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Abstract: Precise alignment of femtosecond laser tracks in standard
single mode optical fiber is shown to enable controllable optical tapping
of the fiber core waveguide light with fiber cladding photonic circuits.
Asymmetric directional couplers are presented with tunable coupling ratios
up to 62% and bandwidths up to 300 nm at telecommunication wavelengths.
Real-time fiber monitoring during laser writing permitted a means of
controlling the coupler length to compensate for micron-scale alignment
errors and to facilitate tailored design of coupling ratio, spectral bandwidth
and polarization properties. Laser induced waveguide birefringence was
harnessed for polarization dependent coupling that led to the formation
of in-fiber polarization-selective taps with 32 dB extinction ratio. This
technology enables the interconnection of light propagating in pre-existing
waveguides with laser-formed devices, thereby opening a new practical
direction for the three-dimensional integration of optical devices in the
cladding of optical fibers and planar lightwave circuits.
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1. Introduction

With the preponderance of fiber optics in telecommunication, biomedical and sensing appli-
cations, there has been significant attention towards adding functionality directly within the
fiber to avoid the packaging and assembly to discrete components. However, the fused silica
cladding is a brittle, high temperature and transparent medium that has posed significant pro-
cessing challenges in forming photonic cladding components that can evanescently access and
integrate with the pre-existing core waveguide.

Various approaches have been explored to optically access the optical fiber core waveguide
beyond the traditional means of end coupling at polished fiber facets. Thermal fusing of fiber
enables the combination of pairs or multiple fibers to build a variety of fiber coupler types.
More direct access to the core waveguide mode is found with flame thinning of the fiber cross-
section, which has been scaled to sub-wavelength diameters [1]. Alternative means to thin the
cladding are provided by lapping and polishing [2] or chemical etching [3] that have enabled
broadband coupling, for example, to on-chip optical cavities [4] or provided a general means
for evanescent sensing [5]. Laser processing directly within the fiber core waveguide has of-
fered an attractive non-contact method of generating Bragg grating filters by phase-mask [6] or
point-by-point direct writing [7] approaches, which have been used extensively in wavelength
division multiplexing and optical fiber sensors. Alternatively, laser formation of tilted [8] or
Type II Bragg gratings [9] as well as long period gratings [10] facilitate the coupling of the
core waveguide light with the fiber cladding modes for broader benefits of spectral shaping and
sensing, as well as enabling of plasmonic sensors on the cladding surface [11]. Further methods
of building microholes or microfluidic channels to access the fiber core waveguide are highly
varied, involving mechanical drilling [12], laser drilling [13], laser-chemical etching [14], and
ion beam methods of milling [15].

In recent years there has been significant advances in applying femtosecond lasers to directly
write buried optical waveguides and other optical devices in bulk glasses for their flexible inte-
gration into three-dimensional (3D) photonic circuits [16]. This fabrication approach has been
extended to the core waveguide of optical fibers to form fiber Bragg gratings by means of
phase-mask interference [17, 18] or direct writing [19, 20], offering strong responses in most
types of glasses without the need for photosensitivity enhancement techniques [21]. The pre-
cise focal confinement of the laser interaction volume in direct writing has the further advantage
of high resolution control in both positioning the refractive index structures to permit off-axis
fiber Bragg gratings to enable direction sensitive bend sensing [22], as well as coupling to
symmetry-specific cladding modes [23]. Alternatively, femtosecond laser-modification zones
have been positioned adjacent to the core waveguide in the cladding region to tune the waveg-
uide birefringence [24, 25], provide mode filtering in large mode area fibers [26], and create
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mode selective couplers [27].
To facilitate the development of fiber cladding photonics, a high numerical aperture (NA)

oil-immersion technique of femtosecond laser direct writing was developed to overcome the
strong aberration and positional distortion when focusing outside the center-axis of the cylin-
drically shaped optical fiber [28, 29]. While Bragg grating waveguide (BGW) devices were
demonstrated in the fiber cladding, the challenge of coupling light between the pre-existing
single mode fiber (SMF) core waveguide and cladding photonic devices have not been fully
developed. Preliminary approaches of forming optical fiber taps and directional couplers (DCs)
in SMF28 fiber have been presented [30]. However, the opportunity for such monolithic and
flexible 3D integration has been limited by the exceptionally tight alignment tolerances to meet
with the pre-existing waveguide, as well as to account for the strong mismatch of propaga-
tion constants (Δβ �= 0) between the core and laser-formed waveguides that limit the available
coupling.

