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Abstract: Ion exchange in glass has a long history as a simple and effective technology to produce
gradient-index structures and has been largely exploited in industry and in research laboratories. In
particular, ion-exchanged waveguide technology has served as an excellent platform for theoretical
and experimental studies on integrated optical circuits, with successful applications in optical
communications, optical processing and optical sensing. It should not be forgotten that the ion-
exchange process can be exploited in crystalline materials, too, and several crucial devices, such as
optical modulators and frequency doublers, have been fabricated by ion exchange in lithium niobate.
Here, however, we are concerned only with glass material, and a brief review is presented of the
main aspects of optical waveguides and passive and active integrated optical elements, as directional
couplers, waveguide gratings, integrated optical amplifiers and lasers, all fabricated by ion exchange
in glass. Then, some promising research activities on ion-exchanged glass integrated photonic devices,
and in particular quantum devices (quantum circuits), are analyzed. An emerging type of passive
and/or reconfigurable devices for quantum cryptography or even for specific quantum processing
tasks are presently gaining an increasing interest in integrated photonics; accordingly, we propose
their implementation by using ion-exchanged glass waveguides, also foreseeing their integration
with ion-exchanged glass lasers.

Keywords: ion-exchanged glass; active optical waveguides; quantum integrated optics; integrated
photonics

1. Introduction

Ion exchange in glass has been exploited since the early Middle Ages to color (stain)
glasses: marvelous stained glass windows, obtained by ion exchange from a silver paste,
are still visible in many European cathedrals. The technique of staining glass yellow by
painting it with silver salts was already in use in the 14th century: the glass painter Antonio
da Pisa, besides creating, in 1395, a superb window in the south door of Florence Cathedral
(Figure 1), was the author of a treatise on glass painting, where he shortly described how to
produce the yellow color [1]. The glass surface is coated with a silver compound dispersed
in a clay medium; during the heating just above the glass transition temperature the silver
ions are exchanged with the alkali ions present in the glass (mostly Na* or K*), which
then diffuse into it. Subsequently, due to the presence of impurities in the glass, silver ions
reduce to metallic silver nanoparticles; the resulting color depends on the size, shape and
concentration of the nanoparticles.

For large-scale industrial applications, however, the ion-exchange technology had to
wait until the beginning of 20th century, when the chemical surface tempering of glass
started to be used [2]. The process (sometimes also called ion stuffing or just chemical
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strengthening) became a standard in the industry in the 1960s, when, for instance, Corning
developed Chemcor® glass, a chemically strengthened glass that was intended to be used
in phone booths, prison windows, eyeglasses and automobile windshields. In parallel to
these events, there were interesting advances in the optical field, too: in the 1910s it was
observed that the ion-exchange process was also inducing a change in the refractive index
of the glass, and in the 1960s integrated optics moved its first steps, with waveguiding
structures that required materials having slightly different refractive indices [3].

Figure 1. Image of a part of a two-lancet stained window in the Florence Cathedral, representing San
Miniato (St Minias) on the left and San Paolo (St Paul) on the right. The artwork was made in 1395 by
Antonio da Pisa and is recorded in the Italian Stained Glass Windows Database (BIVI). Reproduced
with permission of Opera di Santa Maria del Fiore, Firenze.

Since then, ion exchange has been proven to provide an excellent technological plat-
form for optical integration. Optical waveguides in glass by ion exchange were first
fabricated in 1972 using electrically induced migration of thallium ions into a borosilicate
crown glass that contained K0 and NayO [4], but soon waveguides were also produced
by thermal ion exchange from thallium, potassium or silver nitrate, with Ag™ giving the
best results (besides also being much safer than T17) [5]. Quite obviously, there was also
a growing industrial interest, as testified by several patents; for instance, the US Patent
3,857,689 by K. Koizumi et al., filed in 1972 and published in 1974, concerned the “Ion
exchange process for manufacturing integrated optical circuits” [6]. Figure 2 shows a
schematic view of the process, where the glass plate (11) with the Ti mask (12) is immersed
in a molten salt bath (13); as an example, the patent indicated that for a Schott F2 lead
silicate glass the process produces a surface refractive index difference An = 0.005 when
immersing the glass for about 3 h in a molten salt bath heated at 450 °C and containing
TI,SO4 and ZnSOy at an equal mole ratio [6].

Almost at the same time, the US Patent 3,836,348A by T. Sumimoto et al., filed again
by Nippon Selfoc Co. Ltd. in 1973 and published in 1974, presented a “Method for
manufacturing optical integrated circuits utilizing an external electric field” [7]. They
claimed that, by using TI" ions and an electrical field to drive the ion diffusion, a refractive
index profile close to a rectangular one can be achieved.

In the following years, the fabrication technology of glass waveguides employing sev-
eral ion exchangers (K™, Cs™,Rb™, Cu™, Li* and so on) experienced a great development,
and commercial devices were designed and tested (see, for instance, Reference [8]). In
parallel, ion-exchange technology was also exploited to create gradient index (GRIN) glass
rods [9] and rod lenses with parabolic index profile, suitable for photographic systems [10]
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and also in conventional optical systems [11] but mostly for laser-to-fiber or fiber-to-fiber
coupling [12]. Recently, it was shown that the use of GRIN lens cascades is opening up
many surprising applications, spanning from quantum optics to clinical diagnostics [13].

Figure 2. Schematic view of the ion-exchange process to fabricate a gradient-index channel waveguide
in a glass substrate [6].

Further theoretical and experimental advances completed the foundations of what
is now a fully mature technology for integrated optics and photonics; with time, several
very interesting review papers appeared, showing the gradual progresses of this R&D
field, up to the use of femtosecond lasers to drive the ion diffusion in glasses [14-21].
Moreover, as ion exchange in glass allows producing either surface or buried waveguides,
this technology is promising for 3D integration, too [22,23].

A sketch of the K /Na™ exchange process, which is exploited quite often because it
guarantees waveguides with low propagation loss, is shown in Figure 3 [24]. The K* ions
from the molten salt enter the glass, whereas Na™ ions from the glass move to the melt,
in order to keep the electrical neutrality. This type of exchange has two drawbacks: the

induced refractive index variation An is lower than 10~ (so, only a weak guide confinement
is possible), and it introduces some birifringence, due to the compressive stress induced
by the difference in ionic radius between Nat and K* ions. On the other hand, as already
mentioned, this stress may also be exploited to increase the mechanical resistance of the
glass itself (chemical strengthening).

The Ag*/Na™ ion exchange, instead, thanks to the similar size and the difference of
polarizability of the two ions, allows a higher An (10~!) without birefringence and also
the burial of waveguides in a two-step process, as sketched in Figure 4. Unfortunately,
silver, too, has some limits: in the presence of humidity, surface waveguides (which are
used in sensing devices, interacting with external medium) suffer higher losses, due to
chemical reduction to metal silver. An approach useful to overcome this limitation is to use
the T1/Na process [25]: in this case, a drawback is due to the toxicity of thallium. Thus,
we must conclude that the choice of the ion pair to be used in the waveguide fabrication
by ion exchange is dictated by the characteristic (optical, mechanical, safety) one wants
to privilege.

In this paper, the focus is on glass ion-exchanged integrated optical devices: their
applications cover broad areas, where optical sensing and optical communications are
at the forefront. Thus, in the field of optical sensing, many integrated optical sensors
are based on the properties of the evanescent modal optical field, and ion-exchanged
waveguides offer the advantage of the proximity between the glass index (n = 1.5) and the
index of frequently used organic compounds (around 1.4-1.6) and of aqueous solutions
(index close to 1.33). These guided-wave structures lead to large evanescent fields, which
maximize the optical sensitivity function. A large amount of optical integrated sensors
and biosensors based on ion-exchanged glass waveguides have been proposed [18-20,26]
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and keep being implemented in the last years [27-30]. An interesting example may be
represented by a 32-analyte integrated optical fluorescence-based multi-channel sensor
and its integration to an automated biosensing system [31]. Figure 5 shows the layout of
the fiber-pigtailed sensing chip consisting of a single-mode channel waveguide circuit that
distributes the light to 32 separate sensing patches on the chip surface. The use of this
waveguide immunosensor, based on a K*-exchanged BK7 glass, was demonstrated for the
detection of Microcystin-LR cyanotoxin in two real lake water samples taken from Fuhai
lake and Beihai lake in Beijing [31].
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Figure 3. Depiction of the K /Na™ ion-exchange process using KNO3 molten salt as the source of
K* ions. The glass considered here is an aluminosilicate glass with an alkali oxide (Na,O) as glass
modifier. The kinetics of the process is described by diffusion equations. Reproduced from [24] with
permission by John Wiley and Sons.
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Figure 4. Outline of two different ion-exchange processes involving two ions A and B (e.g., K™ and
Na™, respectively): the upper drawing refers to a purely thermal diffusion, that produces a surface
waveguide. The bottom drawing indicates a field-assisted diffusion, that leads to a buried waveguide.
Reproduced with modifications from [25] with permission by Elsevier.
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Figure 5. (a) Integrated optical sensor’s layout; (b) cross-sectional view, showing waveguide, isolation
layer and location of the surface chemistry; (c) photo of light propagation along the waveguide chip
(Photo credit: Lanhua Liu). Reproduced from [31] under a Creative Commons CCL4.

