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Abstract Femtosecond-laser micromachining (also known as
inscription or writing) has been developed as one of the most ef-
ficient techniques for direct three-dimensional microfabrication
of transparent optical materials. In integrated photonics, by us-
ing direct writing of femtosecond/ultrafast laser pulses, optical
waveguides can be produced in a wide variety of optical materi-
als. With diverse parameters, the formed waveguides may pos-
sess different configurations. This paper focuses on crystalline
dielectric materials, and is a review of the state-of-the-art in the
fabrication, characterization and applications of femtosecond-
laser micromachined waveguiding structures in optical crystals
and ceramics. A brief outlook is presented by focusing on a few
potential spotlights.

Optical waveguides in crystalline dielectric materials
produced by femtosecond-laser micromachining

Feng Chen1,∗ and J. R. Vázquez de Aldana2

1. Introduction

In integrated photonics, optical waveguides are basic com-
ponents that are defined as high refractive index cores
surrounded by low-index layers. Generally, the waveguide
structures have very small volumes, in which the light inten-
sities reach very high levels owing to the tight confinement
of the light fields in the refractive-index constructed poten-
tial wells [1, 2]. Benefiting from the compact geometry of
the structures, the functional guiding devices may be manu-
factured on chip-scale wafers, by which integrated photonic
circuits may be fabricated for diverse applications [3–6]. In
addition, some features (e.g., lasing performances, nonlin-
ear responses, etc.) might be enhanced to a certain extent in
the waveguides with respect to the bulks, enabling the real-
ization of highly efficient miniaturized platforms for a num-
ber of applications for photonic signal processing [7–10].
Waveguides in diverse configurations can be fabricated by a
few developed techniques, including metal-ion indiffusion
[11], ion/proton exchange [8, 12], epitaxial layer deposi-
tion (sputtering, molecular beam epitaxy (MBE), chemical
vapor deposition (CVD), pulsed laser deposition (PLD),
etc.) [13, 14], ion-beam implantation/irradiation [15–17],
and femtosecond (fs) laser micromachining/writing [18].

Fs-laser micromachining has recently emerged as one
of the most efficient techniques for direct three-dimensional
microfabrication of transparent optical materials [18–27].
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The energy of the fs pulses is absorbed through nonlin-
ear process (i.e. two-photon or multiphoton absorption),
inducing avalanche ionization in a very short time that does
not allow the fast heat-transfer process [18]. Because of
this feature, focused fs-laser pulses produce localized mod-
ifications of micro or submicrometric scales in the focal
volume inside the material, in which permanent or very sta-
ble refractive-index changes may be created. Since 1996,
the first report on fs-laser written waveguides in a few fam-
ily glasses was presented by Davis et al. [28], numerous
subsequent works have been performed towards waveguide
fabrication in various transparent materials [29–37]. It has
been found that the refractive-index modifications in the
fs-laser-irradiated regions could be either positive or nega-
tive, depending on the nature of the materials as well as on
the parameters of the applied fs-laser pulses. In addition,
high-energy fs-laser pulses are used to ablate transparent
dielectrics in micrometric scales. With suitable engineer-
ing of the refractive index in the special local regions inside
the materials, one can produce various photonic structures,
such as optical waveguides, photonic crystals, diffractive
gratings, etc., in a direct procedure without using patterned
masking [30]. With different parameters, the fs-laser mi-
cromachined waveguides may possess different configu-
rations, supporting diverse guidance along different axes.
More importantly, as a direct technique for waveguide fab-
rication, the fs-laser micromachining (mostly by inscribing
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index-changed filaments) has shown wide applicability in
a large number of materials, including amorphous glasses,
single crystals, polycrystalline ceramics, organic polymers,
etc. [29–37].

Optical dielectric crystals are important materials for
many aspects of modern life [38–40]. For example, electro-
optic crystals are ideal platforms for the modulation of light
phase, energy and polarizations. Nonlinear crystals are im-
portant frequency converters of light from different wave-
length regions. Laser crystals are the favorite gain media for
solid-state laser systems with lower lasing thresholds than
glasses. Based on dielectric crystals, various optical appli-
cations can be realized through a broad variety of devices
and components. With the combination of compact geome-
try of waveguides and useful features of crystals, crystalline
waveguides become unique platforms for versatile photonic
applications.

As of yet, numerous works have been performed
world-wide on fs-laser micromachined waveguides in var-
ious glasses, forming key components in photonic devices
such as microfluidic chips [29, 41], all-optical routers or
switches [42], continuous-wave (cw) or pulsed integrated
laser sources [43–46], amplifiers [47–49], and quantum
photonic devices [50]. On the contrary, crystalline waveg-
uides received considerable attention until more recently.
Nevertheless, a number of new waveguides have been fab-
ricated in crystals and some applications based on the crys-
talline waveguides are very exciting. In addition, fs-laser
micromachined guiding structures can be fabricated with
multiple configurations, which offer diverse options to re-
alize versatile applications. In this work, we focus on the
up-to-date progress on the optical waveguides in dielectric
crystals fabricated by fs-laser micromachining. Heinrich
et al. presented a simple review on this topic but most new
results were missing due to the very rapid development of
the research field undergone recently [51]. In our work, the
fundamentals of the fs-laser interaction with the crystal ma-
terials are briefly demonstrated in Section 2. The fabrication
of diverse waveguide configurations by fs-laser microma-
chining is introduced in Section 3. Section 4 focuses on
the applied crystal materials and their properties, giving
a state-of-the-art overview of the reported literatures. In
Section 5, selected applications of fs-laser fabricated crys-
talline waveguides are presented. An outlook with summary
will be given in Section 6.

2. Fundamentals on microprocessing
of crystals with femtosecond laser pulses

2.1. Interaction of dielectrics with intense
femtosecond pulses

The fs-laser irradiation is nowadays consolidated as a very
powerful technique for the microprocessing of transparent
dielectrics [18,21], both in the surface and in the bulk. The
great interest of using such laser sources, instead of longer-
pulse lasers (nanosecond, ns) or other techniques, for high-
precision materials processing is that micromodifications

can be produced in a very small region of the sample, while
reducing the surrounding affected area at minimum [52].
The reason for that is the extremely short temporal scale of
the laser–matter interaction: at the time the laser pulse is
over, the thermal coupling of electrons and ions is negligible
[53].

Most of the crystals interesting for photonic applica-
tions are transparent to the near-infrared wavelengths of
the usual ultrashort pulse lasers (i.e. Ti:sapphire at ∼800
nm or Yb-doped fiber laser at ∼1.04 μm), due to the large
bandgap of such materials [54]. When an intense ultra-
short laser pulse is focused in the surface of a transparent
dielectric, a number of electrons will be detached from
their parent atoms [55] through the so-called processes of
strong-field ionization [56]: multiphoton or tunnel ioniza-
tion. There exists no threshold intensity for such processes
to take place, but in order to get a significant number of free
electrons, intensities in the range of 1012–1013 W/cm2 are
usually required. The free electrons that are generated con-
tinue their interaction with the laser pulse, absorbing more
energy by inverse Bremsstrahlung, and colliding with other
bound electrons that will be released (a process known as
avalanche ionization). As a result, after the irradiation with
an intense femtosecond pulse, the exposed material con-
sists of a hot and dense electronic plasma, and a lattice of
ions. The processes subsequent to the laser interaction are
very complex [57] and will depend strongly on the material
and on the laser parameters. In general, if the laser inten-
sity is large enough to produce a plasma density exceeding
some critical value, a process known as ultrafast ablation
[58] will take place by Coulomb explosion (electrons and
ions ejection) giving rise to the creation of a shallow crater
(nanometer scale [59]) in the material surface, with min-
imal thermal affection to the surrounding material. Laser
fluences of a few J/cm2 are required to produce ablation
with IR femtosecond pulses.

The irradiation of the sample with multiple femtosec-
ond pulses leads to the formation of a deeper ablation crater
when the laser beam is focused at the same spot or to an
ablation groove if the sample is moved at a certain velocity
while irradiating. These techniques have been successfully
used for the precise surface microstructuring of crystals,
thus enabling the fabrication of photonic devices. For in-
stance, the integration of diffractive patterns (relief grat-
ings) for beam-shaping applications has been explored in
laser [60] and nonlinear [61–64] crystals. Concerning the
inscription of optical waveguides in crystals by ultrafast ab-
lation, two approaches have been demonstrated. On the one
hand, under certain conditions, the shock wave generated
in the unprocessed material due to the ablation mechanism,
results in a local refractive-index increase. This can be used
for the fabrication of a waveguides by simply producing
an ablation groove along the surface of a crystal [65]. On
the other hand, ultrafast ablation has also been used for
the inscription of ridge waveguides [66] in ion-implanted
crystals [15]: the procedure consists of micromachining
two parallel ablation grooves along the sample that keep
the light confined transversally thus shaping the waveguide
mode.
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The process of laser–matter interaction at high inten-
sities is even more complex when the laser pulse is fo-
cused at some depth inside the transparent dielectric [29],
provided that the pulse will undergo also nonlinear propa-
gation [67] thus modifying the intensity distribution from
that expected in a linear (low-intensity) regime. The mech-
anisms affecting the pulse propagation are mainly related
to the third-order nonlinear susceptibility and the optical
Kerr effect, giving rise to a very complex dynamics. For
large pulse powers, the beam will experience self-focusing
[68], thus contributing to a further increase in the local on-
axis intensity. Then, as the pulse propagates towards the
focus, strong-field ionization takes place and the plasma
that is generated tends to defocus the beam and absorbs en-
ergy from the pulse at the same time. The opposed effects
of self-focusing and plasma generation (defocusing) some-
times produces a dynamic light channel in which the beam
propagates concentrated at a very small size for a distance
of several Rayleigh lengths of the focusing beam: the pro-
cess is named filamentation [69]. It is well accepted that the
laser-created plasma is the origin of the modifications that
will take place in the focal volume [70] after the interaction
with the laser pulse. However, the physical mechanisms that
take place after the free-electron plasma has transferred its
energy to the lattice, are not fully understood yet [29].

2.2. Micromodifications of crystals with
femtosecond pulses

The observed morphological changes induced by the irradi-
ation of crystals with femtosecond pulses can be classified
mainly in two groups [71]. The first one consists of pro-
ducing a weak damage at the focal volume that leads to
a smooth modification (positive) of the refractive index in
this region. The crystal in which such a modification was
first observed was LiNbO3 [72] and its formation is linked
to the creation of point defects at the focal volume that
lower the spontaneous polarization of the crystal [73]. Fab-
rication of optical waveguides by this procedure is direct
and simple (as will be discussed in Section 3) just by scan-
ning the sample, has been demonstrated in a vast number
of glasses. However, such waveguides in crystals have the
main drawback that they can be strongly deteriorated or
even removed completely by heating the sample. As of yet,
it has been observed only in a few crystalline materials, such
as LiNbO3 [71, 72, 74], ZnSe [75] and Nd:YCa4O(BO3)3
[76]. It can be explained because a refractive-index increase
typically requires an increase in the material density, and
this is something difficult to achieve in materials with crys-
talline structure due to the large natural positional order of
the lattice.