This paper explores the design and fabrication of femtosecond laser-written asymmetric DCs
in SMFs to form optical fiber taps that connect the core waveguide light with cladding waveg-
uides without damage or modification to the core waveguide. The work builds on femtosecond
laser writing of DCs in bulk glasses [31–33] to directly address the β−mismatch in waveguide
propagation constants in the fiber. Real-time transmission monitoring during the coupler fab-
rication compensated for a typical ±1 µm positional alignment error in the waveguide offset
position to the core waveguide and thereby provided a practical way to control and reproduce
the desired coupler properties. Comprehensive evaluation of DC responses in the 1200 nm to
1700 nm wavelength spectrum are presented. The coupling coefficient and birefringence de-
pendence as a function of the waveguide offset are examined and applied to tailor DC devices
with variable coupling ratios that can serve as broadband couplers with minimal polarization
dependence at shorter lengths to strongly isolating polarization selective taps of narrow band-
width at longer lengths. In this way, femtosecond laser writing of DCs offers a precise method
to create new types of in-fiber polarizers and spectral filters, as well as open opportunities to
design and build fiber cladding photonics that connect with the fiber core waveguide.

2. Device fabrication and characterization

Single mode waveguide tracks were written into the cladding of Corning SMF-28 fiber as 
depicted in Fig. 1, following our previously reported fiber cladding writing technique [28]. The 
fiber was exposed to pulses of 130 nJ energy as provided by a frequency doubled femtosec-
ond laser (IMRA America; µJewel D-400-VR) set to a 500 kHz pulse repetition rate, 522 nm 
wavelength, and 200 fs pulse duration. Linear polarization parallel to the scanning direction 
was selected to minimize birefringence and losses in the laser formed waveguides. An oil-
immersion lens (AmScope PA100X) of 100× (1.25 NA) magnification and working distance 
(0.13 mm) exceeding the fiber diameter offered aberration-free tight focusing with the advan-
tage of distortion-free positioning of strongly confining waveguides to tolerances of ±1 µ m  
relative to the core waveguide by monitoring laser back-reflection. A 10 cm length of stripped 
fiber was held taut in suspension and aligned parallel to an estimated ±20 µrad  precision with 
the laser-scanning axis by monitoring the back-reflected laser beam. The fiber was scanned 
along the -x direction at 0.268 mm/s speed with respect to the laser beam focus position by 
a precise air-bearing motion control stage (Aerotech ABL1000). This direction was perpen-
dicular to the grating compressor axis of the laser which was found to minimize waveguide 
losses according to pulse front tilt effects [29]. In this way (Fig. 1), waveguides of length, L, 
could be written at a center to center offset distance, S, away from the pre-existing SMF core 
waveguide to form an asymmetric DC. Directional couplers with offset distances of S = 6 µ mt o 
S = 13.5 µm  were examined, ensuring that the laser waveguide was positioned close but outside
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Fig. 1. Femtosecond laser writing of an asymmetric DC in an SMF with an oil-immersion
lens. An optical micrograph (lower right corner) under backlighting shows the input cross-
section of an SMF with a laser-formed waveguide (left) written with the laser incident from
the top, and offset laterally by 9 µm from the core waveguide (right).

the core-waveguide (4.1 µm radius).
In select directional coupler devices, an additional output port was formed by writing a spur

waveguide at an offset distance of 45 µm from the center of the fiber core, and following along
an S-Bend path consisting of two circular arcs with 30 mm radius, R, to meet with the di-
rectional coupler. This writing order was essential to account for the contribution of S-Bend
coupling and thereby provide reliable tuning of the coupler splitting ratio during real-time mon-
itoring. The 30 mm radius was selected for a modest bend loss measured to be 1.7 dB/cm which
was slightly higher than the simulated results presented by Eaton et al. [34] for similar expo-
sure conditions. The straight spur waveguide was accessed by cleaving the fiber to define bar
(core waveguide) and cross (laser-formed waveguide) ports to probe the DC characteristics. In
other cases, the straight cross-port waveguide was formed into a 15 mm long, Λ = 536 nm
pitch BGW, by modulating the laser exposure at 500 Hz and 60% duty cycle to create 500 Hz
square-wave burst trains with an acousto-optic modulator [28,35]. In this way, the BGW would
reflect the cross-port waveguide light on the Bragg resonance to a fiber circulator to probe the
coupler efficiency as well as to provide a convenient means for determining the birefringence
and polarization axis of the laser-formed waveguide.