In the field of optical communications, the high optical compatibility between glass
integrated devices and optical fibers clearly offers an important advantage with respect to
other materials. Again, ion-exchanged glass waveguides have constituted a fundamental
component of several devices based on modal coupling, such as directional couplers (e.g.,
for power dividers), gratings (e.g., for contradirectional coupling in integrated lasers),
multimode interferometers (MMI), 1 x N and 2 x N splitters, array waveguide gratings
(e.g., for wavelength division multiplexing), and so on [19,32,33]. Section 2 summarizes
the fundamentals of ion-exchanged channel waveguides and circuits. By using suitable
glass substrates, such as rare-earth doped oxide glasses, active integrated optical devices
may also be fabricated through ion exchange; this topic is discussed in more detail in
Section 3 of this paper. Other interesting aspects concern the manufacturing of nonlin-
ear optical (NLO) integrated devices: Jackel et al. [34], in 1990, designed two glasses,
containing Ti and Nb to increase the nonlinear index coefficient and an alkali ion (Na™
or KT), so to have a large optical nonlinearity and to be compatible with ion exchange.
Spatial soliton propagation in these waveguides was demonstrated, which proved the
possibility of implementing an all-optical switch. Almost at the same time, tests were
also performed on commercial semiconductor-doped glasses, which had been proven to
possess nonlinear optical properties [35,36]: optical waveguides were fabricated by using a
Cs™ - K' exchange [37]. Ion-exchanged waveguides may also be capable of handling high
laser powers, e.g., from an integrated Q-switched laser [38], and are therefore suitable, due
their intrinsic light confinement properties, for nonlinear applications [39]. In that area,
however, hybrid structures may be more efficient and the coupling of a lithium niobate
film with a ion-exchanged glass waveguides can lead to the manufacturing of electro-optic
modulators or second harmonic generators [40].

Many other applications are possible, also linked to the new topics emerged in the
last years, as for example integrated quantum photonics (IQP) for the implementation
of tasks in quantum information, particularly, in quantum communications. It has been
underlined that in IQP "the big challenge is how to realize a scalable, convenient platform
for practical deployment and commercialization’ [41]. Indeed, the growth of this area
requires the design and fabrication of passive and active integrated devices to be used,
for example, in quantum photonic simulation, quantum cryptography, quantum photonic
sensors and so on. It is well known that, since the early experiments on silica-on-silicon
structures [42], different platforms have been proposed for the implementation of IQP,
including those ones silicon-based, III-V semiconductors and lithium niobate [43—46]. It
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is very difficult, however, for a single material to meet the stringent demands of most
quantum applications, so that hybrid platforms combining different technologies in a single
functional unit may have greater success [47]. Silica-based platforms have been considered,
too, but only with reference to femtosecond laser written circuits [44,48]. To our knowledge,
despite the suggestion, several years ago, by the group of one of the present authors [49],
a platform based on ion-exchanged glass (IExG) circuits has not been considered so far
as an effective integration technology for quantum photonics. This topic is discussed in
more detail in Section 4, where we present a brief review of the most incipient proposals
and results in the field of quantum circuits based on an IExG platform. Likewise, it is
shown that with hybrid glasses active and quantum integrated devices can be combined
in an efficient way by using IExG platform, in particular, IQP devices for generating and
detecting quantum states are presented; hybrid integration with lithium niobate films
may also permit the realization of efficient nonlinear integrated devices [40]. Finally, we
present in Section 4 the design, fabrication and preliminary experimental results of a
quantum projector for detecting quantum states by projective measurements, for example
for quantum cryptography through multicore optical fibers (MCF) [50,51] or even few-
mode optical fibers (FMF) [52]; the primary aim is to make clear the potentiality of the
IExG platform for integrated quantum photonics.

2. Fundamentals of Ion-Exchanged Glass Waveguide Circuits

There are excellents works on ion-exchanged glass waveguide circuits, but here we
focus our attention on circuits formed by elements as channel waveguides, directional
couplers and optical gratings (contradirectional couplers), and intended for classical and
quantum optical sensing and communications. Channel waveguides are the pillar of
integrated optics [17-19,53,54] and optical integrated gratings are also fundamental for
the implementation of many devices, including integrated amplifiers and lasers in rare-
earth doped glasses [19,55]. Directional couplers and 1 x N splitters, too, are based on
channel waveguides and have been mainly intended for power derivation in optical fiber
communication networks, but they also play an important role in optical sensing and in
interferometry [31,56], including applications to optical astronomy [57]. The fabrication of
these devices in a glass substrate usually requires a lithographic process [18,19] in order
to allow a spatially selective ion-exchange. Let us refer to thermal ion exchange: first, a
metallic film (Al or Ti) is deposited on the glass substrate, followed by the deposition of
a photoresist film. After UV exposure through a given mask and a subsequent chemical
etching, the mask pattern is transferred to the metal film, so that, when immersing the
substrate in a molten salt, the ion exchange occurs only in the volume under the designed
opening. This process produces surface channel guides, which can be slightly buried by a
second thermal diffusion process or strongly buried by using an electrical field.

In Figure 6, the design is shown of an integrated optical device of arbitrary dimension
N, that is, N optical paths (channel waveguides) coupled by concatenated directional cou-
plers (DC) and phase shifters (PS). It represents a generic optical device able to implement
different passive quantum operations. Active functions, such as optical generation and
amplification, may also be added if hybrid glasses, with a portion doped by rare earth
elements (on the left in Figure 6), are used.

We must stress that hybrid glasses can be obtained by joining a block of a passive glass
with a block of an active glass by a low temperature bonding technique [58,59]; alternatively,
the hybrid glass can be also implemented by bonding an active glass superstrate to a passive
glass substrate [60]. Consequently, integrated lasers having optical gratings (OG) resonators
can also be included in the integrated circuit, as sketched in Figure 6; they are pumped
by an external signal P; (j = 1,..., N), which can generate classical and/or quantum
light states [61]. The optical gratings can be fabricated by laser writing or by the same
photolithographic procedure described above [17-19]. In short, Figure 6 shows a general
ion-exchanged hybrid glass integrated optical circuit highly intended for classical/ quantum
communications (or even classical/quantum optical sensing) and that can be adapted for
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implementing different devices as wavelength multiplexers, quantum states generators,
quantum states projectors and so on, as is shown in some detail in Sections 3 and 4.
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Figure 6. A general device formed with N paths (channel waveguides) in active (left) and passive
(right) sections of a hybrid glass substrate. An optical grating (OG) in the rare-earth-doped glass
section (the left part of the substrate) is used to implement a laser structure which, pumped by beams
P, (j=1,...,N), generates N laser signals; several directional couplers (DC) and phase shifters (PS)
in the passive section perform linear optical transformations. N detectors D; are also shown.