The other group of morphological changes consists of
the generation of a severe damage track along the prop-
agation direction in a more or less long volume around
the nonlinear laser focus. It has been reported in a num-
ber of crystals (Nd:YAG, LiNbO3, Nd:GGG, Nd:YVO4
. . . ) that the refractive index at the damage tracks de-
creases with respect to that of the bulk [77], which typi-

cally corresponds to a local amorphization of the material
[78]. Additionally, a stress field is created at the surround-
ing material leading to a refractive-index increase [73] that
can be used for waveguide fabrication. Spectroscopic stud-
ies, e.g., microphotoluminescence (μ-PL) or micro-Raman
(μ-Raman), performed in rare-earth-doped crystals or poly-
crystalline materials (ceramics) have provided much infor-
mation on the particular microstructural modifications that
take place at the damage tracks and in the surroundings. Al-
though the response of the material to the laser irradiation
depends on the particular crystal used, the following ob-
servations [79] performed in a Nd:YAG ceramic, are quite
general: a) irreversible lattice damage at the core of the
tracks, associated with the creation of a continuous line of
submicrometer-sized amorphous damage voxels, b) com-
pressed crystalline material in the vicinity of the filaments
core, with a high density of thermally removable defects and
lattice imperfections, and c) compressed crystalline mate-
rial in the surroundings of the tracks, which is thermally
stable.

As an example, in Fig. 1a we show the damage tracks
produced in a Nd:GGG crystal with 120-fs pulses at 1 kHz
repetition rate and a large pulse energy of 5.8 μJ [80]. The
microluminescence analysis of the 4F3/2→4I9/2 emission
line (933 nm) of Nd3+ ions (Figs. 1b–e) reveals a clear flu-
orescence quenching in the filaments while the photolumi-
nescence properties are well preserved in the area between
the tracks (Fig. 1c), which can be understood in terms of
lattice defects induced by the laser. Moreover, there is a
linewidth increase at the damage tracks (Fig. 1e) that corre-
sponds to the disorder induced during the writing procedure.
Finally, there is a redshift of the emission line (Fig. 1d) ob-
served at the tracks and the central volume, while a blueshift
appears at the front end of the tracks, that can be understood
in terms of compressive and expansive stress, respectively.

Waveguides can then be fabricated with this approach
by using the lateral areas of the tracks with refractive-index
increase, as is explained in Section 3. One of the advan-
tages of this technique is that the waveguide is generated in
a sample volume that is not directly irradiated by the laser
pulse, thus reducing the damage of the material. This is par-
ticularly important for the fabrication of active waveguides
in doped crystals, provided that it has been demonstrated
that the material keeps the spectroscopic properties of the
ions [79–81], showing excellent properties as waveguide
lasers [82, 83]. Other optical features of the crystal, as the
second-order nonlinear susceptibility [84,85], are also kept
in the optical waveguide allowing their use, for instance, as
frequency converters [71]. Moreover, the refractive-index
modification produced by the stress field resists large heat-
ing of the samples.

2.3. Effect of the irradiation parameters

The micromodifications induced in the crystal, depend both
on the irradiation parameters (focusing conditions, pulse
energy, repetition rate, pulse duration, etc.) as on the phys-
ical material properties (bandgap, dispersion, ionization
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Figure 1 Analysis of damage tracks
produced in a Nd:GGG crystal with
120-fs pulses at 1 kHz repetition rate
and a pulse energy of 5.8 μJ. a) Opti-
cal microscope image of the tracks
in transmission mode. The ellipse
shows the area where the waveg-
uide is formed. b) Microluminescence
spectra comparison of Nd3+ ions
from the waveguide (red solid line)
and bulk (blue dotted line). Plots c),
d) and e) show the spatial distribu-
tion of the emitted intensity, energy
shift and FWHM of the 4F3/2→4I9/2

Nd3+ emission line around 933 nm
obtained from the end face of the
waveguide. Data obtained from [80].

rates, thermal conductivity, etc.). The main irradiation pa-
rameters that determine the size, morphology and the type
of modification induced by the laser are the pulse energy
and the pulse duration. In general, the formation of severe
damage tracks requires pulse energies large enough to pro-
duce self-focusing and catastrophic collapse. Therefore, the
peak power of the pulse must exceed the critical power [86]:

Pcrit = 3.77λ2

8πn0n2
, (1)

assuming a Gaussian beam shape, with n2 being the non-
linear refractive index of the material. This magnitude, the
laser power, directly links both the pulse energy and pulse
duration. On the one hand, for a given pulse duration, as
the pulse energy increases beyond the threshold defined by
the critical power, the damage track elongates (see Fig. 2,
picture at the top) in the propagation direction [73] and a
more severe stress field is created. Although there is a great
variation in the critical power for different crystals, typical
energies for 100 fs pulses and Ti:sapphire lasers are in the
range of 0.1–1 μJ. On the other hand, for a given pulse
energy, as the pulse duration becomes shorter, the nonlin-
ear absorption before the focus is stronger, and the damage
track becomes weaker.

Concerning the focusing conditions, such as the numer-
ical aperture of the focusing optics and the depth of focusing
inside the sample, they are also important parameters in de-
termining the geometry and length of the modified regions.
Large numerical apertures tend to decrease the length of
the damage tracks due to the fast divergence of the beam
after the focus: filamentary propagation is not stable for a

Figure 2 Transmission microscope images of the tracks pro-
duced in a Nd:YAG sample by 120-fs pulses showing the effect
of the scanning velocity and the pulse energy. The laser beam
was focused by a 20 × microscope objective 150 μm beneath
the sample surface, and propagates from the top to the bottom.
In the image at the top (a) the scanning velocity was set to 200
μm/s and the pulse energy was varied as indicated. In the image
at the bottom (b) the pulse energy was set to 0.42 μJ and the
energy was varied as indicated. Some damage is evident in the
area above the tracks that is produced by the focusing pulse.

long length. Most of the works on waveguide fabrication in
crystals have been done by using microscope objectives as
focusing optics with numerical aperture values of 0.3–0.8.
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Its effect on the morphology of the micromodifications has
been extensively discussed in glasses [87], but no system-
atic study has been published in crystals to the author’s
knowledge.

The depth of focusing defines the length that the laser
pulse propagates through the crystal before the focus and
then, the larger or smaller distortion that it might experience
due to processes like dispersion or absorption. Moreover,
the elongation of the focal volume due to the spherical
aberration induced at the air/dielectric boundary depends
strongly on both parameters: their effect is discussed in
detail in [88] for glasses, but the results are general.

For the fabrication of a waveguide, a scan of the sample
must be done with the focused beam. The choice of the
scanning velocity determines the number of pulses that
impinge on each point of the sample, which in a rough
approximation can be calculated as:

N = d · f

v
, (2)

with d being the diameter of the focal spot, f the repeti-
tion rate of the laser and v the scanning speed. A large
number of pulses are frequently beneficial to increase the
magnitude of the micromodifications induced in the crys-
tal (in particular the stress field surrounding the damage
tracks) and it also contributes to get the required smooth
and homogeneous optical properties along the waveguide
for its optimal performance. Thus, the scanning velocity is
chosen as a compromise between the best quality of the
optical waveguide and the minimum processing time. For
laser systems with low repetition rates (∼1 kHz) the scan-
ning velocities are typically tens of μm/s, while in large
repetition rate lasers the velocity can be increased to tens of
mm/s [89]. The effect of the scanning velocity in a Nd:YAG
ceramic is shown in Fig. 2, bottom picture.

The laser wavelength of the irradiation beam is not very
critical whenever it is in the range of the near infrared that
is typical in most of the ultrashort laser pulse sources. For
much shorter wavelengths, the damage thresholds of the
crystal will decrease (as they do in the ablation process [90])
but, in principle, short wavelengths are not advantageous
provided that the multiphoton order of the ionization is
smaller, thus producing nonlinear absorption (and damage)
in a larger volume around the focus.

Finally, another key parameter is the repetition rate of
the laser pulses. It establishes two microprocessing regimes
depending on whether the time between two consecutive
pulses is larger or smaller than the heat diffusion time of
the crystal [91]. In the first case we talk about a nonthermal
(or low repetition rate) regime and a thermal (or high repe-
tition rate) regime in the second one. In the thermal regime,
the heating produced by one of the laser pulses overlaps
with the heating produced by the subsequent pulse, thus
generating a cumulative effect in the focal volume [92]. In
this case, the thresholds required to modify or damage the
materials are usually smaller than in the nonthermal regime.
The transition between both regimes can be estimated by

computing the critical frequency [93]:

fcrit = α

d2
, (3)

with α being the thermal diffusivity of the crystal. For exam-
ple, in Yb:YAG [94] the thermal regime was achieved with
a Yb-doped fiber laser operating at 500 kHz, and the non-
thermal regime with an amplified Ti:Sapphire laser system
at 1 kHz (fcrit = 280 kHz for the experimental conditions).
Concerning the results obtained for waveguide fabrication,
a laser annealing effect has been demonstrated when oper-
ating at high repetition rates [89, 94], with a reduction of
the defects concentration, which improves the performance
of the waveguides (e.g., reducing the propagation losses).

3. Waveguide configurations

As of yet, the fs-laser micromachined optical waveguides
in dielectric crystals are generally classified into a few
configurations. The well-accepted configuration classifica-
tion depends on the induced refractive-index changes in
the laser-irradiated regions (as explained in the previous
section), including Type I (index increased in the irradi-
ated region) and Type II (index decreased in the irradiated
regions, typically in the form of damage tracks) [29, 73].
There is another geometry called a “depressed cladding”
structure, in which the waveguide core is surrounded by a
number of low-index damage tracks [95]. If only depend-
ing on the sign of the induced refractive-index changes in
tracks, the cladding waveguide seems to be classified into
Type II. However, the well-known Type II waveguides have
a significant difference from the depressed cladding struc-
tures. In this article, we define the waveguide configuration
according to the relative position from the fs-laser-induced
tracks. This classification is not only in good agreement
with the well accepted Type I and Type II geometries ac-
cording to the sign of the index changes in the tracks, but
also highlights the difference between the normal dual-line
and cladding approaches that are both originally from the
effects of fs-laser induced low-index tracks. In this section,
these geometries will be introduced in detail.

3.1. Type I directly written waveguides

A Type I waveguide is located inside the fs-laser-induced
tracks. Figure 3a shows the schematic of the fabrication of
Type I waveguide. In this configuration, the fs laser will
induce positive refractive-index changes (�n) in the irradi-
ated focal volume, which serves as the waveguide core. This
positive change (�n> 0) is very common in amorphous ma-
terials, e.g., in most glasses. Since the laser-written regions
are the waveguides, such a feature enables direct writing of
3D waveguiding structures in materials, constructing pas-
sive devices such as Y-junctions, directional couplers, or
waveguide arrays/grating with feasible geometries [29,50].
In crystals, the mechanisms seem to be much more complex
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Figure 3 Schematic of the fabrication procedure of fs-laser micromachined waveguides in crystals: (a) Type I, (b) Type II, (c) Type
III, and (d) Type IV configurations. The insets indicate the cross-sectional sketches of the waveguides. The shadows represent the
fs-laser-induced tracks and the dashed lines indicate the spatial locations of the waveguide cores.

than glasses, and Type I waveguides have only been fab-
ricated in a few materials, i.e. LiNbO3 [73], Nd:YCOB
[76] and ZnSe [75]. Even in these crystals, the positive
�n only exists along a particular axis, which means that
the waveguides only support guidance along one particu-
lar polarization [51,75,76]. Unlike glasses with amorphous
structures, the useful features of crystal materials are from
the periodic lattice structures. The fs-laser beam usually
creates strong modification of the material at the focal vol-
ume, causing high damage or even amorphization in the
irradiated regions, which significantly degrades the bulk-
related properties in the waveguide core. This, in principle,
limits the practical application of the Type I waveguides
of single crystals [51]. In addition, the Type I waveguides
in crystals are usually not stable or even completely re-
moved under high temperature, which in principle cannot
be used in high-power applications. Moreover, the Type I
waveguides in crystals only support guidance along one
polarization direction, which limits the ability for phase-
matched frequency conversion that requires 2D guidance.
Nevertheless, the Type I structures are still very useful pro-
vided that most of the bulk features can be preserved to

an acceptable level, since this geometry is easier for direct
3D fabrication of complex devices. Moreover, it has been
reported that a so-called “multiscan” fabrication technique
can be used to construct positive step-index cores with des-
ignable cross-sectional shape, in which several single-laser
scans are overlapped transversal to the writing direction
[76, 96]. This approach also offers the possibility to fab-
ricate waveguides with the guidance at longer wavelength
since the cross section scales are larger than a single-laser
scanned structure.