Real-time monitoring was employed during the laser fabrication process by coupling unpo-
larized infrared light (Agilent: 83437A, 1200 nm to 1700 nm) into the SMF while continuously
recording transmission of a single wavelength (typically 1550 nm) by an optical spectrum ana-
lyzer (OSA: Ando AQ6317B). In this way, the fabrication could be terminated at a desired cou-
pler strength by manually blocking the laser beam, thereby overcoming the ±1 µm alignment
uncertainties of the laser focus position. The slow writing speed of 0.268 mm/s was sufficient
to fabricate couplers within 4% of a desired coupling ratio, corresponding to coupler lengths
approximately within 150 µm of the ideal maximum or minimum transmission value. After
fabrication, the transmission spectra of the DC bar and cross ports were recorded by probing
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the device under test with unpolarized infrared light launched either through an end-coupled
SMF or by free-space focusing with a 10× (0.16 NA) magnification lens. In the latter case, a
broadband linear polarizer (Thorlabs: LPNIR) was used to preferentially excite parallel or per-
pendicular linearly polarized modes defined as having electric fields aligned parallel or perpen-
dicular to the axis separating the two waveguides. This polarization alignment was precisely
determined by the polarization splitting of the Bragg grating resonances [24, 28, 30] without
generating any polarization variation over the short-length (<20 mm) straight fiber segments
tested here. The beam profiles of the propagating modes were captured by coupling light from a
tunable laser source (Photonetics: Tunics-BT, 1520 nm to 1600 nm) and imaging the fiber end-
facet onto a phosphor-coated CCD camera (Spiricon: SP-1550M) with a lens of 60× (0.65 NA)
magnification. All spectra were normalized relative to a direct fiber-to-fiber transmission and
recorded with an optical spectrum analyzer (OSA: Ando AQ6317B). Index-matching oil was
applied at all glass-fiber interfaces to reduce the Fresnel reflections and Fabry-Perot effects.

3. Results and discussion

A cross-sectional view of an optical fiber embedded with a DC is shown in the inset image in
Fig. 1 for the example case where the writing laser, incident from the top surface, formed a
waveguide at a lateral offset distance of S = 9 µm from the SMF core waveguide. Directional
couplers were monitored in real time during laser writing by recording the normalized optical
transmission through the SMF core waveguide. A comparison of 1550 nm wavelength trans-
mission recorded for DCs with offset distances of S = 15 µm (blue line) and S = 12 µm (green
line) are presented in Fig. 2, where the exposure time was converted to coupler length using the
constant scanning speed. A stronger coupling with a deeper periodic oscillation in the trans-
mission is noted with decreasing waveguide separation as expected, yielding a first half-cycle
transmission drop of 1.5% (Point A) and 14% (Point B) for the S = 15 µm and S = 12 µm cases,
respectively. The incomplete coupling arises from the mismatch in the waveguide propagation
constants (Δβ ) between the SMF core and laser-formed waveguide. However, as the waveguide
offset distance is decreased, the coupling coefficient increases and thereby permits greater cou-
pling. The incomplete recovery of transmission to 100% in Fig. 2 is in part owing to radiation
and cladding mode losses arising at the abrupt start and termination of the laser-written waveg-
uide, and also to a discontinuity in the waveguide birefringence. These losses are observed to
be distributed over the first oscillation cycle as the incoming fiber-core mode is reshaped by the
directional coupler section to form into a steady-state supermode profile. An overall maximum
coupling of 1.5% and 7.1% were inferred for the S = 15 µm and S = 12 µm separations, re-
spectively, based on transmission probing of the cross-port (laser-formed) cladding waveguide.
For the case of S = 12 µm separation, the fast DC oscillations (≈ 2.2 mm period) are accom-
panied with a longer 13.5 mm period oscillation that arises from birefringence induced by the
laser writing, which is too weak to be observed in the S = 15 µm waveguide offset case. This
birefringence arises from laser-generated nanogratings [36, 37] as well as a stress effect of the
laser-formed waveguide on the SMF core waveguide [24]. Such long and short period oscilla-
tion beating is typical of asymmetric DCs with birefringence [38]. Femtosecond laser writing
therefore offers the opportunity for flexible tailoring of such responses as in-fiber devices for
the first time.