The total refractive index profile of the above ion-exchanged hybrid glass integrated
optical circuit can be represented, in a good approximation, as follows

n(x,y,z) = ns+ZAnj(x,y,z;p]-1,...,p]-q) 1)
]

where 7, is the substrate index, and Anj(x, Yz Pt e, qu), j =1,...,N are functions
describing the refractive index profile obtained in each ion-exchanged channel waveg-
uide with parameters pji, ..., pj;, that is, ion-exchanged parameters as effective depth 4,
maximum refractive index change A, ..., geometrical lithographic parameters as width
w of a channel guide, separation s between channel guides, ...and so on. The centers of
the channel guides (usually the position of the maximum refractive index) follow paths
described by functions f;(z), that is, z-functions representing translations of a refractive
index profile. A typical case is a channel guide j, which is bent along S-shaped transitions to
couple it with other parallel channel guide j + 1. These transitions may follow, for example,
the path described by Minford et al. (Minford curve) for obtaining low losses [62]. An
example of a refractive index profile representation for an arbitrary channel guide j is the
following (from here and for the sake of simplicity we omit subscript j)

_ 2
An(x,y,z) = AnErfc(i) exp{_(ydgy(z))} )

where Erfc is the complementary error function, which is a typical solution for linear ion
exchange, although more general solutions can be chosen [17,63-65], f(z) is the curve
(path) profile, An is the maximum refractive index change and d,y and d, are effective
depths along x and y direction. Note that we have assumed a factorizable index profile,
An(x,y,z) = AnE(x)G(y,z), that is, a product between an index profile in depth (x-
direction) and a Gaussian index profile along i and z directions describing quite well the
lateral diffusion. In many cases such a factorization is a good approximation, or even it can
be forced for the sake of design simplicity [66]. Moreover, it is well known that there are
different approximate methods to be used in order to obtain manageable mode solutions
such as, for example, the effective index method (EIM) [16,66], perturbative and variational
methods [16] and so on. On the other hand, this kind of function can also describe the
change of index or geometry for other integrated optical elements as phase shifters, for
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example, those based on an adiabatic approximation that could be represented by the
following function

An(x,y,z) = AnErfc(x/dox) exp{—dzy(z} (3)

7(2)

Note that in this case we have a rectilinear channel waveguide (f(z) = 0) with d,,(z)
an adiabatic z-function and therefore the effective index changes slowly on z and thus a
well defined phase shifting can be obtained.

We must recall that the cornerstone of the ion-exchange method is that these functions
are, in a good approximation, proportional to the concentration C;(x,y,z) of exchanged
ions. In fact, the g parameters py, ..., p; such as maximum refractive index change An,
effective depth d,y, lateral effective depth doy and so on, can be expressed in an empiric
way as functions of both the fabrication physical parameters, such as temperature T, ionic
concentration [C] of the molten salt (or ionic concentrations [Cy,Cy, .. ], as in the case
of molten salts eutectic mixtures), ion-exchange time ¢ and also geometrical parameters,
as width of the channel guide mask w, separation between channel guides s and so on.
We must also underline that, although an empiric approach can be sufficient in many
cases to determine the fabrication parameters, a great amount of research work has been
devoted to a rigorous physical modeling and numerical simulation of ion exchange in
glass, which in turn, is related to the development of different theories on ion exchange in
glass [15,67-71]. These physical/numerical approaches can be required when the refractive
index profile must be known with a great accuracy. In any case, one of the main aims in
integrated optical circuits is to obtain single-mode channel guides (paths) that are coupled
in certain regions by directional coupling and with phase shifters suitably located, as
shown in Figure 6 to achieve an integrated optical circuit with a specific purpose. Finally,
it is also worth indicating that sometimes two-mode or even few-mode waveguides can
be considered. The modes can be considered in plane yz or also in depth x. In the latter
case, it can be considered as a type of three-dimensional integration [27,72]. On the other
hand, two-mode guides in the yz plane have also been considered, for example, for spatial
multiplexing [73].

3. Ion-Exchanged Active Integrated Photonic Devices

As already briefly mentioned in the previous sections, ion exchange may occur in a
variety of substrates and using many different ions. The process, however, can be easily
performed especially when using univalent ions and glasses whose composition includes
alkali ions as glass modifiers. Similarly, in crystalline materials such as lithium niobate,
only Li™ ions are effective and they exchange with HT ions. These limitations, however,
are not very critical, as testified by the large number of photonic devices that have been
successfully implemented. Among those devices, a very important class is constituted by
the active ones, i.e., integrated optical frequency converters, amplifiers and lasers. Let us
here briefly overview some of the excellent results already achieved, limiting ourselves to
devices produced by ion exchange in rare-earth-doped (RED) glasses.

It has already been mentioned that RED glasses constitute an excellent physical
medium for generating and amplifying light. Indeed, oxide glasses are well-known as
excellent hosts for rare-earth ions: not by chance, one of the very first solid-state lasers
was demonstrated in 1961 by Snitzer in American Optical Company using a Nd3" -doped
glass [74]. In that same year Snitzer and colleagues constructed and operated the world’s
first optical fiber laser and three years later the first optical fiber amplifier [75]. Even the
first thin-film waveguide glass amplifier, in 1972 [76], and the first integrated optical glass
laser, in 1974 [77] were implemented in the same material, Nd3" -doped glass and operated
at ~1.06 pm wavelength. It has to be noted that, whereas the amplifier was fabricated
by RF-sputtering deposition of the doped guiding film, the waveguide laser was indeed
realized in a Nd-doped borosilicate glass by using the double-diffusion process with an
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electric field already reported by Izawa and Nagakome [4]. The channel waveguides had
an almost circular profile, and the pump threshold was around 18 i, namely about one
half of the threshold of the corresponding bulk laser [77].

The excellent properties of ion-exchanged waveguide lasers had therefore been demon-
strated, but a strong interest in these devices emerged only much later, after the imple-
mentation, around 1985, of the second generation of fiber communication systems, which
used single-mode fibers. Thus, for instance, in 1989 Najafi et al. studied the fabrication
of optical waveguides in commercial Kigre Nd-doped lithium-silicate glass by means of
Ag-Li exchange and verified that the process did not influence the emission properties of
Nd [78]. In 1990, a waveguide laser emitting at 1054 nm was reported by Aoki et al. [79];
the laser, end-fire pumped by a diode-laser operating at 802 nm, was capable of a maximum
output power higher than 150 mW. It was fabricated in a Nd3+—doped glass (Hoya LHG-5
phosphate glass, 3.3 wt% Nd) by using field-enhanced silver ion exchange. The same group
also demonstrated a gain of 3.4 dB at 1.054 pm and an efficiency of 0.027 dB/mW in a
10 mm long waveguide amplifier pumped with an argon-ion laser [80]. Several other works
were performed in the early 1990s concerning Nd-doped waveguide lasers and amplifiers,
still using ion-exchange fabrication technology [81-85]; it was also proven that distributed
Bragg reflector (DBR) integrated lasers could be fabricated by realizing holographically
an OG in photoresist and then etching it into the channel guide by argon ion milling [83].
By using ion exchange in a semiconductor microcrystallite-doped glass second harmonic
generation of Nd:YAG laser radiation was also achieved [36].

In the meantime, the evolution of fiber communication systems continued and saw the
introduction of 1.5 um laser diode sources, owing to the fact that silica fibers have the lowest
propagation losses in that wavelength window. Fiber lasers and amplifiers had therefore to
use another rare earth than Nd, with photoluminescence emission in the near infrared band:
this was Erbium, which is characterized by a strong emission at 1.532 um. Er-doped fiber
amplifiers (EDFAs) soon became a very important component of fiber transmission systems,
that needed regeneration and re-amplification of the guided light after a certain distance, of
the order of tens of kilometers. Most of the pioneering research on EDFAs was performed at
Southampton University by the David Payne’s group and at AT&T Bell Labs by Emmanuel
Desurvire and colleagues: the two groups published the first successful results almost at
the same time, in 1987 [86,87]. A strong limitation to the practical use of these early fiber
amplifiers was related to the pump signal: Payne’s group was using pump wavelengths in
the range 655-675 nm, whereas Desurvire used a pump at 514.5 nm. In both cases, bulk
pump lasers were necessary. A substantial step forward market diffusion of EDFAs was
made with the availability of powerful laser diodes. Then, the demand of ever increasing
system transmission capacity and of a mechanism for creating multipoint networks led
to the use of the wavelength division multiplexing (WDM) technology. As integrated
optical devices could offer a cheap and small-footprint approach to the fabrication of
WDM devices, a renewed R&D interest was focused on Er-doped glass devices and to the
integration of passive and active functions on a same glass substrate. An issue, however,
was related to material requirements, much more stringent for integrated optics than for
fibers, due to the different fabrication technologies and to the much higher rare-earth
concentration required in short-length planar devices. An interesting effort to assess the
relative merits of different compositions of the host glass was published by Miniscalco in
1991 [88]. He concluded that "in most situations” Al-doped silica was the preferred glass for
Er’" -doped fiber amplifiers at 1500 nm. In planar short-length devices, silicate glasses may
suffer even more from the lower solubility of rare-earth-ions with respect to phosphate
glasses, since it may lead to clustering and reducing the conversion efficiency. In spite
of this, the first ion-exchanged waveguide laser emitting at 1540 nm used a silicate BK7
glass containing 0.5 wt% Er,O3 [89]. The laser cavity was formed by bonding dielectric
mirrors to the chip end facets, and a thermal ion exchange in a KNOj3 bath was employed
in waveguide fabrication. In the same year 1992, an Er-doped waveguide amplifier with
0.65 dB/cm net gain with 100 mW pump power was demonstrated [90]. This device was
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constituted by a phosphorus-doped silica core doped with 0.55% wt Er and silica cladding,
deposited by flame hydrolysis on a silicon substrate. Quite obviously, owing to the appeal
of erbium-doped waveguide amplifiers (EDWAs), various technological approaches to
waveguide fabrication were pursued, with deposition techniques of doped glass films (e.g.,
RF-sputtering, sol-gel, PECVD, flame hydrolysis) competing with diffusion techniques
(ion exchange, ion implantation) in bulk doped glasses [20]. As an example of RF-sputtered
amplifying waveguides, a net optical gain of 4.1 dB/cm at 1.535 pm was achieved by
Polman et al. by depositing Er-doped multicomponent phosphate glass films [91]; the
same group also reported about the possibility of using MeV ion implantation to introduce
erbium in a variety of thin films, from oxide glasses to ceramics and to amorphous and
crystalline silicon [92].