3.2. Type II stress-induced waveguides

Type II waveguides are in the vicinal regions of the fs-
laser-induced tracks. Figure 3b shows the schematic plot of
the fabrication of a typical Type II waveguide in dielectric
crystals. In this scheme, the fs-laser will induce negative
refractive-index changes (�n< 0) in the directly irradiated
region, causing expansion of the lattices in the focal volume.
This dilation of the local region (i.e. in the track core) is
generally accompanied with refractive-index reduction, and
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the vicinal surrounding regions may possess a relatively
high index through the stress-induced effects. Usually, if
there are two parallel tracks (with lengths of 15–30 μm or
more) with suitable separation (typically 10–20 μm), the
waveguide core is therefore located in the region between
the two tracks, i.e. the so-called “double-line” or “dual-
line” approach [73]. As of yet, most Type II waveguides in
crystals are constructed with dual-line geometry. In the case
of single-line track with reduced refractive index, the Type
II waveguide may be located in the vicinity of the track, e.g.,
above or below the tips, in which slight index increments
occur due to the stress-induced effect. In crystals, compared
with Type I geometry, the Type II configuration seems to
be more advantageous. First, the waveguide core of Type
II waveguides is located in the regions between the highly
damaged tracks, and the bulk features in the waveguides
may not be affected significantly. Many research results
have shown that the dual-line waveguides preserve well the
luminescence and nonlinear properties of the bulks, which
is particularly important for various applications in crystal
waveguides [79, 80]. Secondly, the mechanism producing
Type II structures is relatively well understood, and the
refractive-index changes of the tracks are much more easily
controlled than in Type I, which has been confirmed by more
recent data in a number of materials. Thirdly, it is possible
to achieve guidance for the two laser polarizations in stress-
induced waveguides, although the 2D guidance may be not
identical. Nevertheless, this feature is strongly dependent on
the target material itself [51]. For some cubic crystals, such
as Nd:YAG, only TM polarization (parallel to the damage
tracks) is well guided in dual-line waveguides [79, 82, 83].
Fourthly, the stress-induced waveguides are still very stable
at high temperature, which is quite different from the Type
I cases. High-power waveguide devices could be fabricated
on the basis of Type II structures.

In addition, it should be pointed out that the stress-
induced waveguides may not be necessarily fabricated with
two parallel laser scans. Recently, it has been proved that,
with more damage tracks (i.e. multiple-line geometry), the
guidance of the Type II waveguides may be further im-
proved [97]. It is also possible to construct double cross
lines in crystals, achieving better guidance properties in
two dimensions.

3.3. Type III depressed cladding waveguides

A Type III waveguide consists of a core surrounded by
a number of low-index tracks, and the core position is a
little “far” away from the tracks. Those tracks are close
to each other (few micrometers), constructing a quasicon-
tinuous low-index potential barrier wall, which allows the
confinement of the light field inside. This is similar to the
ion-implanted waveguides with low-index optical barriers
[15]. Depressed cladding waveguides were first realized in
2005, in Nd:YAG crystals [95]. Such a prototype did not
receive enough attention in the early years; until recently, it
has shown excellent features and regains interest from more

researchers. Figure 3c depicts the scheme for the fabrica-
tion of depressed cladding waveguides. In this article, we
term this structure a Type III configuration. Similar to Type
II waveguides, the fs-laser-inscribed tracks have reduced
refractive index with respect to the bulk. However, Type III
waveguides are confined by a number of low-index tracks,
and these tracks, serving as waveguide boundaries, con-
struct quasiclosed geometrical cross sections. The waveg-
uide core is therefore located inside the region of many
low-index tracks. Theoretically, the tracks can be arranged
to produce any shape of geometry at the waveguide cross
section. In practice, a circular shape is more favored because
it fits well that of the optical fibers. Not to lose generality,
we focus on the circular-shaped cross-sectional Type III
waveguides. The diameter of cladding waveguides is typi-
cally from 30 μm to 150 μm, and the separations between
adjacent parallel tracks are 3–4 μm. The flexible diameter
of the waveguide cores enables the guidance from single
mode to highly multimode and from visible light to mid-
IR wavelength regions. In a 3D view, the morphology of
circular cladding waveguides is like guiding tubes, which,
in principle, enables fine connection with the commercial
fibers to construct fiber–waveguide–fiber integrated pho-
tonic systems.

A very important feature of cladding waveguides is
that they show 2D guidance on the cross section. In some
crystals, such 2D guidance is almost identical along TE
and TM polarizations, which makes Type III structures
ideal platforms for unpolarized pumping as light sources or
frequency-conversion-based phase-matching mechanisms.
In addition, it is also possible to fabricate surface cladding
waveguides instead of the mostly applied buried configu-
rations [81]. These surface cladding waveguides may be
more suitable for Q-switched pulse laser systems since the
additional losses can be easily introduced.

3.4. Type IV ablated ridge waveguides

From Type I to III, the fs-laser beams only produce mate-
rial damage in the focal volume or surroundings. The high-
intensity pulses of fs lasers can be also used to etch crystals
in selected regions through the ultrafast ablation mecha-
nism (see Section 2). This offers a new pathway to construct
ridge waveguides on planar waveguide substrates. Figure 3d
shows the schematic of the ablated ridge waveguides (herein
it is called a Type IV structure). The planar waveguide layer
can be produced by other techniques. The fs-laser ablation
is used to remove the selected parts of the planar waveg-
uide surface, constructing ridges. In crystals, Type IV ridge
waveguides have been fabricated in ion-irradiated planar
waveguide surfaces, such as β-BaB2O4 [66], Nd:YAG [98],
Nd:GGG [99], Nd:GdCOB [100], Nd:MgO:LiNbO3 [101],
and TiO2 [102] crystals, achieving applications as waveg-
uide lasers or frequency converters. The guidance of the
ablated ridge waveguides depends on the planar waveguide
substrates. A drawback of Type IV ridge waveguides is the
rough sidewalls produced by the fs laser ablation, which
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introduce considerable losses and degrade the waveguide
quality. Usually postablation treatment (such as ion-beam
sputtering) may be performed to reduce the roughness of
the ablated air gaps [66]. In addition, by using multiple
scans, the roughness of the sidewalls might be reduced to a
certain extent [103].

4. Materials

In this section, the progress on fs-laser micromachined
waveguides in crystalline materials (including single crys-
tals and polycrystalline ceramics) will be overviewed by
focusing on the fabrication and characterizations of guid-
ing properties and bulk-related features.

4.1. LiNbO3

Lithium niobate is a well-known crystal with multiple func-
tions for photonic applications [101,104,105]. Pure LiNbO3
wafers can be used as passive devices for signal trans-
mission and active devices for electro-optic modulation,
rare-earth-ion (e.g., Nd, Er) -doped wafers show very
good properties for laser generation and optical ampli-
fication, and Fe- or Cu-ion-doped ones are interesting
for photorefractive wave mixing and information storage.
Periodically poled LiNbO3 (PPLN) is a very successful
example of efficient frequency conversion by quasiphase
matching [104, 105]. In most of these applications, inte-
grated structures like waveguides are helpful or even nec-
essary to improve the bulk quality features. On the other
hand, many techniques are applicable for waveguide fabri-
cation in LiNbO3, such as Ti-ion indiffusion [11], proton
exchange [14], ion irradiation [101] and fs-laser inscription
[60, 71–74, 89, 96, 106–122].

LiNbO3 is one of the earliest-investigated crystals for
fs-laser micromachined waveguides. As of yet, structures
of Type I to IV have all been realized in LiNbO3 crystals.
Among them, Type I and II geometries have been exten-
sively investigated by many researchers. Figure 4 shows
the typical demonstration of Type I and II waveguides in
LiNbO3 on the refractive index and modal profiles. The
Type I waveguides show optical guidance along the ex-
traordinary index (ne along the z-axis of the crystal, i.e.
nz) polarized light, while they possess negative changes of
the ordinary index (no) [72, 73, 109]. For a pure birefrien-
gent LiNbO3 crystal, Type I waveguides have low losses of
1 dB/cm, and based on this configuration, Y-splitter struc-
tures were fabricated with a split ratio of 1.1:1 [72]. For
PPLN, a lower loss of 0.6 dB/cm was obtained for a Type I
structure [96]. The typical index variation (�ne in this case)
of these Type I waveguides in LiNbO3 is less than 1 × 10−3.
Two shortcomings do exist for Type I LiNbO3 waveguides.
The induced index changes of ne are not stable even af-
ter low-temperature annealing. It was reported that thermal
treatment at 150 ◦C can significantly affect the stability of
the waveguide [51]. In addition, it was found that even at

Figure 4 Laser-written waveguides in LiNbO3 at a fixed pulse
energy of 0.2 μJ and different pulse widths: (a) ne profile and
(b) guided optical mode at a wavelength of 633 nm for a pulse
duration of 220 fs (Type I); (c) ne profile and (d) guided optical
mode for a pulse duration of 1.1 ps (Type II). Data obtained from
[73].

room temperature, the Type I waveguide in LiNbO3 may
have a gradual decay of light guidance [51]. This behavior is
much worse than that observed in the LiNbO3 waveguides
produced by other techniques [101]. Such a drawback may
limit the potential use of Type I LiNbO3 only to low-power
applications. Another disadvantage is the degradation of
the bulk-related properties in the waveguide region [109].
Since the waveguide core of a Type I structure is located in
the directly irradiated region, where crystalline lattice struc-
tures are considerably modified, the bulk features, such as
nonlinear responses, could be degraded considerably. Nev-
ertheless, it is still acceptable by carefully controlling the
fs-laser parameters to preserve as much as possible the bulk
features in Type I waveguides [96]. In addition, by using
multiple adjacent laser scans, the waveguide core could be
designed for larger cross-sectional areas in order to support
guidance at long wavelengths [121]. Type I structures have
been fabricated in pure LiNbO3 crystals [72, 73, 109, 111]
and PPLN [96,116] wafers. It was found that, in the multi-
scanned Type I PPLN waveguides, the nonlinear coefficient
of the bulk was well preserved [96, 116].