3.1. Asymmetric directional coupler design

The design of in-fiber directional couplers can follow from traditional models of coupled mode
theory for asymmetric and polarization dependent couplers, having power coupling ratios, rV,H

at the cross-port (i.e. laser-formed cladding waveguide) according to the expression
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Fig. 2. Real-time recording plotted as DC length of the normalized optical transmissions of
1550 nm light through an SMF core waveguide during laser writing of a parallel waveguide
offset by 15 µm (blue line) and 12 µm (green line), forming in-fiber asymmetric DCs. The
dashed line shows the data fitted to Eq. (3).

rH,V (λ ) = σ2
H,V (λ )sin2

[
κH,V (λ )
σH,V (λ )

L

]
, (1)

The subscripts, H and V, represent the horizontal and vertical linearly polarization eigen-
modes, respectively, κ is the coupling coefficient, L is the coupling length, λ is the wavelength,
and σH,V is the amplitude dephasing term, given by

σH,V (λ ) =
√√√√ 1

1+
(

ΔβH,V (λ )
2κH,V (λ )

2 . (2)

The non-zero β−mismatch is seen here to reduce the peak coupling and increase the effective

coupling rate, κ ′
H,V (λ )=

κH,V (λ )
σH,V (λ )

. Combining these factors with the insertion loss (IL), one finds

Eq.( 3) to give a good representation (dashed line in Fig. 2) of the DC transmission as measured
(solid line) through the SMF core waveguide versus the coupler length as shown in Fig. 2 for
the case of an offset distance of 12 µm

T(L) =

(
1− IL−

(
rV + rH

2

))
e−αL. (3)

Here, values of κ ′
V = 1.40 rad/mm and κ ′

H = 1.19 rad/mm presented a best data fit (solid
green) for the vertical and horizontal polarization eigenmodes, respectively, yielding a beat
length of 14.96 mm that improved on the 13.5 mm beat length estimated in the figure. The
zones of low modulation amplitude found at L = 6.94 mm (Point C) and L = 20.4 mm of Fig. 2
arise when the differential coupling phase ((2m−1)(κ ′

V −κ ′
H)L) accumulates an odd multiple

of π−phase difference, for integer values of m = 1 and m = 2, respectively. At these points,
the vertical and horizontal polarized light in the cross port oscillate out of phase, opening the
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possibility for creating a polarization selective optical tap in the fiber cladding. The data fit with
Eq. (3) further provided respective amplitude values of σ2

V = 0.076 and σ2
H = 0.086 for the

vertical and horizontal polarizations together with an insertion loss of IL = 6.6% that underlie
the minimum first half cycle transmission of 86% (Point B) as seen in Fig. 2. The fitted data
also yielded a propagation loss of α = 7.2×10−4 dB/cm for this coupler which is too small to
be measurable or significant; however, this loss increased to α = 0.015 dB/cm for a waveguide
offset distance of S = 6 µm . Such low loss is expected as only a small portion of the total input
light (one-half of 7.1% for the S = 12 µm offset) becomes coupled into the lossy (≈ 0.6 dB/cm)
laser-formed waveguide.

The good representation of the DC data in Fig. 2 suggests that a wide latitude exists for
designing asymmetric DCs for a broad range of in-fiber applications by managing the laser
exposure to manipulate the coupling strength and birefringence effects in Eq. (2). To minimize
losses from the laser-formed waveguides, shorter length DCs will be favored. Similarly, shorter
length devices will minimize the polarization dependence of the DC, which in the case of S =
12 µm offset can provide a range of coupling ratios up to 7.1% by terminating the laser writing
length before the first half cycle length of 2.2 mm (Point B). Stronger coupling, faster oscillation
frequency and reduced coupler length are shown below to be available as expected when the
waveguide-offset position is further reduced. However, a practical limitation in device precision
and reproducibility arises from the ±1 µm alignment uncertainty that can dramatically change
the values of the coupling coefficient and amplitude dephasing factor. Real-time monitoring of
the fiber transmission is therefore a highly effective and practical approach to terminate laser
writing once the coupler length produces the desired coupling ratio.