A commercial interest was also emerging. Among the glass suppliers, the Corning
company was particularly interested in the development of ion-exchangeable Er-doped
glasses and of amplifiers, as testified also by two patents [93,94]; in the latter one, an
optimized composition of a boron-free silicate glass that could be doped with up to 5%
wt erbium oxide and ion exchanged with thallium is described [94]. More waveguides
and devices based on Er-doped glass substrates and ion-exchange technology were re-
ported in the following years [90,95-107]; besides waveguide lasers and amplifiers, optical
upconversion devices were investigated, too [101]. At a certain point, phosphate glasses
seemed to allow higher performances to ion-exchanged EDWAs, as they could be doped
with larger amounts of rare-earth ions than silicates. Even in phosphate glasses, however,
high erbium concentrations may produce quenching of the luminescence; moreover, the
absorption cross section of Ert ions at ~980 nm is small. Thus, the solution was to add
another rare-earth ion as a sensitizer for erbium. Glass co-doping with ytterbium ions has
proven to be a very efficient solution: it allows the transfer of energy from excited Yb?'
ions to close Er®" ions through a cooperative cross-relaxation process, with the result of
significantly enhancing system absorption at 980 nm and making the pumping mechanism
more efficient. Moreover, in the case of high concentration, the Er®" ions are closer together,
so that deleterious non-radiative energy exchanges between neighboring ions can take
place; the presence of Yb®" ions is also effective in reducing such unwanted Er?’ - Er¥
ion energy transfer interactions by increasing the mean inter-atomic distance. A useful
spectroscopic investigation of an extensive series of Er¥" -doped and Er¥ -Yb3" -co-doped
soda-lime-silicate (SL) and aluminosilicate (AS) glasses was also presented in a paper by
Hehlen et al. [108]. AS glasses showed higher oscillator strengths and larger inhomoge-
neous broadening of 4f transitions than SL glasses; it was also suggested that a minimum
molar concentration ratio 2:1 of Yb oxide to Er oxide is required to achieve efficient sensiti-
zation of Er3" . In 1995, an integrated laser was produced by K*/Na™ ion exchange in an
alkali-rich barium silicate glass containing 17% wt Y203 and 1.5% wt Er,O3 [109]. Later,
commercial Er-Yb co-doped phosphate glasses became available, too, where single-mode
channel waveguides could be produced by K* /Na™ ion exchange; a net gain of 7.3 dB in a
6 mm long waveguide amplifier was claimed [110].

EDWA devices with excellent characteristics were obtained in both silicate and phos-
phate glasses co-doped with Er and Yb; as an example, a lossless 1 x 2 splitter was
demonstrated in a buried thallium-exchanged waveguide in a borosilicate glass co-doped
with 5% wt Yb,O3 and 3% wt Er,O3 [111]. They measured 2.3 dB/cm gain and 0.07 dB/mW
gain efficiency in a 3.9 cm long straight waveguide amplifier with a pump of 130 mW.
Almost at the same time, Barbier et al. achieved a 7 dB net gain in a 41 mm long amplifier
with double-pass configuration (~1.7 dB/cm) using a buried waveguide produced by
two-step ion exchange in a phosphate glass doped with 2.5 % by weight of erbium and
3% by weight of ytterbium [112]. Shortly thereafter, however, the same group reported
several impressive advances in EDWA’s implementation, including: an amplifying four-
wavelength combiner, consisting of an all-connectorized 4 x 1 glass splitter followed by
a 4.5-cm-long Er/Yb-doped waveguide amplifier (~2.6 dB/cm) [98]; a planar amplifier
capable of 3.1 dB/cm net gain [113]; a multiplexer/amplifier gain-block constituted by
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an amplifying section realized in phosphate glass as a 5.5 cm straight waveguide planar
waveguide amplifier and a 980/1550 nm multiplexer realized as a 3 cm long directional
coupler in a silicate glass [114]. The amplifier and the multiplexer were assembled together
via active alignment followed by bonding with UV curing glue; the module had a fiber-to-
fiber gain of 15.7 dB and a noise figure of 4.7 dB at 1535 nm. In all these cases, the amplifier
was realized in a phosphate glass co-doped with 2 wt.% erbium and 4 wt.% ytterbium.

In the 2000s, the literature was enriched by several publications in this area, which
can be classified into three groups:

(a) Papers dealing with the synthesis and characterization of rare-earth doped glasses
suitable for ion-exchange fabrication of active devices [17,115-144].

(b) Demonstration and characterization of rare-earth doped ion-exchanged waveguide
amplifiers and frequency converters [140,145-165].

(c) Demonstration and characterization of rare-earth doped ion-exchanged waveguide
lasers [60,61,147,166-169].

An example of a laser device is shown in Figure 7: it is a 3D hybrid structure, with a
channel core waveguide and a slab core waveguide which, in a certain volume, interact
with each other and with the Bragg grating that provides the optical feedback necessary for
laser action. Figure 8 shows the longitudinal and cross sections of the device. The passive
glass is a GO14 silicate by Teem Photonics, whereas the active glass is a IOG-1 phosphate
by Schott, doped with 2.2 wt% Er,O3 and 3.6 wt% Yb,Os. In both glasses, the waveguides
are produced by Ag™-Na™ ion exchange.

i aqa -3+ 3+
actn;e glai(El /Yb™) Ag = 1534 nm
X ! ,Z N ——— e
passive & }Ei \slab core: Agt/Nat
)‘\H// - Bragg grating

\‘\
X, = 976 nm channel core: Agt/Na*

Figure 7. Sketch of a hybrid distributed feedback (DFB) laser constituted by a channel core waveguide,
buried in the silicate substrate by and loaded by a slab core waveguide in an Er/Yb-co-doped glass.

Both waveguides are made by ion exchange. Reproduced with permission of Elsevier from [60].

active reglon Bragg grating
~slab core T | channel core

21 b ) z23 24

Figure 8. Longitudinal (top) and cross (bottom) sections of the hybrid DFB laser structure. Repro-
duced with permission of Elsevier from [60].

An example of a packaged Er-Yb doped waveguide amplifier (EYDWA) is shown in
Figure 9 [155]. The substrates were commercially available Schott IOG-1 phosphate glasses
co-doped with 2 wt% Er,O3 and 5 wt% Yb;O3. Channel waveguides were fabricated by
ion exchange using an Al thin film mask and were buried by using a two-step process,
namely, a KT™-Nat thermal exchange (T = 385 °C, t = 60 min), followed by a field-assisted
annealing (T =380 °C, t = 30 min, electric field 120 V/mm) [123]. The figure shows a photo
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of an EYDWA device packaged by using fiber silicon V-groove arrays and a UV curing
glue. In a pigtailed 4.0 cm long EYDWA, a net gain of 8.0 dB and an average noise figure of
5.1 dB were obtained in the 1530-1560 nm band.