Type II waveguides in LiNbO3 seem to be more suc-
cessful than Type I. In this configuration, the directly ir-
radiated tracks show reduced refractive indices (both ne
and no), also accompanied with significant degradation of
bulk properties. The index variation of ne in the tracks
is typically (2–4) × 10−3, which is larger than that of
Type I structures [51]. However, the waveguide region
is not directly produced in the damage tracks: in dual-
line structures, the core is located in the region with a
refractive-index increase between two parallel filaments
due to the overlapping of stress-induced effects [109]. In
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this way, the waveguide core possesses the well-preserved
bulk properties because it avoids the direct modification of
lattice structures from the fs-laser beams [106, 119]. This
has been confirmed by microspectroscopic investigations
[106]. More recently, Tejerina and Torchia developed an
open Matlab code “MATFESA” based on a finite-element
method (FEM) to estimate the stress-induced effects on the
refractive-index modifications in LiNbO3 crystals, which
may be very helpful to achieve strain-field control for op-
timized fs-laser parameters [121]. The propagation losses
of stress-induced waveguides in LiNbO3 is typically 1–
3 dB/cm, which is comparable with that of the Type I waveg-
uides. Type II structures have been fabricated in pure and
doped LiNbO3crystals [71,73,74,108,109,122] and PPLN
[112–115]. Also, waveguide arrays have been fabricated by
a number of Type II structures, which was used for the inves-
tigation of discrete optics [110]. In addition, Type II waveg-
uides were produced in Nd:MgO:LiNbO3 laser crystals
[122]. A confocal microphotoluminescence spectroscopy
measurement of the double-line Nd:MgO:LiNbO3 waveg-
uide shows that, in the damage-track regions, significant
quenching occurs, whilst in the waveguide core, the fluo-
rescence features have been well preserved. This reflects the
fact that the lattice structures between two damage tracks
are not significantly affected [122]. Micro-Raman spectra
and microluminescence mappings of the Type II LiNbO3
waveguides confirm this phenomenon [106]. In addition,
the Type II PPLN waveguides possess similar nonlinear
coefficients to the bulk, showing potential applications for
frequency doubling [112–114].

For z-cut LiNbO3 crystals, Yang et al. reported on the
realization of nonreciprocal ultrafast laser writing [107].
It was found that, as the direction of the laser beam was
reversed from the +z to the –z direction, the structures when
translating the beam along the +y and –y directions are
mirrored. This can be explained in terms of light pressure
at the front of an ultrashort pulse, the photon drag effect
and the associated light-induced thermal current in LiNbO3
crystal. This new phenomenon may be used for further
control of the waveguide configurations of fs-laser inscribed
waveguides.

Type III waveguides have been fabricated in
Nd:MgO:LiNbO3 [122], which support 2D guidance for
polarizations. Further investigation is still ongoing. Type
IV structures must be produced on a planar waveguide
surface by fs-laser ablation. It was also realized in a
Nd:MgO:LiNbO3 planar waveguide produced by C ion
implantation [101]. From the confocal microfluorescence
mappings of a specific emission line of Nd ions, it can be
seen that the waveguides show identical properties to the
original planar waveguide layer.

4.2. Active-ion-doped YAG: single crystals and
ceramics

The active-ion (e.g., Nd, Yb, Er, Tm, Cr) -doped YAG
crystals and ceramics are important gain media for high-
power solid-state laser systems. Due to the stable chem-

Figure 5 Step-index waveguide in Er:YAG ceramic: (a) Normal-
ized near-IR microluminescence spectra obtained from the bulk
and waveguide core, and (b) 2D map of the variation of the peak
linewidth of the most intense peak at 1532 nm. Data obtained
from [124].

ical properties of the YAG families, direct processing
of the bulks for waveguide fabrication can only be
achieved by ion-beam irradiation and fs-laser microma-
chining. All configurations of fs-laser manufactured waveg-
uides have been realized in YAG crystals and/or ceramics
[65,79,81–83,94,95,98,123–133]. All the reported results
reveal that the fs-laser pulses create almost identical effects
of refractive-index modifications on YAG single crystals
and polycrystalline ceramics. The similar phenomena have
also been confirmed for ion-beam-processed YAG samples.

Type I waveguides in YAG were produced in Er- or Ho-
ion-doped ceramics with a multiscan technique by Rode-
nas et al. [124]. The pulse width and energy were carefully
selected to achieve the required positive refractive-index
change in the irradiated region. With a near step-index pro-
file, the Type I Ho:YAG ceramic waveguide supports single-
mode guidance to 1.95 μm. A drawback of the Type I YAG
ceramic waveguide is the quenching of the μ-PL proper-
ties in the waveguide core. By using confocal microscopic
investigation of the fluorescence signals of the Er ions, up
to 35% of the emitted intensity decrease with respect to
the bulk was observed in the waveguide region [124]. This
may be attributed to the fs-laser-induced microstructural
changes of the bulk. Figure 5 shows the normalized near-
IR microluminescence spectra and FWHM mapping of the
emission lines obtained from a nonirradiated zone and from
the core of a waveguide fabricated in an Er:YAG ceramic
sample.

Type II waveguides in YAG family crystals and ce-
ramics have been very successful [65, 79, 82, 83, 94, 123,
125, 126, 128, 129, 132]. Many works from several groups
investigated the fabrication, fluorescence and lasing prop-
erties of the double-line Type II waveguides in Nd:YAG
and Yb:YAG single crystals and polycrystalline ceramics.
The Type II YAG waveguides support only TM-polarization
guidance: for TE-polarized light, the confinement is very
weak or completely absent. This behavior is valid for both
single crystals and ceramics [79, 82, 83]. The mechanisms
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of the refractive-index changes of the Type II YAG waveg-
uides have been investigated by Rodenas et al. by using the
confocal Nd3+ μ-PL and μ-Raman techniques [79]. They
found that two main types of laser-induced modifications
contributed to the refractive-index change. The lattice dam-
age is localized along the self-focusing volume of the laser
pulses, resulting in a refractive-index reduction, and the
strain-field effects cause a pressure-driven modification of
the interatomic distances, leading to refractive-index varia-
tions around and inside the filaments. The final effect from
the stress field generates the increment of refractive in-
dex atthe waveguide core. The propagation loss of YAG
Type II waveguides is typically from 1 to a few dB/cm,
depending on the laser-irradiation parameters. The fluores-
cence properties correlated to the Nd ions are found to be
well preserved in the Type II Nd:YAG waveguides, free of
any intensity quenching [79]. This feature enables Type II
YAG waveguides to be very promising for efficient waveg-
uide laser generation. In addition, Xu et al. reported on the
waveguide formation in pure YAG crystal with single-line
fs-laser inscription [125]. In fact, the waveguides are not
located in the damage region, but very close to it. This is
from a stress-induced effect and should also be classified
as a Type II structure.

Type III depressed cladding structures were first fab-
ricated in Nd:YAG by Okhrimchuk et al. [95], and
such waveguides were designed with a rectangular cross-
sectional geometry. The estimate that �n between the
damage tracks and the bulk was –4 × 10−4, supporting
single-mode guidance. A similar geometry was later fab-

ricated in Cr:YAG as a waveguide saturable absorber for
Q-switched laser systems [131]. The �n of the tracks
was –3 × 10−3, and the propagation loss was around
1.5 dB/cm. Circular-shaped cross-sectional Type III struc-
tures have been produced in Nd:YAG single crystals, which
exhibited good transmission properties (loss as low as 0.12
dB/cm for the 100-μm diameter structure) [127]. This kind
of waveguide in 3D view can be regarded as a tubular
structure. Liu et al. fabricated diverse-geometry (e.g., cir-
cular, rectangular, trapezoidal, hexagonal) cladding waveg-
uides in a Nd:YAG ceramic [81]. By using the confocal
μ-PL mapping, it was clearly found that the fluores-
cence features were preserved in the waveguide core,
whilst considerable quenching occurred in the low-index
tracks. Figure 6 shows the microscope cross-sectional im-
age and related μ-PL mappings of a Nd:YAG hexago-
nal cladding waveguide. In addition, surface waveguides
have been fabricated by cladding structures in Nd:YAG
ceramics [81]. In fact, the fs-laser micromachined waveg-
uides are almost embedded structures, buried at a cer-
tain depth inside the bulks. Another very intriguing
feature of the cladding YAG waveguides is that the guid-
ance is not only for TM polarization but also for the TE
one [81, 127]. This is significantly different from the Type
II dual-line YAG waveguides, which only guide the TM po-
larization. In addition, the cladding structures can be fabri-
cated with any arbitrary diameters, which can be used to ob-
tain single-mode waveguides at different wavelengths. This
has been confirmed by a successful example of Tm:YAG ce-
ramic cladding waveguide: the guidance was demonstrated

Figure 6 Type III cladding waveg-
uide in Nd:YAG ceramic with a
hexagonal cross-sectional shape: (a)
microscope image and microphotolu-
minescence images on the (b) emit-
ted intensity, (c) energy shift and (d)
FWHM of the Nd3+ emission lines
obtained from the end face of the
waveguide. Data obtained from [81].
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upto the mid-IR region (3.39 μm) for a 100-μm diameter
structure, and single-mode behavior at 2 μm was obtained
in a 30-μm diameter one [130].

Type IV ablated ridge waveguides have been realized in
a 17-MeV O-ion-irradiated Nd:YAG planar waveguide sur-
face [98]. However, the additional roughness of the ablation
sidewalls increases the total propagation loss of the ridge
waveguides (∼1.3 dB/cm higher than that of the planar
one). Moreover, 3D photonic structures in Nd:YAG laser
ceramics have been fabricated by using fs-laser microma-
chining [133].

4.3. Nd-doped vanadates

Nd-doped vanadate crystals, such as Nd:YVO4, Nd:GdVO4
and Nd:LuVO4, are low-cost laser gain media for low- or
moderate-power solid-state lasers [40]. Vanadate waveg-
uides were also produced by ion implantation [134, 135].
Recent investigations prove that fs-laser micromachining
seems to be more efficient than ion-beam techniques for
vanadates [136–142]. The first fs-laser inscribed waveg-
uides in this family was fabricated in an a-cut Nd:YVO4
crystal by using the Type II dual-line approach [136]. With
a scan speed of 50 μm/s, and pulses of 120 fs, 796 nm
and a repetition rate of 1 kHz it was possible to inscribe
a waveguide with a low propagation loss of 0.8 dB/cm,
supporting well-confined guidance along both TE and TM
polarizations. This 2D guidance at the cross-sectional plane
is unlike YAG crystals. The refractive-index changes in the
tracks were determined to be 1.5 × 10−3, which is compa-
rable to those of most dual-line crystal waveguides. Around
a 30% intensity decrease of the Nd fluorescence was ob-
served in the damaged tracks, whilst the waveguide region
preserved well the PL feature of the bulk. The Raman ef-
ficiencies of the bulk were also maintained in the waveg-
uide volume. With higher repetition rate fs lasers, a much
faster scan can also produce high-quality waveguides in
vanadates. Tan et al. produced a dual-line waveguide in
Nd:GdVO4 by applying a 350 fs, 200 kHz laser at 1047 nm
[140]. The scan velocity was set up at 17 mm/s, which
was 340 times higher than was used for the first Nd:YVO4
waveguide. The fabricated Type II waveguide had an even
lower loss of 0.5 dB/cm. This paves an efficient way to man-
ufacture high-quality vanadate waveguides by fs-laser mi-
cromachining. Similar results were obtained in Nd:LuVO4
crystals [141].

