightness of the source is an
essential criterion for building an efficient device, whereas the
state-of-the-art extraction efficiency for a quantum dot source in a
cavity reaches approx. 80% 4476 Further important properties are
the indistinguishability and coherence of the generated single
photons to achieve a quantum interference with high visibility. High
visibilities even >99%, have been reported for QDs 454798 1n
combination with a high performance cavity for a high photon
extraction efficiency, indistinguishable photons with total
generation efficiencies up to 64% have been demonstrated SA
high generation efficiency is a prerequisite for sensing beyond
classical limits with higher NOON states (N >2), which are currently
limited by non-deterministic generation schemes.

A limiting factor for the creation of multi-photon entangled states
is potential dephasing of a QD state, and emission wavelength
fluctuations due to an unstable environment, which limits the
achievable quantum interference Vvisibility. Hence, resonant
excitation is the only suitable excitation scheme, since incoherent
phonon-assisted relaxation may be avoided, if excitation and
emission wavelength are similar #9350 n addition, cryogenic
temperatures (approx. 4 K) are needed to prevent phonon-assisted
linewidth broadening. However, this would not be sufficeitn for
chem/bio sensing beyond classical limits. Moreover, transform-
limited photons are required, as discussed in the introduction of
this review.

Since on-demand creation of single photons requires pulsed
excitation, the combination of resonant and pulsed excitation for
coherent optical control of the QD state is essential o

REQUIREMENTS FOR CHEM/BIO SENSING

Analyst, 2017, 00, 1-3 | 3
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From a materials perspective, on-chip sensing remains dominated
by silicon-based processing techniques, which have readily matured
due to ubiquitous microelectronics and silicon photonics.
Consequently, on-chip integrated photonics usually takes
advantage of the integration of, e.g., vertical-emitting resonant-
cavity light emitting diode and laser structures on silicon substrates
facilitating room temperature operation, integration with
microelectronic circuitry and CMOS-compatible optical transducers.
Hence, this material basis ideally lends itself for chem/bio sensing
applications 3234 n contrast, using IlI-V semiconductors as material
platform allows the straightforward integration of quantum dots
serving as single-photon sources, which is highly nontrivial for the
silicon platform.

To date, quantum dot-based on-chip light sources, which are
suitable to produce highly coherent photons require operation at
cryogenic temperatures, as mentioned before. This is in stark
contrast to chem/bio sensing strategies, which are unfeasible at
these temperatures. Therefore, the combination of a ‘light source
chip’ (LSC) with a ‘chem/bio sensing chip’ (CBSC), with the latter
operating at ambient conditions and connected via optical fibers is
a straightforward strategy derived from state-of-the-art
technologies.

Using these concepts, interferometric sensing schemes can be
realized via a 50:50 beam splitter on each chip, i.e., the LSC and the
CBSC (Fig. 4 a)). In this case, a two-photon NOON state is prepared
on the LSC and transferred via fibers to the CBSC. Alternatively, the
entire MZI setup may be realized on the CBSC, while the LSC solely
acts as fiber-coupled single-photon source (Fig. 4b)). The latter
approach renders quantum interference independent of phase
fluctuations caused by the fibers, e.g., by temperature variations.
Both approaches result in a Mzl configuration with the
cryogenically cooled LSC providing single photons from waveguide
integrated quantum dots, and the on-chip preparation of two-
photon NOON states that are directed to the MZI arms of the CBSC
operating at ambient conditions.

Since this modular concept entails that each chip can be
independently designed, maximum flexibility for optimizing the
light source, sensing, and detection architecture is ensured. Hence,
such sensing systems could be tailored and optimized to a wide
range of chem/bio sensing scenarios.

The testbed displayed in Fig. 4 would only create 2002 states,
and is therefore only able to beat the SQL of a balanced Mzl by a
factor of 1/+/2, which could also be achieved using an unbalanced
MZI with a coherent input state, and additional power propagating
within the reference arm °. To beat the SQL of an unbalanced Mzl,
the LSC may take advantage of scalable NOON state generators, as
for example proposed by Lee et al. and Kok et al. % These
schemes rely on linear optics with single-photon sources, 50:50
beam splitters, and detectors to herald the creation of the desired
NOON states. Thus, the scalability of such NOON state sensing
scheme is comparable with the scalability of quantum photonic
circuits applied in quantum computing, and may therefore benefit
from current advances in this field. Furthermore, such schemes
directly benefit from triggered single photon generation via QDs, as
this allows the simultaneous creation of several single photons
inside a circuit in contrast to the Poissonian distribution of
probabilistic schemes such as SPDC and FWM.