. gzslzv:;:p Single mode ﬁber

g Flber array

* ‘Metal box

Figure 9. Photo of a packaged EYDWA device. Standard single mode fibers are pigtailed to both the
input and output ends of the channel waveguide. The glass chip is then mounted to a metal box to
provide mechanical stability and easy handling. Reproduced from [155] with permission by Elsevier.

New research topics have appeared in those years; some attention, for instance,
was focused on the possibility of using ion-exchange technology in rare-earth doped
tellurite glasses [121,131-133,136,170-172]. Tellurite glasses, i.e., glasses based on tellurium
oxide, doped with rare earth have been long studied since they have the lowest phonon
energy (about 780 em ) among oxide glass formers and, as a consequence, their radiative
quantum efficiency is high. Furthermore, they offer good stability, chemical durability,
high solubility of rare-earth ions and exhibit high refractive index and a wide transmission
range (0.35-6 um); these properties make them an excellent host material for amplifiers
and lasers to be used in a wider wavelength range, e.g., in S + C + L (1460-1615 nm) or C +
L + U (1530-1675 nm) bands of the optical communication systems. As already mentioned,
other fabrication technologies were also developed, and sol-gel, for instance, has been
a very convenient platform for the fabrication of high quality thin glass films, optical
planar waveguides and photonic bandgap structures [173-176]. An interesting research
concerned the possibility of integrating the sol-gel and ion-exchange techniques for the
fabrication of passive and active channel waveguides in rare-earth doped integrated optic
devices [115,177].

Among the various research lines aiming at improving the characteristics of waveg-
uide optical amplifiers, it is worth mentioning the article by Donzella et al. [160], where
another 3D hybrid structure is designed with the goal of making possible the use of a
low-cost high-power broad area laser diode, instead of an expensive single-mode 980 nm
laser, for the amplifier’s pumping. Their design, sketched in Figure 10 includes direct
butt-coupling of the pump light into a multimode passive waveguide (in silicate glass): an
Er-Yb doped single mode waveguide (in phosphate glass) is placed on top of the passive
one, and light is progressively coupled from bottom to top waveguide, being captured by
Yb ions acting as sensitizers for Er ions. Experimental tests with ion-exchanged waveguides
fabricated in the two glasses allowed to measure amplified spontaneous emission (ASE);
Figure 11 shows the upconversion green light in the upper single mode waveguide, a proof
of the effectiveness of the pumping scheme. According to their numerical simulation, gain
values of over 3 dB/cm should be achievable.

As already mentioned in Section 2, too, another way of fabricating hybrid active/passive
glass structures is to butt join two glass pieces, an undoped one and a rare-earth-doped
one, in order to optimize the optical characteristics and minimizing losses. Such a structure
was used especially to fabricate lossless splitters and combiners, widely used in telecom
systems; to mention some examples, Jaouen et al. separately designed and optimized a
passive section in silicate glass and an active section in phosphate glass before joining
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them by using a UV curing glue, so to produce a lossless 1x8 splitter/combiner [178].
Conzone et al. showed that it was possible to join two aluminophosphate glasses (undoped
and doped, respectively) by sandwiching an aqueous phosphate solution between the
polished and accurately cleaned surfaces of the two blocks. A rigid joint is formed in 24 h
at room temperature. A thermal treatment for 5 h at 375 °C provides a greater chemical and
mechanical robustness [58]. Further, Chen et al. reported a low-cost technique for industrial
mass production, which was based on vacuum hot press assisted direct bonding applied to
custom made multicomponent silicate glasses [179]. A thermal treatment at 605 & 20 °C
for 240 min under a pressure of 28 kPa was sufficient to achieve a very good bonding.
Figure 12 shows the first bonded sample. The two glasses were germanoborosilicates with
sodium oxide for the ion-exchange process; the doped glass contained 0.5 mol% Er,O3 and
1.3 mol% Yb203.

Optical fiber

ASE DD e e J

"""""""" Active wg ;
i. _______________________ Passivewg __Su_Su__Sm___

Pump @ 980nm

Figure 10. Longitudinal view of the hybrid waveguide amplifier test structure, constituted by a
multimode passive waveguide (bottom) and a single mode active Er/Yb doped waveguide (top). A
large area laser diode pump is coupled to the multimode waveguide, and the propagating beam is
progressively coupled to the active layer. Energy is absorbed by Yb ions and then transferred to Er
ions. Reproduced from [160] with permission by Optical Society of America.

Figure 11. Photo of the green light propagating in the single mode (upper) waveguide in the structure
of Figure 11. Pump wavelength is around 980 nm, and the green color, due to upconversion emission
from excited Er" ions, proves that the transfer from the pump to the active layer is effective.

Figure 12. Photograph of the bonded glass sample, with the active (pink) and passive (transparent)
parts. Reproduced from [179] with permission by Elsevier.

A broad review on Er-Yb laser and amplifiers, covering both the photoluminescence
issues and the various materials and technologies, was published in 2011 by Bradley and
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Pollnau [180]. In the last years, owing to the fact that Er-Yb co-doped ion-exchanged waveg-
uides and devices in silicate and phosphate glasses constitute a mature technology, only
very few papers have been published, including some ones related to up—down frequency
conversion with application to lighting and solar cells [164,181-184]. The main research
focus has been shifted toward technological platforms that could allow integration with sil-
icon and compatibility with CMOS technology; thus, rare-earth doped aluminum oxide has
emerged as a new excellent material. Al;O3 can be deposited by atomic layer deposition or
reactive magnetron sputtering, is transparent from the UV to mid IR and exhibits very low
propagation losses; the high solubility for rare-earth ions allows it to provide active func-
tions, amplification and lasing, to silicon and silicon nitride platforms. High-gain erbium
amplifiers and erbium, thulium and holmium integrated lasers (with emission around 1.5
um, 1.8 pm and beyond 2.0 pm, respectively) have been demonstrated [185-187].

4. Quantum Integrated Photonic Devices

As indicated in the Introduction section, different platforms have been proposed
for implementing IQP devices. The main platforms are based on III-IV semiconductor,
such as gallium arsenide and indium phosphide, lithium niobate and those ones based
on silica such as silica-on-silicon, silicon-on-insulator and silicon nitride, as reviewed,
for instance, in References [44-46]. IEXG platform is not usually included as a possible
quantum integrated photonics platform, despite the fact that it is present in many classical
optical communications systems and optical sensors. We must indicate that the closest
platform to the IExG one is obviously, silica-on-silicon; however, in our opinion, IExG
presents a lower technological complexity and retains all the classical advantages of this
platform, that is, low-cost, low propagation losses and high compatibility with optical
fibers, together with a slightly better modal transverse coupling due to the graded-index
profile unlike the strictly step profile of silica-on-silicon waveguides. We must stress
that the main limitation, shared with silica-on-silicon, is the low contrast index (therefore
low curvature radii and consequently limited device densities). The main consequence
is that IEXG platform becomes remarkably efficient when quantum applications require
only a few qubits. This requirement is fulfilled in most devices for optical quantum
communications, optical quantum sensors and even optical quantum simulators. On the
other hand, IExG is a passive platform, that is, it has not electro-optical properties and
presents a low nonlinearity, although efforts based on glass poling [188] and/or hybrid
integration [189] have been made to achieve significant nonlinear effects. Therefore, in a
monolithic version, IExG platform would perform only passive functions, but, as shown
in Section 3, doping with rare-earth ions adds active functionality [60] and opens new
possibilities for integrated quantum photonics. We must also underline that thermo-optic
reconfiguration would also be possible in suitable glasses, so providing an additional
capability. Accordingly, while applications to quantum computing, as for example the
implementation of complex quantum processors for specific or universal purpose, are
reserved for other platforms (as lithium niobate, silicon-on-insulator, ...), applications
requiring a less amount of qubits, as quantum cryptography, quantum optical sensing and
even quantum optical simulating, could be implemented by using the IExG platform. A
few examples have already appeared in the scientific literature, and the primary aim of
this section is to justify such possible applications.