Type III structures with circular cross sections were fab-
ricated in a c-cut Nd:YVO4 sample [142]. The propagation
loss of the 100- and 120-μm diameter waveguides was de-
termined to be 2.0 and 1.8 dB/cm, respectively. In addition,
the losses between TE (no) and TM (ne) polarized light
were found to be almost identical, within an error of only
5%. The index contrast �n was estimated to be 4 × 10−3

between the track claddings and the waveguide core. Up to
now, there has been no report on Type I and IV waveguides
in vanadate crystals.

4.4. Sapphire

Ti-doped sapphire is the gain media for broadband tun-
able laser systems under both CW and fs operation modes.
Channel waveguides have been produced in Ti:sapphire
and Cr:sapphire crystals by using the Type II approach
[77,143–147]. Fs-laser pulses have used at IR wavelength as
well as in the UV region. Picosecond (ps) laser pulses have
also been successfully applied to Ti:sapphire for waveg-
uide fabrication [146]. In both Ti- and Cr-doped crystals,
the fs-laser irradiated damage tracks have reduced refrac-
tive index, and waveguides are located at the vicinity of the
tracks: either in the top or bottom tips of the damage line
or between two adjacent lines. In addition, the single-line
Type II waveguides in sapphire crystals support both TE-
and TM-polarized light, and significant polarization de-
pendence is not observed [77]. For double-line structures,
the stress-induced birefringence was observed in fs-laser
written Ti:sapphire dual-line waveguides, and polarization-
sensitive guidance was detected [144]. The propagation loss
for single-line vicinal waveguides is typically 2.5 dB/cm,
and the dual-line structures have 0.65 and 2 dB/cm for fs-
or ps-laser inscribed Ti:sapphire samples. In addition, for
the UV fs-laser inscribed single-line Cr:sapphire waveg-
uides, the guiding properties seem to be very stable at a
thermal treatment below 600 °C, whilst 1000 °C anneal-
ing will completely erase the refractive-index changes and
the guidance [145]. Figure 7 depicts the dependence of the
mode size on the thermal annealing treatment of single-line
Cr:sapphire Type II waveguides. In Ti:sapphire waveguides,
the pump beam is usually π -polarized (i.e. the electric field
was parallel to the crystallographic axis) in order to take
advantage of the excellent fluorescence and lasing features
of the bulk. Apostolopoulos et al. investigated the fluores-
cence spectrum from the single-line waveguide, and more
than 80% intensity of Ti emissions was preserved in the
guide core [77].

Figure 7 Size of the propagation mode at 632 nm for single-line
Type II Cr:sapphire waveguide at different annealing tempera-
tures. Insets show the waveguide’s propagation mode at 632 nm
at three different temperatures. Data obtained from [145].
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Type III cladding waveguides have been recently pro-
duced in Ti:sapphire [147]. This structure shows 2D guid-
ance, and the fluorescence features are well preserved in
the core region.

4.5. KTiOPO4 (KTP)

KTP is a widely used crystal for frequency doubling, par-
ticularly for 1064 to 532 nm by birefriengent PM SHG.
PPKTP is an excellent platform for QPM SHG [38]. Waveg-
uides in KTP crystals are usually produced by ion ex-
change [148, 149] or ion irradiation [15–17]. Exchanged
KTP waveguides only guide polarization along the z (c) -
axis, which is in principle only for QPM applications of PP-
KTP wafers. Ion-implanted waveguides in KTP support 2D
guidance, and both PM and QPMguided-wave SHG have
been realized in ion-implanted samples [15]. The fs-laser
inscription has been applied to birefriengent KTP with Type
II dual-line approach as well as Type III cladding config-
uration [150, 151]. In PPKTP, only Type II structures have
been fabricated [152–155]. The Type II waveguides in KTP
have a propagation loss around 0.8 dB/cm, supporting both
TE- and TM-polarization modes [151]. Cladding waveg-
uides in KTP have a propagation loss of 1.7 dB/cm, show-
ing no polarization-dependent difference for transmission
properties [150]. The measured refractive-index contrast
between the fs-laser-induced tracks and waveguide core is
3.5 × 10−3, which is comparable with most fs-laser micro-
machined waveguides in crystals. In addition, for PPKTP
waveguides, the propagation loss is around 1 dB/cm for
TM polarization (i.e. along the z-axis). Dong et al. inves-
tigated the SH responses of the dual-line KTP waveguide
[156]. Figure 8 shows the microscope cross-sectional im-
age and confocal SH mapping of the structures with Type II
approach. It was found that the waveguide core possesses
an almost identical SH response to that of the bulk. The
reasonable propagation properties and the well-preserved
nonlinear features enable efficient frequency conversion in
fs-laser micromachined KTP waveguides.

4.6. Nd:GGG

Nd:GGG crystal belongs to the cubic family. It also serves
as an excellent gain media for solid-state lasers. Compared
to Nd:YAG, it has received less attention in the past. The
first waveguide in this crystal was fabricated by using He+-
ion implantation [157] and later by proton beam writing
[158]. Zhang et al. reported on the first laser waveguides
in Nd:GGG by using fs-laser inscription (120 fs, 1 kHz,
796 nm) with a dual-line Type II approach [80]. The scan
speed was set to be a low level of 25 μm/s. In the dam-
aged track, an index decrease of 1.9 × 10−3 was obtained,
and due to the stress-induced effect, between the two tracks
there was a slight index increment of 6 × 10−4 that pro-
duced the core region. Such a waveguide in Nd:GGG only
supports guidance along TM polarizations, and with ac-
ceptable loss of ∼2 dB/cm. The fluorescence features were
well preserved in the waveguide core, whilst the emission
intensity decreased by 50% in the damaged tracks. By using
another fast scan (1–10 mm/s), higher repetition rate 350-fs
pulses at 1047 nm, dual-line waveguides were also fab-
ricated in Nd:GGG, in which the luminescence properties
were well preserved. It seems that in the damage tracks there
was only 10% intensity quenching of Nd-ion emission.
Such rapidly written structures have a propagation loss of
3.5 dB/cm.

Recently, Type III cladding waveguides were fabri-
cated in Nd:GGG crystal with circular cross-sectional shape
[159]. The diameters of the structures were 90, 120 and
150 μm, constructing tubular waveguides with propagation
loss of 2.5, 2.0 and 1.7 dB/cm, respectively. Like Nd:YAG
cladding waveguides, the Nd:GGG Type III structures guide
two dimensionally, i.e. both TE and TM modes are guided.

The propagation loss of fs-laser inscribed Nd:GGG
waveguides is comparable to that of the ion-beam-produced
waveguides. An advantage of fs-laser inscribed Type II
structures over He-ion-implanted waveguides is the sym-
metric guiding modes that can be produced. In addition,
Type III waveguides can be designed with any arbitrary ge-
ometry and size on the cross sections, which is superior to
proton-beam-written structures.

Figure 8 The cross-sectional (a) microscope
image and micro-SH image of a Type II KTP
waveguide with dual-line approach. Data ob-
tained from [156].
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Type IV ridge waveguides were produced in a 15 MeV
C ion-irradiated Nd:GGG planar waveguide substrate [99].
The propagation loss of the ridge structures is 4.5 dB/cm,
which is 2.5 dB/cm higher than that of the planar one.
This should be attributed to the roughness (2 μm) from the
sidewalls of the ridges. In addition, similar structures have
also been fabricated in fs-laser ablated Nd:GGG film [160].

4.7. YLiF4 (YLF)

Fs-laser irradiation on YLF crystals was first performed
on Tm-doped samples, but not for waveguide fabrication
[161]. Liu et al. reported on the Type II waveguides in an
array configuration in Nd:YLF crystals by using 10 paral-
lel lines [162]. The obtained index contrast was 1 × 10−3,
and the propagation loss was 4 dB/cm. The μ-PL spectra
showed that the waveguide and bulk had identical Nd-ion
emission intensity for 4F3/2→4F9/2 transition, whilst in the
damaged tracks the intensity decreased 20% in this band.
The propagation of light in this waveguide array was in-
vestigated both experimentally and numerically. Discrete
diffraction [51] of light propagation in the fs-laser fabri-
cated waveguide arrays was clearly observed.

Beckmann et al. fabricated Type II dual-line waveguides
in Pr:YLF by using a 1047-nm fs laser [163]. It was found
that the waveguide only guided the polarization along the
x-axis orientation of the crystal. Similar results on the fluo-
rescence investigation of the waveguide were obtained, i.e.
intensity quenching only occurred in the damaged tracks,
whilst it was absent in the waveguide region. The refractive-
index changes were dependent on the energy of the sin-
gle pulses, arranging from 10−4 to 10−3. A latest work on
Pr:YLF was performed by Müller et al. [97], in which an
“eight-line” approach for a rhombic geometry was applied
to confine a waveguide core in the center. Along the x-axis
polarization, the propagation loss was 2.3 dB/cm. In fact,
this 8-line structure seems to be an intermediate shape of
the typical Type II and III configurations.

4.8. BiB3O6 (BiBO)

BiBO crystal is an excellent material for diverse nonlin-
ear applications, such as second-harmonic generation or

parametric amplification. Waveguides in this crystal were
first fabricated by He-ion implantation [164]. Beecher et al.
produced the first fs-laser inscribed waveguide in BiBO by
using a Type II technique [165]. In the dual-line structure,
the waveguide core position was dependent on the wave-
length of the excitation light: for wavelengths in the visible
(TE mode) it was placed in the center of the two tracks, and
in an upper position for the IR light (TM mode). For the
implementation of nonlinear applications, the authors de-
signed a “Y” type, “four-line” geometry (see Fig. 9a for the
microscope image of the cross section), by which the visi-
ble and IR modes can be overlapped in the same position.
This structure supported guided light along the two orthog-
onal polarizations and thus it was suitable for frequency
doubling. The measured propagation loss was 5 dB/cm.

Type III cladding waveguides were recently reported by
Jia et al., who used a circular cross-sectional geometry to
form a waveguide with a lateral diameter of 120 μm (see
Fig. 9b) for the microscope cross-sectional image) [166].
The waveguide guided light for both TE and TM polariza-
tions, and with a nearly symmetric guidance. The propaga-
tion loss of the waveguide was as low as 0.6 dB/cm, and the
difference between TE and TM modes was less than 8%.
The track refractive index was estimated to be 3 × 10−3.