An advantage of NOON sensing vs. quantum computing is the
inherent sensitivity for low photon counts (i.e., qubit) of N>3, which

4 | Analyst., 2017, 00, 1-3
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is much easier to realize compared to a full scale quantum
computer 7 For example, a 4004 state can be created using only
two sources of N=3 Fock states |3), and a composer stage. The two
|3) states can be created in a heralded manner using three single
photon sources, two 50:50 beam splitters, and two detectors each.
The composing stage converts these two |3) states into a heralded
N=4 NOON state using only four 50:50 beam splitters, and two
heralding detectors. Further stacking of this scheme would allow
the creation of even higher heralded NOON states %,

The success probability of the 4004 state generation discussed
above is rather low at 3/2048, as expected for the probabilistic
creation scheme necessary for high NOON states. However, as the
constraint relevant in NOON sensing is the power incident at the
sample, all non-NOON components at the output of the LSC chip,
which are heralded in this scheme could be simply filtered using an
on-chip optical switch, as routinely realized using MZIs in silicon-
based telecommunication applications 3839 Hewnce, the proposed
structure can be considered a fundamental future testbed of
chem/bio sensing schemes using non-classical light even entailing
opportunities for scalability to higher NOON state sensing devices.

Fig. 4 a) Conceptual design of a two-chip assembly comprising a
light source chip (LSC), and a chem/bio sensing chip (CBSC).
Entangled photons are generated by the excitation of quantum dots
embedded within the waveguide arms of the LSC at cryogenic
conditions (4 K), e.g. via laser light, and propagate to the first beam
splitter. Fiberoptics (i.e., as shown) or free space optics can be used
to feed these photons from the cryogenically cooled compartment
to the CBSC, operated at ambient temperatures, which provides
similar waveguiding structures. A ‘sensing window’ enables
interaction of the photons at one arm with analyte molecules

This journal is © The Royal Society of Chemistry 2017
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present at the surface of the waveguide, which act as the phase-
changing transducer via evanescent field interactions. The output
arms of this MZI structure are connected to a single-photon
detector system that is either integrated on-chip or - again -
optically coupled via fibers. Sensing and reference arm are both
covered with a protective layer such as SiO,. b) Conceptual design
of a Mach-Zehnder interferometric sensing chip with increased
phase stability comprising all components of the MZI architecture
integrated onto a single-chip (CBSC), and a fiber-coupled quantum
light source chip (LSC) operated at cryogenic conditions.

ON-CHIP INTEGRATION

To date, comparatively complex optical systems have been used for
generating NOON states and recent studies have shown that such
states can be generated via photon sources integrated into
waveguide circuits 8081 gilverstone et al. ® have shown a silicon-on-
insulator (SOI) device combining two four-wave mixing sources into
an interferometer with a reconfigurable phase shifter and quantum
interference visibilities of up to 100 %.

Also, an on-chip waveguide circuit equal to an universal three qubit
gate was shown on silica 2! However, as discussed before there is
no straightforward strategy for integrating on-demand single-
photon sources on a silicon chip. The GaAs platform, on the other
hand, enables the direct integration of quantum dots as single-
photon sources, albeit with the drawback of higher propagation
losses inside the waveguide structures in comparison to silicon
waveguides 62,

A main advantage of on-chip integration derives from the
maturity and flexibility of microfabrication and semiconductor
processing  technologies including, e.g., (deep) uv
photolithography, e-beam lithography, focused ion beam (FIB)
micromachining, as well as wet and dry etching protocols (e.g.,
reactive ion etching (RIE), inductively coupled plasma etching, etc.).
Hence, a wide spectrum of processing strategies is available for
optimizing complex photonic devicesranging from prototyping for
single-device fabrication to batch fabrication schemes with a
considerable potential of cost-per-device reduction. Recently,
integrated semiconductor devices demonstrating on-chip triggered
single-photon generation, waveguiding, and beam splitter
operation have been realized & and may also be capable of
generating path-entangled photons in the near future 18,2063
Furthermore, the generation of path-entangled photons on a GaAs
chip was already demonstrated &,