Indeed, recently, theoretical and experimental studies of the IExG platform for im-
plementing different integrated quantum devices has begun to be reported. Thus, nu-
merical modeling of ion exchange in glass for quantum computations tasks has been
discussed [190,191]; nanoemitters (nanodiamond) coupled to ion-exchanged glass waveg-
uides for quantum photonics have been realized [192,193]; ion-exchanged glass directional
couplers for implementing quantum projectors have been proposed [194]. On the other
hand, ion-exchanged waveguides in thin glass substrates, suitable for photonic system
integration and EOCB (electro-optical circuit board) panel size integration [195], can open
new possibilities in IQP. Likewise, other proposed quantum systems could be implemented,
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as, for example, quantum simulators of geometrical phases [72] and boson sampling [196],
quantum random walk devices [197] and so on. As commented, these implementations
will be efficient as long as a few qubits are considered, a limit which is in turn related to the
present scalability difficulty of quantum integrated photonics. Thus, ion-exchanged glass
devices can provide optimal solutions in quantum optical communications, in particular
integrated quantum devices for quantum cryptography [49,51,198] as for example genera-
tors of quantum states, quantum projectors and Bell states measurement devices. Likewise,
experimental results of these devices fabricated by ion exchange in glass provide proofs of
concept about the use of ion-exchanged glass integrated optics in quantum information;
but as it will be shown these devices would use well-known ion-exchanged glass integrated
optical elements as directional couplers (see, for instance, References [199-201]), integrated
optical gratings (see, for instance, references [17-19]) and so on. Therefore, we have many
of the basic ingredients to develop IQP in a IExG platform and we only need to design such
quantum devices (quantum circuits), fabricate them and optimize their performance. For
example, preliminary results of a quantum projector fabricated by Na™ /K* ion exchange
in soda-lime glass has been recently proposed [194].

In all cases, the quantum circuits consist mainly of N channel waveguides or paths
(N-dimensional device) formed by a set of concatenated integrated optical elements as
directional couplers and phase shifters [49] performing quantum operations. As mentioned
passive integrated optical elements allow the implementation of devices to be mainly used
in quantum communications through different kinds of optical fibers as multicore optical
fibers [50] and few-mode optical fibers [52]. On the other hand, it may be useful to recall
that space multiplexing is one of the most promising method for increasing the transmission
capacity of optical fiber systems [202,203] and that spatial multiplexing can be used for
implementing high-dimensional quantum cryptography. At this regard, ion-exchanged
glass modal converters have been already successfully used for spatial multiplexing in
few-mode optical fibers [52,204—209]. These components are located at the emitter and
receiver, where one can already place the ion-exchanged glass IQP devices to generate or
measure quantum light states excited in the optical modes of a few-mode optical fiber.

Regarding the manufacturing of these devices, we must stress, as commented, that
generation and measurement of quantum states in quantum communications can be
made with devices formed by the same integrated optical elements fabricated on IExG
platform and used in classical optical communications (directional couplers, 1 x N splitters,
optical gratings and so on). Therefore, from an industrial point of view, the existing
manufacturers of photonic devices on IEXG platform can easily enlarge their production
to devices designed for quantum optical communications, or even other applications as
optical quantum sensors and optical quantum simulators. These applications are well
considered by many companies, and governments all over the world invest in quantum
technologies that have a disruptive potential. For example, the European Commission has
launched in 2018 an ambitious flagship initiative for quantum technologies [210] where,
for example, quantum communications play a central role [211,212] for both increasing
commercialization of research results and the interest of large industrial players. On the
market side, a recent report by Allied Market Research estimated that the market size of
integrated quantum optical circuits could grow from a value of 426.0 million USD in 2017
up to 1460.2 million USD by 2025 [213].

In order to make clear the above considerations, and after describing, for the sake
of completeness, the fundamental aspects of quantum integrated optical elements in
Section 4.1, we present, in Section 4.2, an integrated generator of quantum light states |L)
based on the use of integrated optical lasers and directional couplers and mainly intended
for quantum cryptography. Such a quantum states generator device is designed for the
BB84 quantum key distribution scheme [214] and with two-dimensional quantum states,
although it can be extended to N-dimensional quantum states [51]. In this device, we
propose to use a rare-earth-doped glass, as discussed in Section 3, for generating four
weak laser signals obtained by pumping beams, that is, to use a hybrid glass. On the
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other hand, the passive part of the above device can in turn be used as an integrated
quantum projector, of a high interest in quantum devices, particularly and once again, in
quantum cryptography [215,216]. Moreover, another device for measuring Bell states is
also described, which is of a great importance in MDI (measurement device independent)
protocol [217], which is based on the use of two-photon states unlike the BB84 protocol that
uses a single photon. Experimental results on a single photon two-dimensional quantum
projector is presented in Section 4.3.

4.1. Fundamental Aspects of Quantum Integrated Optical Components

The use of quantum light states in integrated optical devices allows to develop differ-
ent on-chip applications in quantum optical communications and in other fields such as
quantum photonic simulations [196] and quantum photonic sensing [218]. Rigorous theo-
ries of linear and nonlinear quantum spatial propagation states in integrated waveguides
can be used [219-222], which allows us to study and design linear and nonlinear quantum
integrated optical elements. Moreover, we consider three types of quantum states of a great
interest for proofs of concept as the coherent states, the single photon states and the bipho-
ton states. Single photon states, and in particular 1-qubits and 1-ququart states (dimension
d = 4), have a high interest, for instance, in quantum cryptography; 1-ququart are the
states giving rise to the beginning of the so called high dimension quantum cryptography
with 1-qudits (d = N > 2), that is,

N N
[Ls) =) ¢il0...1;...0) = ) _¢[1)) (4)
j=1 j=1

where subscript s stands for single-mode photon. This single photon state |Ls) shows that
the photon is in a quantum superposition in the N channel waveguides. Moreover, by
using 1-qudits states we can form quantum bases of orthogonal states. These bases have to
be in turn mutually unbiased bases (MUBs), which requires |c1| = ... = |cn/| [198]. On the
other hand, lasers emit coherent states |«), with « € C, then by using, for instance, a 1xN
splitter or a cascade of directional couplers [51] a multimode coherent state a7 ... ay) is
obtained. It is well known, however, that for weak coherent (wc) states regime, |a;| < 1,
an approximated multimode single photon state is achieved, that is, |Lyc) ~ [0...0) +
Z]N: 12;0...1;...0). These states are less efficient because there is a single photon state
with a small probability, but it is enough for quantum cryptography.

Next, it is worth describing the quantum mechanical treatment of the basic passive
integrated optical elements of our integrated circuits, that is, the directional couplers 2 x 2
and phase shifters. We must stress that these 2 x 2 integrated optical elements (couplers
and phase shifters) are enough to generate unitary transformations of dimension N, that is,
SU(N) transformations, by concatening properly such optical elements [216]. Let us start
by considering a two-dimensional quantum problem (N = 2), that is, the single photon
quantum states are 1-qubits, namely, |Ls) = cy1|11) + co2/12), with 1 and 2 denoting two
single mode channel waveguides. Synchronous directional couplers can be represented by
the following matrix

Xy = (cos@ zsme) 5)

isinf cos@

where 0 = «L, with « the coupling coefficient and L the coupling (real or effective) length
of the coupler. For single photon states, the standard algebra for a two-dimensional
complex space can be applied, therefore the output state (or output 1-qubit) is given by
the expression

IL") = (co1 €080 +icep sin0)|11) + (ice1 Sin @ + cpp cos 0)|12) = c1|11) + c2|12) 6)
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For quantum information applications the usually required couplers are X4, that is,
3 dB (or 1:1) couplers, which correlate to the logic gate H. = v/ —iX, (circular Hadamard
logic gate) and X,;/, corresponding to the usual Pauli’s logic gate X. On the other hand,
phase shifters are also required. Their implementation can be obtained by using different
strategies (change in refractive index, change in length or width of a single-mode chan-
nel guide and so on) and they can even be reconfigurable by using glass thermo-optic
modulation. In any case, the matrix representation of a phase shifter is given by

e*iCD/Z 0
Zo = ( 0 eifb/Z) @)

Phase shifters such as Z,, and Z are usually required. In short, with several optical
integrated elements Xy and Zg concatenated, along with active components, it is possible
to implement different integrated optical circuits for use in quantum (and classical) optical
communications with arbitary dimension N.

Finally, there are biphoton states, which can be obtained from an SPDC (spontaneous
parametric down-conversion) quantum source. This source can emit twin photons or
entangled photons. In a compact form, we can write a biphoton state as follows

ILy) = cjpr[1j15) + cr[11yr) ®)

where j, I, j',1" indicate four different single-mode channel guides. If ¢;y = 0 then ¢; = 1

and twin photons states are obtained. Likewise, if Cjjr = +cp =1/ /2, the Bell states |<I>i)

are obtained. If we perform the change j' <+ I" and ¢;y = +¢; = 1/ /2 then the Bell states
|¥+) are obtained. Note that we obtain quantum states by using excitations in the modes
of several single-mode channel waveguides, which can also be denominated as path modes
or codirectional modes.