The strong influence of the waveguide offset position on the directional coupling strength
was readily assessed by real-time monitoring of unpolarized optical transmission of 1550 nm
wavelength light through a SMF core waveguide as laser-formed waveguides were written at
an angle of 0.24 mrad with respect to the core waveguide. This angle produced a chirped os-
cillation period along the device length to offer a local measure of the unpolarized effective
coupling coefficient κ ′ = ((κ ′

V +κ ′
H)/2) as a function of the lateral waveguide offset distance.

This procedure was repeated several times and the data was filtered favoring those providing the
highest peak κ ′ values that was associated with the closest centering of the crossing waveguide
with the central core waveguide. The results plotted in Fig. 3(a) vary the offset distances from
|S|= 6 µm to |S|= 13.5 µm on the left (blue squares) and right (green squares) sides of the SMF
core waveguide, showing high left-right symmetry. The one-sided error bars represent the vari-
ation over several similar sets of data. The experiment was repeated for vertical offset positions
above (blue squares) and below (green squares) the SMF core waveguide and the results are
presented in Fig. 3(b). A correction for the one-sided centering error (±1 µm) was inferred for
each angled waveguide scan by assessing the asymmetry of coupling data from waveguide arms
positioned on opposite sides of the fiber core waveguide. The data shows the average effective
coupling coefficient to increase exponentially with decreasing waveguide separation, consistent
with coupling theory [39]. All data were well represented by exponential functions shown as
dashed lines in Fig. 3. For the horizontal offset, the coupling data are left-right symmetric with
respect to the anticipated center of the SMF core waveguide as expected by the left-right sym-
metry of the refractive index profile observed magnified in the inset in Fig. 1. This is not the
case for the vertical offsets where Fig. 3(b) reveals an ≈ 25% stronger coupling when the laser
waveguide was positioned above (blue squares in Fig. 3(b)) compared to below (green squares
in Fig. 3(b)) the SMF core waveguide. This asymmetry can be understood to arise from the
asymmetric waveguide morphology shown in Fig. 1 (inset). A large vertical asymmetry arises
from a strong negative refractive index zone formed above the guiding zone that is expected
to inhibit the coupling when this zone is positioned between the laser-formed guiding zone
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and the fiber core waveguide as seen for the green square data in Fig. 3(b). The laser-formed
waveguide further shows a highly asymmetric index profile of 5:1 aspect ratio that can explain
the 44% stronger coupling observed for vertical waveguide offset (Fig. 3(b)) in contrast to the
horizontal offset (Fig. 3(a)) when the waveguides are formed near the cladding-core interface
(S ≈ 6 µm to 7 µm). Here, the positive index profile of the laser-formed waveguide is overlap-
ping with the core waveguide only in the vertical offset case. However, this stronger coupling
effect reverses for large vertical offset distances (S > 8 µm), compared with the equivalent hor-
izontal offsets, owing to laser-induced stress zones of positive refractive index change being
preferentially stronger and extending further (i.e. >20 µm) into the lateral direction [40].
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Fig. 3. Measured effective coupling coefficient (κ ′) for unpolarized input light into asym-
metric DCs consisting of a laser-formed waveguide placed (a) horizontally to the left (green
squares) and right (blue squares) and (b) vertically above (blue squares) and below (green
squares) the SMF core waveguide.

The asymmetric couplers presented here (Fig. 3) have ≈ 1.7× larger effective coupling co-
efficients (e.g. ≈ 2.5 rad/mm at S = 8 µm) than the values (e.g. ≈ 1.58 rad/mm at S = 8 µm)
reported previously for femtosecond laser-formed symmetric couplers in fused silica glass [41].
This increase arises from a reduction of the amplitude dephasing term in κ ′ = κH,V

σH,V (λ )
for the

present case of non-zero β−mismatch according to Eq. (2). The polarization dependence of
the effective coupling coefficients were also evaluated and found to remain nearly constant at
κ ′

V −κ ′
H = 0.24 rad/mm and ≈ 0.38 rad/mm for the respective horizontal and vertical waveg-

uide offsets explored here.