Fig. 5 shows an on-chip beam splitter realized as an evanescent
field coupler. InGaAs quantum dots are embedded into a GaAs
single-mode waveguide core and can be optically excited.
Subsequently, resonant fluorescence is guided alongside the
waveguide structure towards a logical structure, e.g., a beam-
splitter. Single-mode operation is crucial, since otherwise two-
photon interference, and therefore the generation of NOON states,
would be impossible, as the propagation of photons in
distinguishable modes prohibits the Hong-Ou-Mandel effect and
potential sensitivity enhancements disappear B The coupling
efficiency from a quantum dot in a waveguide can be as high as 95%
for a free standing structure 18,

This journal is © The Royal Society of Chemistry 2017
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SEM Angular view - not to scale SEM Cross-section

Fig. 5 a) Scanning electron microscope (SEM) image of an on-chip
beam splitter with an evanescent field coupler. b) Cross-section of
InGaAs quantum dots embedded into a GaAs waveguide. c)
Simulated mode profile of guided radiation at A = 892 nm.
Reprinted from 19 with the permission of AIP Publishing.

Fig. 6 exemplarily shows the field distribution within a GaAs on
AlspGasgAs waveguide architecture at a wavelength of 900 nm
indicating single-mode guiding at an effective refractive index of
3.39 and providing an evanescent field extending approx. 100 nm
into the adjacent optically rarer medium, which defines the
photon/sample interaction range. Especially for the generation of
higher NOON states by using extended optical circuits, decoherence
has to be efficiently minimized * and parasitic losses at structural
defects or imperfections have to be limited *°. Furthermore, only
systems, which sufficiently suppress all macroscopic sources of
noise including vibrations, Brownian motion or environmental
sources of noise are suitable for operating at quantum noise limits.
In the context of on-chip integration, the monolithic incorporation
of suitable detectors, which are capable of single-photon detection
directily at or within the waveguide structure, is preferable to avoid
coupling losses and increase the overal optical circuit integration.
Possible concepts based on superconductive nanowires have been
presented lately 77% such detectors are characterized by low jitter,
polarization sensitivity, fast response times and high quantum
efficiencies.  Nevertheless,  although  room tem;oerature
superconductivity is anticipated to be within reach 1, room
temperature operation of such detectors, which are usually
operated at liquid helium temperatures is currently out of reach.
Hence, instead of requring additional fiber coupling back into
another crysostate, alternative detection schemes based on HgCdTe
avalanche photodetector diodes (MCT-APTs) are potential
candidates to bypass this challenge and already provide up to 90%
quantum efficiency at operating temperatures up to 210 K, which is
achievable using thermoelectrical cooling 727

Analyst, 2017, 00, 1-3 | 5
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Fig. 6 Normalized electric field distribution within a straight GaAs
waveguide on an AlsgGasgAs buffer layer at a wavelength of 900 nm.

CHIP-TO-CHIP COUPLING

Since the coherent preparation of path-entangled photons via on-
chip quantum dot light sources requires cooling to the temperature
of liquid helium (i.e., 4 K), the emitted radiation must be efficiently
propagated to the outside of the cryogenically cooled environment
for chem/bio sensing at ambient conditions, which is commonly
realized via optical fibers. However, the coupling of a LSC to the
fiber-optic waveguide and from the other end of the fiber to a CBSC
must be realized using efficient fiber-to-chip coupling strategies as
coupling losses affect €; of the Cg;,. Common coupling techniques
derived from silicon photonics include butt coupling via V-grooves,
tapered fibers, and tapered on-chip waveguides (i.e., tapered at the
edge of the chip) facilitating efficient fiber-to-chip coupling 73 While
evanescent coupling of tapered fibers to single-mode waveguides is
a useful concept (i.e., up to 97% coupling efficiency 74), aggravated
optical alignment limits the practical benefits of such concepts for
rapid prototyping. V-grooves may enable self-alignment of fibers
with on-chip waveguide structures.