4.2. Integrated Quantum Circuits for Quantum Cryptography

In this subsection we present two examples of integrated quantum circuits. The
first one is a generator of quantum states intended for quantum cryptography by using
the so-called BB84 protocol [214]. It is made on a hybrid glass as the ones described in
Sections 2 and 3. Moroever, we show that the passive part of this integrated optical circuit
can be also used as a quantum projector. The circuit is made with four paths but can be
generalized to an arbitrary number of channel guides. The second integrated circuit is
a Bell states measurement device of interest for the so-called MDI (measurement device
independent) protocol [217] or in general for measuring the Bell states ¥=.

4.2.1. Quantum States Generator and Quantum Projectors On-Chip for BB84

Figure 13 shows a device to generate four quantum states, which are required in the
Alice system of the BB84 protocol. It consists of four paths, that is, four ion-exchanged
channel guides fabricated in a hybrid glass substrate. Moreover, an OG in the rare-earth-
doped glass section (DBR lasers) generates four weak laser signals (weak coherent states)
obtained with pumping beams P]-, ( = 1,2,3,4), whereas in the passive glass section four
directional couplers X, /4 and one coupler X/, along with a phase shifter Z,,, generate
the four states required for BB84 protocol at the outputs 2 and 3, namely, the 1-qubits
(1/v/2)(|12) + €°|13)), with § = 4+7/2,71,0. The pumping beams P; are activated in a
random way, and moreover, as shown later, the device (Alice device) emits each of the four
states through the outputs of paths 2 and 3 with a probability equal to 50%.

For example, if a weak coherent state is excited in channel waveguide 1 with pumping
beam P, then it is obtained |L) ~ |11). Next, the concatenated couplers X, /4 and X />
along with the shifter Z,,, (see Figure 13) perform a linear transformation, therefore, by
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taking into account Equation (5) for § = 7t/4 and 6 = 7r/2 and Equation (7) for & = 71/2,
the following output state is obtained

L) = 5 (110) —i[12)) + 5 ([12) +il13)) ©)

Note that in channel guides 2 and 3 we have one of the states of the BB84 protocol, that
is, in a vector form we have the state (1/+/2)(1,7)*, with t indicating transposed. The other
three states are obtained by using the other pumping beams. All of them are produced
with a 50% of probability what is reasonable for quantum key distributions.

P, E X4 X4
PzD By DC Xa
P3D e
Z
P 4 D Xn/ 4 & Xn/4

Figure 13. An integrated device with 4 paths (single-mode channel guides) on a hybrid glass
substrate is shown. An optical grating (OG) in the active glass section generates four laser weak
signals obtained with pumping beams P;, (j = 1,2,3,4); in the passive glass section, four directional
couplers X,; /4 and one coupler X, /, along with a phase shifter Z, /, generate the four states required
for BB84 protocol at the outputs 2 and 3 coupled, for example, to two single-mode cores of a MCE.

On the other hand, the passive part of this device (the blue section, that is, without the
active section where the OG is placed) is a quantum projector for the above states. Indeed,
by considering that the inputs are the channel guides 1 and 3, then the first two couplers
X;/4 and the coupler X/, make a state division. The next upper coupler X, /4 projects the
states (1/1/2)(1,41)!, whereas the phase shifter and the bottom coupler X, /47 /> project
the states (1/1/2)(1,4i)!. This means that the device (Bob device) produces a random
choice of bases. For example, let us consider the state (1/+v/2)(|11) + |13)) = (1/v2)(1,1)},
then, the final state is
\16|12> e + %em/4|14> (10)

Note that if the state chooses the channel 1 and 2, then it is projected on the output 2
(|12)). If the input state is (1/v/2)(|11) — |13)) = (1/+/2)(1, —1)*, then we obtain

IL1) =

N

V2

namely, the state is projected on the output 1 (|11)). The same procedure can be followed
for the states (1/v/2)(|11) £i|13)) = (1/v/2)(1, %i)* which are projected on the outputs 3
and 4.

1 _; 1;
L) = —5 ) = 5e ™4 15) + 541 (11)

4.2.2. Bell States Measurement Integrated Device for MDI

Another interesting quantum passive device is a Bell states measurement device,
which can be required in many optical quantum systems, e.g., in a MDI quantum cryptog-
raphy system [217] in multicore optical fibers or few-mode optical fibers. This device can
be implemented with integrated channel guides as shown next.

In Figure 14 a sketch of this device is given for the case of two multicore optical fibers
F, and F},, where only two cores are shown. We must recall that multicore optical fibers
and few-mode optical fibers allow for the increase of the optical transmission capability,
therefore the use of these optical fibers for quantum communications is highly likely.
Accordingly, the study of quantum operations with this kind of fiber also has a major
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potential interest. The Bell projector can be implemented by a X/, coupler and two X /4
couplers. Indeed, let us consider the following biphoton (or 2-qubit) Bell states, according
to the notation used in Figure 14,

1
V2

By applying the optical transformations produced by X/, and X, ,4 couplers for
single-photon states given by Equations (5) and (6) one obtains

¥ = (|1u011b02> + |1u021b01>) (12)

i 1
Yt o ([11151) + 101 , ¥ - —(|1,11 + 1,51 13
ﬁ(| alpt) + [1a21p2)) ﬁ(| alp) + [1a21p1)) (13)

Thus, when photons are registered in detectors D,1, Dy or D2, Dy, (photon coinci-
dences) we have the Bell state ¥+, and when photons are registered in detectors D,1, Dy,
or Dy, Dy we have the Bell state ¥ . In short, an integrated Bell projector device has been
obtained for Bell states ¥*.

~aof D
F ' /\_/_‘D_
a aon2  \ j D
e /\_/_ > Db1
,bo2 L/j)(_4Lj D,

7t/

Figure 14. Integrated Bell projector for entangled quantum states excited in four coresao j, j = 1,2,3,4
of two-core optical fibers F; and F,. Detectors D,; are used for measuring photon coincidences.

On the other hand, this result has also an important impact in cryptography, in
particular in a MDI quantum cryptography system. Indeed, let us consider the biphoton
state |1,011p02) launched by Alice and Bob, then the output state is given by

L) = {artiz) = (Lazlin)) + i(Lrlen) + Lalia))} = (¥ +0%)  (14)

that is, Bell states are again detected by photon concidences (Charlie device). Now, if
the state launched by Alice and Bob is |1,021p,1), the result is the same, except the sign:
(1/v/2)(=¥~ +i®*); therefore, a quantum key distribution is possible because Eve is not
able to know which state has been sent, that is, |1,011p02) Or |14021p01)-

The above examples (quantum states generator and quantum projectors for BB84 and
a Bell states measurement device) have made clear the potential of the integrated optical
devices for the implementation of quantum operations. Next, we show how the practical
implementation of these devices in a ion-exchanged glass platform is possible because only
a few qubits (or qudits) are required.

4.3. Fabrication and Characterization of a Quantum Projector

We present the fabrication of the basic units X, ,4 and X, that is, 2 x 2 direc-
tional couplers in glass, by using two consecutive purely thermal K*/Na™ ion-exchange
processes in glass. The first process is a selective ion exchange, that is, it is produced
only in non-masked regions that corresponds to the channel waveguides defining the
integrated optical component, while the second one is only a burial process through the
same mask [194]. We must underline that this two-step process is different from the one
proposed in Reference [199] where two consecutive K™ /Na™ ion exchanges are made, but
the second is a planar ion exchange. Rigorously, the second step (burial process) would not
be necessary but presents two important advantages. On the one hand, the modal field is lo-
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cated further from the glass surface, which can present irregularities, and therefore surface
losses are reduced, and, on the other hand, it decreases the typical anisotropy in K /Na™
waveguides produced by mechanical stress due to the size difference of the two ions, one of
the main drawback of these integrated guides. Of course there are many other strategies for
fabricating directional couplers by K™ /Na™ ion exchange (see, for example [16,200,201]),
which could also be suitable for this kind of applications. Another approach would be to
use ion-exchanged MMI couplers based on multimode interference [223,224], which would
have less stringent lithographic requirements. There are also proposals of reconfigurable
integrated elements as directional couplers by thermo-optic modulation [225], a strategy
that can be oriented to reconfigure quantum operations. In another work, an interesting
design of asymmetric Y-branch waveguides for bidirectional transmission on PCB (printed
circuit board) was described [226], which would allow us to join IQP and microelectronics.