4.9. Nd-doped YCa4O(BO3)3 (YCOB) and
GdCa4O(BO3)3 (GdCOB)

YCOB and GdCOB are nonlinear optical crystals. When
doped with rare-earth ions, such as Nd or Yb, they become
excellent gain media for self-frequency doubling (SFD) of
visible light. Type I waveguides in Nd:YCOB were fab-
ricated by Rodenas et al., who applied a multiscan ap-
proach to produce high index contrast (�n ∼ 0.01) waveg-
uides with step-like index profile, supporting guidance upto
3.4 μm [76]. Figure 10 shows the microscope images and
modal profiles of such multiscanned Nd:YCOB Type I
waveguide. Unfortunately, the waveguide only guided TM-
polarized modes, which was not suitable for frequency
conversion. Nd:YCOB waveguides have been recently
fabricated through Type III geometry with circular cross-
sectional shapes of diameters of 30 and 100 μm [167].
Also, a two-dimensional guidance was obtained; however,

Figure 9 The cross-sectional microscope of
fs-laser micromachined BiBO waveguides on
(a) Y-shape Type II and (b) circular shape
Type III configurations. Data obtained from
[165,166].
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Figure 10 Optical near-IR characterization of the Type I Nd:YCOB waveguide: (a) visible-light transmission microscope image,
(b) horizontal intensity cross sections of the near-field profiles of fundamental modes at 1.94 μm and 3.39 μm wavelengths, (c) and
(d) measured near-field images of single-modes, (e) and (f) corresponding calculated modes and waveguide core. Data obtained
from [75].

the confinement of the light field along TM polarization
was not as good as for TE polarization. The propagation
loss along TE and TM orientations at 532 nm was 10 and
13 dB/cm, respectively, due to the high absorption in the
green light wavelength region. Nevertheless, this 2D guid-
ance enables SFD in the Nd:YCOB waveguide.

Type III depressed cladding waveguides have been pro-
duced in Nd:GdCOB crystals by Jia et al [168]. In this
configuration, the guidance was valid for both TE- and
TM-polarized light, and also for mid-IR guidance upto
4 μm. The refractive-index change in the track regions
was 3 × 10−3. Type IV ridge waveguides have been fab-
ricated in a 17-MeV C ion-irradiated Nd:GdCOB planar
waveguide sample [169].

4.10. Rare-earth-doped tungstate crystals

Nd- or Yb-doped tungstate crystals, e.g., KGd(WO4)2
(KGW) and KY(WO4)2(KYW), are important gain media
for solid-state lasers. Particularly, Yb:KYW and Yb:KGW
are widely used as lasing materials to generate fs-laser
pulses in the commercial fiber fs-laser systems. Borca et al.
first fabricated the Type II waveguides with single-line or
dual-line approaches in KGW and Yb:KGW [170]. The
one-line structure has a waveguide core above the damage
track, whilst the two-line structure has guidance between
the two tracks. The propagation loss was 2–2.5 dB/cm at
1 μm. Single-line Type II waveguides in KGW were also
reported by Eaton et al., in which the guiding regions are
located in the vicinity of the damage line (in both lateral

sides) [171]. A propagation loss of 1.8 dB/cm was ob-
tained at 1.6 μm. Bain et al. fabricated Type II waveguides
in both Yb:KYW and Yb:KGW [172, 173]. The reported
propagation loss was 3.9 dB/cm and 1.9 dB/cm for KYW
and KGW waveguides, respectively. The waveguides con-
fined properly both TE- and TM-polarized light, with a
refractive-index contrast of ∼1 × 10−3. Lower propaga-
tion loss was obtained in a Nd:KGW dual-line waveguide
produced by using low-repetition fs-laser inscription with
higher energy [174]. At 633 nm, the loss was 1.3 dB/cm
for the TE mode, whilst for the TM mode it reached a low
loss of 0.2 dB/cm. Further investigations have shown that
the fluorescence and Raman gain were well preserved in the
waveguide core, showing potential applications as platform
for waveguide lasers [175].

4.11. ZnSe and ZnS

ZnSe and ZnS are very important crystals for applications in
the mid-IR region. ZnSe waveguides were produced by pro-
ton implantation [176]. Macdonald et al. fabricated ZnSe
waveguides by using a Type I multiscan technique, achiev-
ing guidance at 1.55 μm [75]. The laser pulses used for the
inscription procedure had a temporal duration of 500 fs or
2 ps, and a repetition rate as high as 2 MHz. The longer
temporal duration of the pulses (2 ps) was introduced as a
technique to overcome the strong nonlinear absorption be-
fore the focus. Similar to other Type I structures in crystals,
the guidance of the ZnSe waveguides was strongly polariza-
tion dependent. Only TM modes were supported. However,
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the waveguide loss was as low as 1 dB/cm, showing good
guiding properties.

An et al. applied a Type III technique to fabricate circu-
lar cladding waveguides in ZnS with a 1-kHz repetition rate
fs laser at 795 nm [177]. With an index contrast of 1 × 10−3,
the waveguides supported both TE and TM modes. In the
case of a circular structure with a diameter of 50 μm, the
waveguide behaved as a single mode at 4 μm. At this wave-
length, the propagation loss was ∼1 dB/cm measured for a
150-μm diameter tube waveguide.

4.12. Other crystals

Pr:SrAl12O19 is a promising gain crystal for visible lasers.
Calmano et al. reported on the Type II stress-induced
waveguide in this crystal by using the dual-line approach
[178]. When the c-axis of the crystal was oriented perpen-
dicularly to the writing direction, the waveguide supported
only the TM-polarized mode. The parameters of the applied
fs-laser pulses were 775 nm, 150 fs and 1 kHz repetition
rate, while the sample was scanned at 25 or 50 μm/s. The
propagation loss was 0.16 dB/cm at 633 nm, which was of
the order of the lowest propagation losses of fs-laser-written
waveguides in crystals.

Strontium barium niobate (SBN) is a well-known pho-
torefractive and ferroelectric crystal. The refractive-index
changes that can be induced with the laser irradiation may
also be affected by the effects from the ferroelectric phase
transition. Jaque et al. reported on the single-line waveg-
uide in SBN by using fs-laser inscription [179]. It was found
that the extraordinary light mode was located in the damage
track, whilst the ordinary modes were in the two sides of the
track. In addition, when the sample was at a different tem-
perature of ferroelectric (28 °C), ferro-to-para phase transi-
tion (75 °C) and paraelectric (120 °C) phase, the waveguide
modes were located in different positions and with differ-
ent guiding properties [179]. Figure 11 presents the guided
modes for extraordinary and ordinary polarizations at three
different temperatures corresponding to the ferroelectric
phase, the phase transition and the paraelectric phase, re-
spectively. The refractive-index modifications responsible
for the waveguiding were attributed to the appearance of
a heat-affected zone and a space-charge-induced electric
field. In addition, a bistable and reversible optical behav-
ior of the guided modes was found, which may be due to
the strong enhancement of the electro-optic effect during
phase transition. The propagation loss of the extraordinary
and ordinary light of the waveguide was 1 and 1.8 dB/cm,
respectively [179].

LiTaO3 is a nonlinear optical and ferroelectric crystal,
which has many applications in optics. McMillen et al. re-
ported on the Type II waveguides in LiTaO3 crystal by using
the single-line approach [84, 180]. Due to the strain-field-
induced effect, the waveguides were located in the vicinity
of the track. Second-harmonic microscopy revealed that
the bulk properties were well preserved in the waveguide
regions.

A Bi4Ge3O12 (BGO) waveguide was produced by the
dual-line approach for the Type II configuration [181,182].
The propagation loss from the work of Qian et al. was
4.2 dB/cm at 633 nm [181]. Later investigation by He et al.
confirmed that the dual-line waveguides in BGO crystal
supported TM-guided light much better than TE ones [182].
The thermal treating of the Type II structures in BGO may
further improve the guiding properties of the waveguides.
Also, BGO waveguides possessed high thermal stability
up to 600 °C. The propagation loss was therefore reduced
from 20 dB/cm to 0.5 dB/cm after continuous annealing up
to 600 °C. Type III structures were also fabricated by He
et al., in which 2D guidance was found [182]. This was also
similar to other Type III waveguides in cubic crystals.

Nd:YAl3(BO3)4 (Nd:YAB) is a laser and nonlinear crys-
tal for SFD lasers of green light. Dong et al. fabricated the
first Nd:YAB waveguide by using the dual-line approach
[85]. The waveguide was found to guide the two orthog-
onal polarizations, making it suitable for nonlinear optical
frequency doubling. The cross-sectional confocal fluores-
cence and second-harmonic images have shown the well-
preserved luminescence and nonlinear optical properties of
the bulk in the waveguide core region. The propagation loss
was ∼2 dB/cm at 633 nm.

Nd:La3Ga5SiO14 (Nd:LGS) is a disorder crystal for
lasing in solid-state systems. Type III waveguides have
been fabricated in this crystal by Ren et al. [183]. The
cross-sectional shape was circular with diameters of 50 and
120 μm, respectively, for more symmetric modal profiles.
It has been found that the guidance of the Type III waveg-
uides is valid along both TE and TM polarizations, and the
propagation loss could be as low as ∼1.0 and ∼1.8 dB/cm
for TE and TM modes.

ß-BaB2O4(ß-BBO) is a well-known nonlinear optical
crystal for frequency conversion down to the deep-UV
region (e.g., at 266 nm). Fs-laser inscribed gratings have
been fabricated in ß-BBO crystal [62]. Type II structures
have also been produced, however, the guidance seems to
be poor, which is not suitable for applications [51]. On
a He-ion-implanted planar waveguide surface, Type IV
ridge waveguides have also been fabricated in ß-BBO. With
postfs-laser ablation by Ar-ion sputtering, the roughness of
the ridge waveguide side walls could be considerably re-
duced [66].

Nd:Y2O3 ceramic is a promising laser gain medium for
solid-state lasers. Dong et al. fabricated the first waveg-
uide by using the Type II approach with low repetition
(1 kHz) fs-laser micromachining [184]. The laser energy
on the sample was 0.6 μJ. It was found that the waveg-
uide supported 2D guidance, and the fluorescence features
were well preserved in the waveguide region. However, the
propagation loss of the waveguide was as high as 5 dB/cm.
Castillo-Vega et al. applied high-repetition (70 MHz) fs-
laser writing with low-energy pulses of 5 nJ to fabricate
waveguide-like structures in Y2O3 ceramics [185]. With
this arrangement, Type I waveguides were produced in the
fs-laser-irradiated regions.

Waveguides in crystalline quartz were fabricated by
Gorelik et al. by using single-line Type II approach [186].
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Figure 11 Near-field modal profiles at 980
nm for fs-laser inscribed SBN waveguide for
ne (top) and no (bottom) at three different
temperatures corresponding to the ferroelec-
tric phase, ferro-to-para and paraelectric phase.
The extent of the heat affected zone is shown
schematically by the dashed ellipse. Data ob-
tained from [179].

The fs laser with the pulse energy of 14 μJ creates negative
index changes in the irradiated damage line in the quartz
crystal, and forms guides on both sides of the irradiated
region. The refractive-index change in the waveguide core
was �n ≈ +0.01, and the propagation loss was less than
5 dB/cm.

5. Applications

The fs-laser micromachined crystalline waveguides can be
used in many different technological issues of photonics.
In this section, a selected group of such applications with
these guiding structures are introduced.

5.1. Electro-optic modulators

Electro-optic (EO) modulators can be used to modu-
late the signal parameters, such as phase, intensities and
polarizations. Integrated EO devices have been realized
in waveguide-based platforms. In fs-laser micromachined
waveguides, EO modulators have been fabricated with
a Mach–Zehnder interferometer (MZI) configuration in
LiNbO3 crystals [109, 115, 119, 120]. As the modulators
require 2D guidance of light, Type II structures are usu-
ally applied to fit this criterion. Liao et al. reported on a
MZ waveguide modulator produced by fs-laser inscription
in an x-cut MgO:LiNbO3 wafer [119]. This structure was
composed of channel waveguides with Type II configu-
ration and embedded microelectrodes subsequently fabri-
cated by fs-laser ablation and selective electroless plating.
Figure 12 shows the schematic of the MZI modulator design
and cross-sectional views of the waveguides and electrodes.
The EO overlap integral of the MZI modulator was 0.95.