Since mode-matched waveguiding is crucial for maintaining the
quantum states of the propagating radiation, mode-matched
coupling with high coupling efficiencies must be considered. This is
achieved via appropriate tapers of the fiber and the on-chip
waveguide structure designed towards mode conservation.
Furthermore, a spectral window can be selected in the NIR around
900 nm where the absorption of biomolecules is negligible, and
thus, contributes only minor losses. GaAs-based semiconductor
chips are readily structured by photolithographic patterning and
subsequent etching using, e.g.,, HBr/Br, wet chemical etching.
However, such protocols are limited in the achievable resolution by
the applied wavelength during photolithography and the isotropic
nature of wet chemical etching. Alternatively, single-mode
waveguides are more precisely defined using e-beam lithography
for patterning and dry etching via, e.g., RIE with SiCl,/Ar for
structuring.

CHEM/BIO SENSING VIA ON-CHIP STRUCTURES

Chem/bio sensing chips utilizing MOVPE-grown GaAs/AlGaAs
waveguide structures have readily demonstrated ultra-sensitive

6 | Analyst., 2017, 00, 1-3

evanescent field sensing capabilities in the mid-infrared (MIR; 3-15
)] %77 In addition, these waveguide structures have already been
evolved into long-wavelength Mach-Zehnder interferometers (MZI)
facilitating chem/bio sensing and providing optimized chip-
integrated sensing platforms in combination with quantum cascade
lasers 7%,

Interferometric chem/bio sensing may be realized via different
optical configurations, as mentioned above. Classical as well as non-
classical arrangements comprise Michelson, Sagnac, Fabry-Pérot &
or MZI schemes, which are commonly realized via conventional bulk
optics 8182 MZls are intrinsically most suitable for integration into
on-chip photonic circuits and have been demonstrated useful for
sensing strategies using classical light in the visible, NIR and MIR
spectral window 78E3ES Major differences are that one-port-based
designs achieve beam splitting via Y-branching, while two-port-
based designs depend on evanescent field coupling 8 or multimode
interference couplers.

MZls are readily designed for two or more wavelength
demultiplexing via single MZIs and cascaded setups or may even
comprise non-linear optical elements, e.g., Kerr lenses & for
intensity splitting or as optical switches. Thermo-optical, electro-
optical or all-optical operation has been shown for altering the
refractive index at high speed of such devices 8

The fundamental signal generating process in a classical MZI
used in a chem/bio sensing scenario relies on simple wave
interference. Laser-light at a wavelength of A and an intensity of I,
is divided into two equal beams propagating along two waveguide
arms leading to interference when recombined.

An active sensing area defined via the sensing window of a length
L along one of the interferometer arms will result in a variation of
the effective refractive index n. via interactions between the
deposited chem/bio molecules and the evanescent light-field.
Hence, within this area a phase difference A between the photons
travelling in the sensor arm (S) vs. the photons traveling in the
reference arm (R) is induced. Upon reuniting these two beams on
the second beam splitter of the MZI a changing interference pattern
is generated. The theoretical description of the detectable light
intensity I measured on one output port is given by the

interference equation I = %IO [1 + cos (L - 2m An;ff)]. The phase
A

difference is given by Ap =L-2m n;”. As evident from the
interference equation, complete constructive interference is
achieved for integer multiples of A, whereas complete destructive

interference appears for odd integer multiples of A/2.

The interaction path length L must be precisely controlled to
ensure a reliable phase estimation. As shown in Fig. 7 a), an
elongation of the interaction path length L decreases the oscillation
period of the MZI light output across a certain range of the analyte
media refractive index, and likewise increases the accompanying
phase shift of the sensing vs. the reference arm. This enables a
more precise evaluation of changes of the effective refractive index
and therefore, the discrimination of minute concentration changes
resulting in lower limits of detection for chem/bio sensing schemes
8 Since a well-defined interaction path length is essential for
deriving quantitative analytical signals, the active sensing region
along the sampling arm of the Mzl (S) should be
photolithographically defined by protecting the entire chip
excluding the active sensing region with SiO,, SU-8, PMMA or any
other material that is compatible (i.e., non-absorbing) at the

This journal is © The Royal Society of Chemistry 2017
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operation wavelength of the MZI. This is of importance for MZIs
operating in the NIR and MIR spectral window, as a wide variety of
commonly used protective materials (e.g., polymers) strongly
absorb in these wavelength windows.

Such classical, optical lab-on-chip concepts using silicon
photonics for biosensing and operating in the visible spectral
regime have been shown by the research groups of Huang %© ,
Lechuga 91—94, and Toccafondo *°. These sensors are based on the
phase estimation via slow, yet highly controlled changes of the
refractive index of analyte solutions within microfluidic channels
and allow the direct correlation of phase shifts with analyte
concentrations without prior knowledge on the actual refractive
index.