The fabrication strategy presented here has given excellent experimental results for
X4 and X/, directional couplers with both low losses and anisotropic effects (coupling
between TE and TM guided modes, one of the drawbacks of Kt /Na™ ion exchange) thanks
to the burial process. The starting point has been to use previous results [54,64,201,207,227],
which have allowed us to establish a fixed temperature T = 400 °C for both the first and the
second (burial) ion exchange in a soda-lime glass with index n; = 1.5104 at A, = 633 nm.
Several tests of planar thermal ion exchange in the same type of glass substrate were made,
and the effective indices of the different guided modes were measured by prism coupling
method in an automated system (Metricon, Model 2010/M). From this empiric calibration
and taking into account numerical results by using the EIM for channel guides, a diffusion
time for the first exchange equal to t; = 30min and a time {, = 10min for the burial
process were fixed in order to achieve single-mode channel waveguides.

In order to design and fabricate integrated quantum optical projectors, a prior optical
characterization of the full fabrication process of the basic elements (the directional couplers
as X/4 and X ,,) was needed. A series of masks on the same substrate for different
directional couplers have been made by changing the separation s between channel guides
and the coupling length I of the couplers (a sketch of the directional coupler is shown
in Figure 15), while keeping the width of the channel guides constant (w = 3 um). The
connection between channel guides have been made through curves following the profile
used by Minford et al. (MC curve) [62]. The separations and the coupling lengths chosen,
after the photo-reduction process, are found in the interval s € [3,6]um and I € [0.5,2]mm,
respectively. We must indicate that under the ion-exchange process, the lateral diffusion
increases the width of the channel guides up to 4 um with respect to the designed mask
width of 3 um.

I MC MC
Cor {4 / > k’ ¢,
Co2 — s/ —C,

— 7

Figure 15. Sketch of a directional coupler belonging to the series of directional couplers fabricated.
The main parameters are indicated: separation s between channel guides and length [ of the guides
from after and up to before the Minford curves (MC).

An optical characterization of the directional couplers was then made. We denote as
¢o1 and cy, respectively, the input complex amplitudes at the two guides of the coupler
and as cj and c; the corresponding output complex amplitudes, so that the output powers
are P, = ]c,-|2, i = 1,2. In the tests, light was coupled to one of the branches of the coupler
and the power at each output was measured. Experimental results are shown in Table 1.
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Some important conclusions can be obtained from the results shown in Table 1: the coupler
(s,1) = (3.0,2.0) is very close to a X, coupler, and the coupler (s,I) = (6.0,1.5) is very
close to a X,;/4 coupler.

Table 1. Normalized powers P; |P; at coupler’s outputs 1 and 2, respectively.

Series of Couplers ! (mm)
0.5 1.0 1.5 2.0
3.0 (17.8/82.2) (93.6| 6.4) (54.9|45.1) ( 2.5/97.5)
s (nm) 45 (35.9]64.1) ( 5.9]94.1) ( 7.4]92.6) (40.9]59.1)
6.0 (80.7|19.3) (63.8]36.2) (49.3]50.7) (26.8]73.2)

Alternatively, one can use a numerical linear fitting to obtain the optimal values of (s, )
for fabricating a particular coupler Xy; thus, Figure 16 shows the linear fit 6(1) = al + b for
the three separations s considered. The term 6(0) is the coupling introduced by the Minford
curves and it is different from zero because [ is the distance between the curved sections.
Note that the above fit allows us to define an effective length lo¢ such that 0(legr) = «leg,
where « is the coupling coefficient (@ = «), and thus we can write the following relationship

0(1) = x1+6(0) (15)

By deriving « and 6(0) from the linear fit of the experimental coupling results we
obtain the effective length It = [ 4 6(0) /. In short, we have found the empiric parameters
for fabricating simultaneously X/, and X/, couplers and thus to fabricate the three IQP
devices described in the above subsection. The phase shifter 7t/2 could be implemented by
changing in an adiabatic way the length or the width of a channel guide.

The experimental results for the directional coupler (s,I) = (6.0,1.5) (X4 coupler) as
a quantum projector can now be shown. The test was made by using a He-Ne laser source,
so that we made a semi-classical optical characterization with coherent states, which is
sufficient to characterize the directional coupler; we must stress, however, that with single-
photon states the same results would be obtained. We excited different states at the input of
the directional coupler by using an optical grating [194]. Indeed, let us consider an external
optical grating with a periodic structure along the y axis (see, for instance, Figure 15).
When it is normally illuminated by a Gaussian beam propagating along z direction, and the
diffracted light is collected by a lens, then the diffraction orders +1 can be coupled to the
inputs c,1 and ¢, of the directional coupler shown in Figure 15. Next, by translating the
optical grating along y axis, different relative phases é between the amplitudes are obtained;
in other words, the following input vector of amplitudes is obtained at the directional
coupler: v}, = (c,1, €cyy)!, where superscript t stands for transposed. It is worth writing
the corresponding input quantum state, i.e., the bimode coherent state |c,1 €°cyy). Next, we
choose the directional coupler (s,!) = (6.0,1.5), which is very close to a X,; 4 coupler and
therefore is a projector of quantum states (1/+/2)(|1;) £i|15)). Alternatively, the device
formed by an optical grating introducing a 7t/2 phase plus a directional coupler X, /4 can
be formally regarded as a projector for states (1/+/2)(|11) & |15)). Note that if we use an
active optical grating implemented by a spatial light modulator introducing 0 or 77/2 in a
random way we have a quantum states detection system (Bob) of random bases.

In Figure 17, the experimental results (image of waveguide outputs) for these pro-
jections are shown, with the corresponding input coherent states. Note that the bimode
coherent states |a/+/2 4 in/+/2) are projected in states |«0) and |0«), therefore single pho-
ton states (1/+/2)(|11) & i[15)), will be projected in states |1;) and |1,), respectively. On
the other hand, the following two-mode coherent states |a/ V2 +a/ \@) do not undergo
transformations, therefore the single photon states (1/+/2)(|11) # |12)) also do not, and
consequently it is also experimentally proved that they are eigenstates. This last case is
highly interesting to implement a quantum random number generator.
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Figure 16. Linear fits of the coupling 6(I) for the three separations s between channel guides of
twelve directional couplers.

(@) (b) (c)

Figure 17. Experimental outputs for different input states to a coupler X, /4. (a) Input state:
la/\/2 —ia/~/2); output state: |a0); (b) input and output states: |«/v/2 & a/+/2); (c) input state:
la/+/2 ia//2); output state: [0a).

In short, the experimental results achieved with the directional coupler confirm that a
X4 transformation is implemented, and therefore a projection operation can be made. A
similar experimental study has been made with the X/, coupler. Therefore, when several
couplers X, /4 and X/, are combined, that is, couplers (s,!) = {(6.0,1.5),(3.0,2.0)}
fabricated simultaneously, the devices described in Section 4.2 can be fabricated and also
more general projectors (high-dimensional projectors, Bell states projectors, ...) by using
ion exchange in glass.

5. Conclusions

In this work we have presented a review on active and quantum integrated photonic
elements fabricated by ion exchange in glass, which have a remarkable impact in different
fields such as classical and quantum optical communications, optical processing and
optical sensing. Ion-exchanged components in rare-earth-doped glasses provide an optimal
solution to implement integrated optical lasers and amplifiers; erbium-doped waveguide
amplifiers represent a very important element in optical transmission systems. Likewise,
a growing interest has emerged for the use of the ion-exchanged waveguide technology
as an effective platform for integrated quantum photonics. We have reported theoretical
and experimental results showing the high potentiality of this platform for developing



Appl. Sci. 2021, 11,5222

23 of 32

References

active and integrated quantum devices, with particular reference to the combination of
active and passive ion-exchanged glass elements in hybrid glasses. Thus, we have shown
how to implement, for example, an active integrated quantum states generator device
for quantum cryptography (Alice device) and passive devices such as, for example, an
integrated quantum projector, suitable also for the BB84 protocol in quantum cryptography
(Bob device), which allows us to detect quantum states by projective measurements, and
a Bell states measurement device for MDI protocol in quantum cryptography (Charlie
device). As an overall, we have shown that ion exchange in glass, even if being a very
ancient technology, is still crucial for today’s (and future) photonic and quantum integration
technology.
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