3.2. Broadband optical fiber taps

A consideration of the ±1 µm precision in the fiber alignment against the slopes in Fig. 3
suggests one would have a low sample-to-sample reproducibility in coupler response owing
to a large random ≈ 20% variation in controlling the κ ′ value. Hence, real-time monitoring
of the fiber transmission during laser writing was applied to demonstrate in-fiber DC devices
serving as broadband optical taps and polarization-selective taps. The broadband optical tap
relies on short coupler length to meet at a first minimum position for a range of weak or strong
coupling conditions such as anticipated, for example, at the Point A and B positions in Fig. 2.
Real-time monitoring was applied for a waveguide offset distance of S = 9 µm to stop the
waveguide writing at such a maximum coupling position, found at L= 0.680 mm coupler length
as presented in Fig. 4(a). A nearly uniform and broadband coupler is seen in the unpolarized
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(black lines) transmission spectra for the bar (solid line) and cross (dashed line) ports. An
≈ 11% coupling is provided to the cross port (laser-formed waveguide) over the 1400 nm to
1700 nm wavelength range, but which oscillates between 5% and 24% at wavelengths shorter
than 1400 nm due to wider dispersion differences between the fiber core and laser-formed
waveguides in this spectral region. The guided mode profile at 1526 nm wavelength (red circle)
is shown in the inset image, confirming the appreciable alignment of the guided light over the
SMF core waveguide (left) and only partially extending to the right towards the laser-formed
waveguide position (marked by white +) as expected for this weaker coupling condition. The
polarization dependence of the same coupler is presented in Fig. 4(b) where linearly polarized
vertical (blue lines) and horizontal (green lines) spectra from the bar (solid lines) and cross
(dashed lines) ports show only a small difference in their amplitudes over the 1400 nm to
1700 nm wavelength range. The minimal dispersion and polarization dependence displayed for
this coupler is due to the short coupler length (L = 0.680 mm).

−14

−12

−10

−8

−6

−4

−2

0

Tr
an

sm
is

si
on

(d
B

)

9 µm

(a)

++

1250 1350 1450 1550 1650
Wavelength (nm)

−14

−12

−10

−8

−6

−4

−2

0

Tr
an

sm
is

si
on

(d
B

)

(b)

Fig. 4. Measured optical transmission spectra of (a) unpolarized (black) and (b) linearly po-
larized vertical (blue) and horizontal (green) light in the bar (solid lines) and cross (dashed
lines) ports of an L = 0.680 mm length coupler with an S = 9 µm offset distance. Inset, an
optical mode profile relative to the SMF core waveguide (black +) and laser-formed waveg-
uide (white +) positions, for a cleaved DC with 1526 nm light launched into the SMF core
waveguide.

3.3. Polarization selective taps

The polarization selective tap requires a coupler length such that the accumulated coupling
phase between the vertical and horizontal polarizations is equal to an odd integer multiple of
π, for example, at the Point C in Fig. 2. Real-time monitoring was applied for waveguide offset
distance of S = 12 µm to stop waveguide writing at L = 16.88 mm coupler length, near the
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second (m = 2) polarization separation point. The optical transmission spectra for this device
is shown in Fig. 5(a), where linearly polarized vertical (blue lines) and horizontal (green lines)
light was recorded through the bar (solid lines) and cross (dashed lines) ports from 1250 nm
to 1700 nm wavelengths. The long coupler length (L = 16.88 mm) here led to a rapid oscil-
lation of the cross-port tapping on vertical and horizontal polarizations with period increasing
with longer wavelength, from ≈ 40 nm period at ≈ 1400 nm to ≈ 80 nm period at ≈ 1600 nm.
An imperfect phase alignment of the two polarization modes leads to a smaller polarization
contrast ratio of less than 10 dB except at the resonance position of 1325.4 nm wavelength.
Here, a strong contrast of 52% and 0.035% coupling of the vertical and horizontal polarization,
respectively, provides a strong polarization selective tap with a peak extinction ratio of 32 dB
and presenting greater than 29 dB isolation over a 1.2 nm bandwidth. Broader-band polariza-
tion selective taps require a shorter coupler length, which can be obtained by selecting the first
(m = 1) polarization separation point or by decreasing the offset distance. Increasing the bire-
fringence can further reduce the required coupler length, for example, by placing laser-formed
stress tracks adjacent to the fiber core [24]. These methods can also be applied to tune the wave-
length position of the polarization tap. The spectrum reveals that a peak coupling of 62% was
obtained for horizontally polarized light at 1284 nm wavelength.
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Fig. 5. (a) Measured optical transmission spectra of linearly polarized vertical (blue)
and horizontal (green) light in the bar (solid lines) and cross (dashed lines) ports of an
L = 16.88 mm length coupler with an S = 12 µm offset distance. Insets, an optical mode
profile relative to the SMF core waveguide (black +) and laser-formed waveguide (white +)
positions, for a cleaved DC with (b) 1550 nm and (c) 1580 nm light launched into the SMF
core waveguide.