For chem/bio sensing concepts based on non-classical light, the
measurement concept must be adapted, since coincidence rates
have to be recorded rather than output intensities, thereby
resulting in a necessity for single-photon detectors to demonstrate
quantum mechanical interference. Considering a NOON state

%02, 0)45 + 10,2)4) were all photons in path B acquire a phase
shift of Ap due to a sensing area, which results in %(lZ,O)A,B +

ei289|0, 2)A,B). If this state is send onto a beam splitter with input
ports A and B and the two-fold coincidence C, is measured at one
Aners
2
ideal case (Vyom = 1).This implies that the coincidence rate
oscillates two times faster than the measured intensity in the
classical case. For a NOON state with N=3, the three-fold
coincidence rate oscillates three times faster and so on (Fig. 7 b). As
already pointed out in the introduction, this faster oscillation itself
is no proof for super-sensitivity, rather than the contrast of the
super-resolution fringes %A chem/bio sensing scenario exhibiting
super-sensitivity is potentially reaching the Heisenberg limit at ideal

conditions, and therefore may be finally outperforming the SQL 9=
98

output port, C, = %+%cos (L-Z-er ) is achieved in the

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 a) Calculated MZI signal for GaAs (n.s= 3.39) waveguides at
a wavelength of 900 nm for different lengths of the active sensing
region along the sampling arm (S) of the MZl illustrating the
oscillation for L = 1 mm (blue) vs. L = 100 um (red). b) Calculated
MZI coincidence count output signal for the system shown in A) at L
= 100 um along with the expected acceleration of the signal
oscillation for entangled systems (N =1, N=2, N =4).

Commonly, detection limits of refractive-index-based sensors are
given in fractions of refractive index units (RIU) that can be
discriminated. Typical values of 107 RIU 94, which refer to analyte
concentrations down to the pg mL™ scale are already reached with
optical sensor devices using classical light.

However, with an interferometric scheme reaching super-
sensitivity improvements are anticipated for measurements at low
intensity, i.e., at a few-photon level. In addition, utilizing quantum
states enables significant sensitivity enhancements of such sensors,
while preserving device dimensions and radiation intensity at the
sample, e.g., when studying photosensitive analytes. From the
definition of the standard quantum limit, it is evident that the
precision of the phase may be arbitrarily small by just increasing the
power. Therefore, analytical measurements using NOON states are
mainly relevant, if the optical power is or has to be limited, e.g.,
considering a damage threshold of the sample.

As an example, proteins have been probed via an opto-fluidic
device by Crespy et al. (Fig. 8) using entangled photons at a
wavelength of 785 nm, which were created via parametric down
conversion in a nonlinear bismuth borate BiB;Og (BiBO) crystal.
However, the standard quantum limit was not surpassed in these

. 99,100
experiments .
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Fig. 8 a) and b) schematic setup, c) and d) images of an opto-fluidic
assembly for analyzing the concentration of proteins via entangled
photons, as presented by Crespy et al. Reprinted with permission
from *°. Copyright © 2012 American Institute of Physics.

WAVEGUIDE SURFACE MODIFICATION FOR
CHEM/BIO SENSING

Sensing of biomolecules usually requires exceptional sensitivity. For
example, direct access to the aggregation state of proteins is of
utmost importance for almost any kind of neurodegenerative
disease, which are commonly associated with the accumulation,
secondary structure changes, and/or aggregation of specific
biomarker proteins. Some examples include prion proteins, which
give rise to the Creutzfeld-Jacob syndrome (a.k.a., mad cow disease)
or a-synuclein, which is gaining relevance as a potential biomarker
for Parkinson’s disease "% Next to the intracellular
accumulation of a-synuclein inside Lewy bodies and Lewy neurites
in the brain, which may only be accessed post mortem, this protein
has been detected — albeit at very low concentrations (i.e., few
ng/L) - within the cerebrospinal fluid (CSF) of patients, and has
since been associated with the disease status. Hence, the
development of ultra-sensitive and ideally label-free detection
schemes for analyzing secondary structure changes and/or
aggregation states of such proteins in CSF within minute sample
volumes (i.e., few uL) and at extremely low concentrations is among
the most demanded assay strategies in early neurodegenerative
disease detection, disease progression monitoring, and potentially
for accompanying therapy strategies 107-110