Ringleb et al. further realized a monolithic integration
of a frequency converter and an amplitude modulator in a
single chip of LiNbO3 crystal [115]. The MZI part of the
device was also in form of Type II geometries. In this design,

the electrodes were ablated out of a gold-layer sputtered
onto the sample surface. The EO overlap integral of this
MZI was 0.16, and the half-wave voltage of the modulator
was 23 V.

Horn et al. reported on the fabrication of a tunable
EO waveguide Bragg grating in LiNbO3 crystals by low-
repetition fs-laser micromachining [120]. Type II waveg-
uides were written in x-cut LiNbO3 wafers, and gratings,
with a period of 349.6 nm, were written transversally and
perpendicularly to the c-axis. This waveguide grating was
designed for EO tuning at a wavelength around 1550 nm.
When the strength of the additional electrical field was
increased stepwise from –22 to +22 V/μm, the induced
refractive-index offset shifted the central wavelength by an
overall amount of 625 nm.

5.2. Frequency converters

Nonlinear crystals are important materials for frequency
conversion of light. In waveguides, the second-harmonic
or higher-order generation may be realized with enhanced
efficiencies with respect to the bulks. For fs-laser inscribed
waveguides, most of the work focuses on the second-
harmonic generation [71, 96, 112–116, 150–155, 165, 166,
169]. The conversion efficiency, however, depends not only
on the bulk nonlinear features but also on the guiding prop-
erties of the structures. In addition, the direct conversion ef-
ficiency (η) defined by η = P2ω

Pω
(a percentage ratio between

the generated second-harmonic and the fundamental light
powers) under pulsed-laser pumping can be much higher
than that of cw cases because the peak power of the pulsed
laser is usually a few orders higher than that of the cw pump
light. The normalized conversion efficiency (ηnor) consid-
ers the nonlinear effects of the light in the waveguides per
unit, which is defined by ηnor = P2ω

P2
ω

(in units of % W−1) or

ηnor = P2ω

P2
ω ·L2 (in units of % W−1 cm−2). The calculation of

normalized conversion efficiencies will show higher values
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Figure 12 A MZI EO modulator on a fs-laser micromachined LiNbO3 platform: (a) the schematic layout, end views of optical
micrographs of the (b) embedded electrodes and (c) optical waveguides, and (d) contour plots of the equipotential contour of the
embedded electrodes. Data obtained from [119].

under cw pumping. Moreover, the nonlinear effect for SHG
is light-power dependent, and hence the comparison of the
efficiencies from different systems strongly depends on the
pump conditions.

The fs-laser micromachined waveguides have been
used to realize SHG of light in a wavelength region from
∼400 to 790 nm [71,96,112–116,150–155,165,166,169].
Table 1 summarizes the results obtained from the litera-
ture for SHG in fs-laser micromachined crystal waveguides.
The frequency doubling has been achieved in structures of
all four configurations from Type I to IV. Since Type I
waveguides only support guidance along one polarization,
SHG from such structures can only be realized under the
QPM mechanism. Type II waveguides may support guid-
ance along both orthogonal polarizations, which have been
used for frequency doubling based on the PM or the QPM
mechanisms. Type III structures possess better-balanced
guidance for both TE and TM modes, which show some
advantages for the PM SHG over the Type II waveguides.
The SHG in Type IV waveguides is based on the features of
the planar waveguides before the fs-laser micromachining.
As of yet, only the PM SHG has been realized in Type IV
structures.

Under pulsed laser pumping, green light has been
generated in fs-laser waveguides in a few materials, in-
cluding LiNbO3, KTP, PPKTP, BiBO and Nd:GdCOB
[71, 113, 150, 151, 153, 154, 165, 166, 169]. The best con-
version efficiency reported for the PM SHG was 49% for
a Type II LiNbO3 waveguide [71], and highest output SH
power (peak values) was 427 W for Type III KTP waveg-
uide [150]. The comparison of the SHG in KTP Type II and

Type III waveguides has shown that the SHG efficiency of
Type II structures is about 1/4 of that of the Type III waveg-
uides [150]. Figure 13 shows the comparison of the Type III
and Type II KTP waveguides on the near-field mode pro-
files at fundamental and second-harmonic wavelengths, and
the SHG conversion efficiency. For the QPM SHG, in Type
II PPLN waveguides a high value of η = 58% has been
achieved, with 59 W output peak power of 532-nm light
[113]. For PPKTP, η reached a maximum value as high as
47.4% [155] and a peak power of green light of 252 W
was generated [154]. In addition, the SHG of near-IR light
under pulsed laser pump has been realized in a PPLN Type
II waveguide [112, 114].

Under cw pump, the SH light at a wavelength down to
400 nm was realized in PPKTP Type II waveguides [152].
The normalized conversion efficiency was 0.02% W−1

cm−2 when the output SH light power was 51 μW. For
PPLN Type I waveguides, the QPM SHG was realized. It
was shown that multiscanned Type I PPLN waveguides, for
which a much higher ηnor = 6.5% W−1 cm−2 was measured
[96], were much superior to single-line structures (ηnor =
3 × 10−4% W−1 cm−2) [116]. Type I PPKTP waveguides
possess ηnor = 0.18% W−1 cm−2 for the blue-light SHG
[152]. Under PM configurations, in BiBO crystals, the Type
III waveguides show 50 times the magnitude of ηnor with re-
spect to the Type II four-line Y-shape structures [165,166].
This result shows the advantages of the cladding waveg-
uides over stress-induced ones on the frequency doubling.
In addition, the Type IV waveguides in Nd:GdCOB show
enhanced frequency-doubling performance with respect to
the planar waveguide [169].
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Table 1 Summary of the obtained results from literatures for SHG in fs-laser micromachined crystal waveguides.

Materials Waveguide
Configuration

Laser
Regime

λω (nm) λ2ω (nm) SHG
Configuration

Conversion efficiency P2ω Ref.

LiNbO3 Type II Pulsed 1064 532 PM 49% 235 W (peak) [71]

PPLN Type I CW 1563 782 QPM 3 × 10−4% W−1 cm−2 – [116]

PPLN Type I (multiscan) CW 1567 783.5 QPM 6.5% W−1 cm−2 – [96]

PPLN Type II Pulsed 1548 774 QPM 34.8% 0.626 W (peak) [112]

PPLN Type II Pulsed 1549 774.6 QPM 18.2% 4.9 mW (aver.) [114]

PPLN Type II Pulsed 1064 532 QPM 58% 59 W (peak) [113]

KTP Type II Pulsed 1064 532 PM 11% 150 W (peak) [150]

KTP Type II CW 1081 540.4 PM 9.1% W−1 cm−2 1.31 mW [151]

KTP Type III Pulsed 1064 532 PM 45.6% 427 W (peak) [150]

PPKTP Type I (multiscan) CW 980 490 QPM 0.18% W−1 cm−2 0.2 μW [152]

PPKTP Type I (multiscan) CW 800 400 QPM 0.02% W−1 cm−2 51 μW [152]

PPKTP Type II Pulsed 1064 532 QPM 39.6% 252 W (peak) [154]

PPKTP Type II Pulsed 1061 530.5 QPM 47.4% 223 W (peak) [155]

PPKTP Type II Pulsed 1044 522 QPM 5.6% 406 mW (aver.) [153]

BiBO Type II CW 1047 523.5 PM 0.015% W−1 – [165]

BiBO Type III CW 1064 532 PM 0.75% W−1 0.092 mW [166]

BiBO Type III Pulsed 1064 532 PM 25% 373 W (peak) [166]

Nd:GdCOB Type IV Pulsed 1064 532 PM 11.4% 110 W (peak) [169]

Figure 13 The fs-laser micromachined KTP waveguides with Type III (top) and Type II (bottom) configurations. From the left to right:
modal profiles at the fundamental wavelength (1064 nm), modal profiles at the SH wavelength (532 nm) and the output SH power
(peak values) or SHG conversion efficiency as a function of input power at fundamental wavelength. Data obtained from [150].

5.3. Waveguide lasers

As the miniaturized light sources, waveguide lasers possess
lower lasing thresholds, comparable efficiencies and com-
pact geometries, compared with the bulk lasers. As of yet,
waveguide lasers have been realized in a number of fs-laser

micromachined crystalline waveguides. Table 2 summa-
rizes the obtained data from the literature for waveguide
lasers from fs-laser micromachined waveguides in crys-
tals and ceramics. For the waveguide configurations, Type
II structures are well investigated. Recent works also fo-
cus on the Type III cladding structures as well. Type IV
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Table 2 Summary of the results obtained from the literature for waveguide lasers in fs-laser micromachined crystal waveguides.

Materials Waveguide
Configuration

Working wavelength
(nm)

Lasing threshold
(mW)

Slope
efficiency

Max. output
power (mW)

Ref.

Nd:YAG Type II 1064 63 59% 1290 [128]

Nd:YAG Type III 1064 30 13% 170 [95]

Nd:YAG Type III 1064 120 23% 180 [127]

Nd:YAG (ceramic) Type II 1064 68 60% 85 [82]

Nd:YAG (ceramic) Type III 1064 121 44% 181 [81]

Nd:YAG (ceramic) Type IV 1064 39 35% 21 [98]

Yb:YAG Type II 1030 245 75% 765 [126]

Yb:YAG Type II 1030 200 51% 1760 [123]

Yb:YAG Type II 1030 320 45% 2350 [123]

Yb:YAG (ceramic) Type II 1030 230 65% 731 [132]

Tm:YAG (ceramic) Type III 1985 312 27% 93.2 [130]

Nd:GGG Type II 1061 29 25% 11 [80]

Nd:GGG Type III 1063 360 44.4% 209 [159]

Nd:GGG Type IV 1063 71.6 41.8% 25.6 [99]

Nd:GGG Type IV 1067 1080 0.2% 1.35 [160]

Nd:YVO4 Type II 1064 15 38.7% 9.5 [137]

Nd:YVO4 Type II 1064 34 65% 254 [138]

Nd:YVO4 Type II 1064 180 15.6% 49.4 [139]

1342 210 1.7% 5

Nd:YVO4 Type III 1064 138 65% 335 [142]

Nd:GdVO4 Type II 1064 53 70% 256 [140]

Nd:LuVO4 Type II 1066 98 14% 31 [141]

Pr:SrAl12O19 Type II 643.9 190 8% 28.1 [178]

Yb:KGW Type II 1023 100 9.3% 18.6 [173]

Yb:KGW Type II 1036 74 13.8% 11 [173]

Yb:KYW Type II 1037 77 9.3% 8.2 [173]

Ti:Sapphire Type II 700–870 (tunable) 400 23.5% 143 [146]

Pr:YLF Type II 604 360 5.6% 25 [97]

Pr:YLF Type II 720 243 2% 12 [97]

Nd:YAB Type II 1064 10 – 14 [85]

Nd:LGS Type III 1068 54 24% 16 [183]

Nd:YCOB Type III 1062 12 55% 25 [167]

Nd:YAB Type II 532 – – 0.032 [85]