The mode profile of the polarization selective tap in Fig. 5(a) was imaged at local max-
imum and minimum coupling conditions found for vertically polarized light at 1550 nm and
1580 nm wavelengths, respectively, when launched into the SMF core waveguide and are shown
in Fig. 5(b) and Fig. 5(c), respectively. In Fig. 5(b), guided light is not apparent around the
laser-formed waveguide (marked by white +) owing to the small 2% (green circle in Fig. 5(a))
overall coupling as observed at 1550 nm wavelength whereas in Fig. 5(c) the modal light be-
comes visible at 1580 nm wavelength owing to the stronger observed 16% coupling (black
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circle in Fig. 5(a)).
The present examples of femtosecond laser writing in fiber cladding demonstrate a novel

extension of forming in-fiber DC devices to access new opportunities in fiber cladding pho-
tonics and sensing applications. The results extend beyond the DCs as laser-formed in bulk
glasses [31–33] and enable the connection of laser-formed optical circuits with pre-existing
waveguides as found extensively in conventional optical fiber and planar lightwave circuits.
Despite the β−mismatch that limits the coupling (Eq. (2)) between the pre-existing SMF core
and laser-formed waveguides, tunable coupling ratios up to 62% on one polarization (Fig. 5)
were demonstrated. For large spectral coverage, a short coupler length of L = 0.680 mm was
used to minimize dispersion effects and yield a coupler with wide 300 nm bandwidth (Fig. 4)
in the telecommunication band. Conversely, longer coupler lengths yielded strongly modulated
spectra which would find potential applications in wavelength division multiplexing and sens-
ing. The laser-induced birefringence inherent in the laser writing process was further harnessed
to produce strongly isolating (32 dB) polarization selective taps (Fig. 5(a)), which may be at-
tractive for in-fiber polarimeter and polarization division multiplexing applications. Cascading
multiple polarization selective taps could give way to in-fiber polarizers and polarization split-
ters or combining polarization selective taps with laser-formed in-fiber waveplates for polariza-
tion encoded quantum optic measurements. Coupled mode theory guided the coupler designs,
while real-time monitoring of the fiber devices opened the necessary flexibility to compensate
for the ±1 µm laser-position errors and generate desired spectral responses by controlling the
coupler length.

4. Conclusion

Femtosecond laser pulses were strongly focused with an oil-immersion lens to offer distortion-
free focusing inside the fiber cladding and form asymmetric directional couplers with the SMF
core waveguide. Despite the β−mismatch, coupling ratios up to 62% were demonstrated in the
1200 nm to 1700 nm wavelength range. Short length couplers resulted in broadband coupling
over a 300 nm range, while longer length couplers harnessed laser-induced waveguide and
stress birefringence to form strongly isolating (32 dB) polarization selective taps. Real-time
monitoring during laser fabrication was employed to overcome the acute coupling sensitivity
to laser alignment errors of ±1 µm positional uncertainty and thereby open new practical direc-
tions for precise fabrication inside optical fibers and planar lightwave circuits. These advantages
can now be exploited for coupling light to and from pre-existing waveguides paving the way
towards an attractive alternate manufacturing method of flexibly adding optical functions or
repairing and tuning in existing optical fiber and light circuits.
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