For interferometric sensing of biomolecules such as proteins via
NOON states, inorganic semiconductor materials including, e.g.,
GaAs serving as the waveguide must be efficiently decorated with a
chem/bio sensing architecture at the surface, which ensures target-
specific changes of the refractive index. In addition, appropriate
analyte capture for achieving the anticipated sensitivity via a
combination of quantum sensing principles and analyte enrichment
for the detection of such biomarkers at relevant concentrations in
biofluids is demanded. Finally, degradation of the transducer
surface and accompanying leakage of potentially toxic degradation
products needs to be avoided via appropriate coating strategies.

For GaAs, different surface immobilization/modification routes
(Fig. 9) have been described in literature 11 self-assembled
monolayers (SAMs) based on short organic thiolates H2113 o long
chained polymers ® have been applied to protect GaAs surfaces,
and for immobilizing molecular recognition motifs such as
aptamers.

8 | Analyst., 2017, 00, 1-3

a)
5 Oxide removal
\ HCIEtOH
Recognition layer
Immobilization
HS\_~/

Sensor
regeneration

Analyte
capture *

Fig. 9 Schematic work flow for immobilizing a biomolecular
recognition scheme at the surface of an interferometer arm acting
as the active ‘sensing window’ via a microfluidic architecture at the
CBSC. a-b) Oxide removal step. b-c) Immobilization of the molecular
recognition layer, e.g., via thiol attachment chemistry (i.e., self-
assembly processes). c-d) Measurement of the actual target analyte
via the recognition/capture layer (interacting radiation is indicated
with red arrows). After analyte recognition/capture, the sensor
surface may be regenerated to the states a), b), or c) depending on
the applied chemistry. For clarity and comprehensibility, the actual
top surface of the flow cell enclosing the microfluidic channel is not
shown.

As an alternative for surface protection, atomic layer deposition
(ALD) has recently been applied to establish thin layers of, e.g.,
Al,O; on GaAs s However, GaAs substrates require oxide removal
steps prior to any surface modification and subsequent suppression
of oxide regrowth during further surface modification steps. Hence,
fully integrated CBSCs comprising structured waveguides covered
with protective coatings and microfluidic channels are useful for
both in-situ surface modification and subsequent liquid phase
sensing.

CONCLUSIONS

Given recent progress in the practical utility of non-classical light for
quantum sensing, viable strategies and challenges towards
quantum interferometric sensing schemes for ultra-sensitive
chem/bio sensing scenarios, providing analytical signals beyond the
standard quantum limit need to be debated. The development of
waveguide-embedded quantum dots serving as on demand single-
photon source to produce entangled photons facilitates on-chip
integration of the entire optical circuitry required for such sensing
schemes. Consequently, efficient generation, coupling, propagation,
and detection of coherent quantum states, as already shown for
bulk optics, may be entirely replaced by on-chip photonics.
Therefore, IlI-V semiconductors represents a platform were the
integration of quantum dots is directly possible.

For achieving these goals, and since quantum dots as non-classical
light sources still require operation at cryogenic temperatures,
separation into a cooled light source chip (LSC) and a chem/bio
sensing chip (CBSC) is a promising strategy. Combining these chips
via fiber-optic coupling essentially yields Mach-Zehnder-type
interferometer structures facilitating chem/bio sensing via quantum

This journal is © The Royal Society of Chemistry 2017
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interferometric sensing. It is anticipated that integrated photonics
will particularly benefit the on-demand generation of entangled
states/NOON-states, efficient light guiding, and fiber-optic coupling.
Thereby, decoherence may be minimized while efficient optical
signal transduction via the evanescent field emanating at the
sensing arm surface of such MZI structures is enabled. Finally, a
variety of relevant chem/bio sensing scenarios such as label-free
rare biomarker detection in biofluids may benefit from the yet
unprecedented sensitivity promised by optical sensing platforms
smartly combining non-classical light with advanced molecular
recognition motifs. Consequently, sophisticated quantum sensing
schemes utilizing integrated photonics may yield a new generation
of cost effective and robust chem/bio sensing platforms
contributing to the recent trends in precision medicine by
revolutionizing point-of-care (POC) and personalized biodiagnostics.
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