Nd:YCOB Type III 531 – – 0.1 [167]

waveguide lasers are mainly on the ion-beam-produced
structures. There is no report on the waveguide lasers in
Type I geometries. The wavelength of the output waveg-
uide lasers ranges from 530 nm to 2.0 μm, depending on the
active ions of the bulks as well as the mechanisms for las-
ing. The green laser light is obtained from self-frequency-
doubled waveguides, which have been realized in fs-laser
inscribed Type II Nd:YAB [85] and Type III Nd:YCOB
[167] systems. In these cases, the green laser light at 530
nm arises from the generated 1.06-μm laser action un-
der the PM SHG. The maximum reported output power is

0.1 mW. Direct lasing at visible wavelengths was obtained
from Pr-ion-doped systems, including Type IIPr:SrAl12O19
(at 644 nm) [178] and Pr:YLF (at 604 nm) [97] waveguides.
The maximum power of the red waveguide laser systems
was 28 mW, and the slope efficiency reached 8%. Type
II Ti:sapphire waveguides offer tunable lasing from 700 to
870 nm, with the maximum output power of 143 mW at 800
nm, and a slope efficiency of 23.5% [146]. Figures 14a and
b show the laser spectrum at 798 nm and the wavelength
tuning of dual-line Ti:sapphire waveguide laser systems. By
adjusting the parameters of the output mirrors, the lasing
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Figure 14 Dual-line waveguide lasers in Ti:sapphire: (a) laser
spectrum and mode intensity profile (inset) from an fs-laser-
written waveguide and (b) output laser power as a function of
lasing wavelength, indicating tuning range from 700 nm to 870
nm. The fluorescence spectrum from the waveguide is also shown
in the background (red curve). Data obtained from [146].

threshold of the Ti:sapphire waveguide could be reduced
to ∼50 mW. It should be noted that in this system only
π -polarized light can be generated. Most of the work car-
ried out to date focuses on Nd-doped waveguide lasers at
1.06 μm, and includes the bulk materials of several lattice
groups. The successful systems include Nd:YAG, Nd:GGG,
Nd:YVO4, Nd:GdVO4, Nd:LuVO4, Nd:LGS, etc. Calmano
et al. realized the maximum power of 1.29 W in Type II
Nd:YAG crystal, which is the highest value for any Nd:YAG
doped waveguide system [128]. Tan et al. reported a 70%
slope efficiency waveguide lasers in Nd:GdVO4 Type II
waveguides, which was also a world record in fs-laser in-
scribed Nd-doped crystal waveguides [140]. In cubic crys-
tals, the Type II waveguides only support TM-polarized
lasers, whilst in vanadates, the Type II structures possess
both the TE and TM lasing. The Type III cladding waveg-
uide lasers have been achieved in Nd:YAG [81, 95, 127],
Nd:YVO4 [142], Nd:GGG [159] and Nd:LGS [183] crys-
tals or ceramics. In contrast to the Type II waveguides,
the cubic Type III structures also lase along TE polariza-
tion [159]. Figure 15 shows the measured waveguide laser
modes from Type III Nd:GGG circular waveguides along
TE and TM polarizations and the output vs. absorbed pump
power curves. In fact, all the cladding waveguides support
TE and TM polarizations, however, whether they lase or
not depends on the bulk properties (polarization-dependent
absorption cross sections, etc.). The Yb-doped Type II sys-

Figure 15 Type III cladding waveguide lasers in Nd:GGG crys-
tal: near-field intensity distributions of (a)–(c) TE and (d)–(f) TM
modes of the lasers for structures with diameters of 150, 120 and
90 μm, respectively, and (g) their laser performance curves. Data
obtained from [159].

tems, e.g., Yb:KGW, Yb:KYW, and Yb:YAG, offer lasing
at 1.02–1.04 μm [173]. The highest power is from a Type II
Yb:YAG waveguide system, reaching 2.35 W at 1030 nm
[123], which was achieved by using a high-power diode
laser pump. By using the Ti:sapphire laser as the pump
source on Yb:YAG for lasing, the slope efficiency can be
as high as 75% [126], which is the highest value for the
Yb-doped crystalline waveguide laser systems. In Tm:YAG
ceramic Type III waveguides, lasers of the power up to 93
mW have been realized with a slope efficiency of 27% at
1985 nm [130]. At this wavelength, the Type II waveguides
do not guide light. Further adjusting the diameter of the
cross-sectional circle and the number of scans, single-mode
waveguide lasers at 1985 nm were realized (see Fig. 16 for
28 and 16 scans of the fs-laser micromachined Tm:YAG
ceramic cladding waveguides on the microscope images,
modal profiles and laser performances). Moreover, dual-
wavelength waveguide lasers were realized in a Nd:YVO4
Type II system, with simultaneous lasing at 1064 and
1342 nm [139].

6. Outlook and summary

The fs-laser micromachined waveguides in crystalline di-
electrics are very promising candidates for many aspects

C© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.lpr-journal.org
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Figure 16 Cross-sectional micrograph views of 36 μm cladding
structures in Tm:YAG ceramic with (a) 28 and (b) 16 written tracks.
Near-field modal profiles of output lasers from cladding waveg-
uides with 28 (c) and 16 (d) inscription tracks, and (e) output laser
power versus input power measured from cladding waveguides.
Data obtained from [130].

of photonics. A few potential topics may be intriguing for
further investigation.

Taking advantage of fs-laser micromachining as a
powerful 3D microstructuring technique, it is possible to
construct an on-chip integration of several components
to realize miniaturized photonic circuits in transparent
crystals. For example, Thomas et al. have fabricated a
hybrid integrated chip on a LiNbO3 platform [109]. A
well-designed solution includes a rare-earth-doped laser
section, a frequency-doubling unit (PPLN), Bragg reflec-
tors, waveguide splitters and an EO amplitude modulator.
Such a fs-laser micromachined chip is only ∼4 cm long.
In fact, it is also realizable to achieve hybrid components
by using fs-laser inscription on different materials. Dong
et al. reported on the Type II SFD hybrid waveguide sys-
tem on a Nd:YVO4+KTP sample for green-light generation
[156]. Although the refractive indices of the two different

crystals for the processing wavelength are not the same,
which makes the fabrication procedure more difficult, the
dual lines in two crystals had an overlap of the core region
for no-step light propagation at the boundary of the two
materials. Nevertheless, it is possible to adjust the chan-
nel waveguides in both crystals with better matching. This
could be realized after detailed investigation of the fs-laser
modification behaviors in diverse materials. Similarly, com-
pact, multifunctional devices may be constructed by using
fs-laser micromachined crystals.

Another very interesting device is a miniaturized
waveguide laser source. To obtain cost-effective microlaser
systems, it is necessary to use a fiber-coupled diode laser
direct pumping instead of the Ti:sapphire laser. This ar-
rangement takes advantage of the diode lasers in terms of
both the low cost and the ability for integration. A direct
fiber-coupled pump may be an ideal solution, but the point
is to make the waveguide diameters match that of the fiber
for the maximum coupling efficiency of the pump beam
and the waveguide modes. For high-power diode lasers, the
fiber is usually multimode with diameters of 50 to 400 μm.
In this design, the Type III cladding waveguides are the
ideal configuration, since the diameters of the waveguide
cross section could be produced at any scale. Also, owing
to this feature, the cladding waveguide lasers may work in
large wavelength regions from the visible to MIR. Since
the diode lasers deliver powers as high as tens of Watts,
the integration of fs-laser written systems may offer output
power of a few watts.

Future work is expected to be done on some other in-
triguing applications of the fs-laser inscribed waveguides
in crystalline media, which could be of great interest for in-
stance in astrophotonics, optofluidics, quantum computing,
etc. These topics require combination of the fs-laser micro-
machining technique with other fabrication methods. It may
be pointed out that, when compared with another widely
used fabrication technique, ion implantation/irradiation, the
fs-laser micromachining shows some advantages. First, the
cost of the fabrication system is lower. Secondly, the 3D mi-
cromachining of the crystals is more easily achieved with
the fs-laser irradiation, compared with energetic ion beams.
However, the sensitivity of the modification produced with
both the fs-laser pulses as the ion beams, strongly depends
on the material properties.

In summary, the-state-of-the-art of the fs-laser mi-
cromachined waveguides in dielectric crystals has been
overviewed in this article, focusing on the physical mech-
anisms, the fabrication technique and configurations, ap-
plied materials and selected applications. The fs-laser mi-
cromachining has shown the powerful ability and unique
capability to construct diverse waveguide structures with
high qualities in dielectric crystals and ceramics. This paves
an efficient way to produce 3D integrated circuits on chip
scales for future photonic networks.
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peursinge, R. Salathé, M. Pollnau, R. Osellame, G. Cerullo,
and P. Laporta, Appl. Phys. Lett. 85, 1122 (2004).

[78] T. Gorelik, M. Will, S. Nolte, A. Tuennermann, and U.
Glatzel, Appl. Phys. A 76, 309 (2003).
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Appl. Phys. A 86, 165 (2007).

[118] A. H. Nejadmalayeri and P. R. Herman, Opt. Lett. 31, 2987
(2006).

[119] Y. Liao, J. Xu, Y. Cheng, Z. Zhou, F. He, H. Sun, J. Song,
X. Wang, Z. Xu, K. Sugioka, and K. Midorikawa, Opt. Lett.
33, 2281 (2008).

[120] W. Horn, S. Kroesen, J. Herrmann, J. Imbrock, and C. Denz,
Opt. Exp. 20, 26922 (2012).

[121] M. Tejerina and G. A. Torchia, Appl. Phys. A 110, 59
(2013).
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[124] A. Ródenas, A. Benayas, J. R. Macdonald, J. Zhang, D. Y.
Tang, D. Jaque, and A. K. Kar, Opt. Lett. 36, 3395 (2011).

[125] S. Xu, J. Qiu, C. Li, H. Sun, and Z. Xu, Opt. Commun. 282,
4810 (2009).

[126] J. Siebenmorgen, T. Calmano, K. Petermann, and G. Huber,
Opt. Exp. 92, 16035 (2010).

[127] A. Okhrimchuk, V. Mezentsev, A. Shestakov, and
I. Bennion, Opt. Exp. 20, 3832 (2012).

[128] T. Calmano, J. Siebenmorgen, O. Hellmig, K. Petermann,
and G. Huber, Appl. Phys. B 100, 131 (2010).

[129] G. A. Torchia, C. Méndez, L. Roso, and J. O. Tocho, J.
Lumin. 128, 754 (2008).
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Maestro, A. Ródenas, D. T. Reid, and A. K. Kar, Appl.
Phys. Lett. 96, 191104 (2010).

[180] B. McMillen, K. P. Chen, and D. Jaque, Appl. Phys. Lett.
94, 081106 (2009).

[181] B. Qian, Y. Liao, G. Dong, F. Luo, L. Su, S. Sun, and J.
Qiu, Chin. Phys. Lett. 26, 070601 (2009).

[182] R. He, Q. An, J. R. Vázquez de Aldana, Q. Lu, and F. Chen,
Appl. Opt. accepted.

[183] Y. Ren, J. R. Vázquez de Aldana, F. Chen, and H. Zhang,
Opt. Exp. 21, 6503 (2013).

[184] N. Dong, Y. Yao, F.Chen, and J. R. Vazquez de Aldana,
Phys. Status Solidi RRL 5, 184 (2011).

[185] G. R. Castillo-Vega, E. H. Penilla, S. Camacho-López, G.
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