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Contactless Optical Packaging Concept for Laser
to Fiber Coupling
Saood Ibni Nazir and Yves Bellouard

Abstract— A novel method for the laser to fiber coupling
is presented in which coarse alignment is achieved through
micromachined v-grooves and mirrors in a fused silica substrate.
Furthermore, fine repositioning is done in a noncontact manner
by using a femtosecond laser to induce localized nanoscopic
volume changes in specific locations within the bulk of the
substrate, which, once combined with monolithic flexures within
the substrate, produces a highly controlled motion. Using this
principle, we overcome inherent manufacturing/assembly tol-
erances to achieve near theoretical coupling efficiency in a
permanent manner. This proof of concept demonstrates a novel
packaging principle where a sub-nm positioning resolution is
achieved over tens of micrometers range of motion, efficiently
overcoming intrinsic manufacturing tolerances.

Index Terms— Femtosecond laser machining, flexures, fused
silica, integrated optics, laser beam steering, laser diode packag-
ing, micro-optics, noncontact, repositioning, tunable optics.

I. INTRODUCTION

IN THE past decades, there has been a considerable research
effort in the area of integrated photonic circuits. In particu-

lar, silicon photonics has ushered tremendous developments
in telecommunication [1], quantum optics [2], sensing [3],
and nonlinear optics [4], [5]. Yet, robust and cost-effective
packaging solutions are still a major bottleneck in the com-
mercialization of photonic integrated circuits (PICs) [6]. Inte-
grating multiple functionalities on a single chip requires elec-
trical, optical, mechanical, and thermal connections between
a PIC and the outside world. Another key aspect of Si-
photonics is the on-chip integration of the light source. One
of the main challenges toward industrialization is the efficient
coupling between single-mode fibers (SMFs) and nanometer-
scale photonic waveguides on a PIC primarily due to their
large mode mismatch. To solve this problem, a variety of
strategies-edge coupling [7], vertical coupling [8], and evanes-
cent coupling [9] have been developed although it remains
a formidable challenge [6], [10], [11]. Depending on the
approach, alignment tolerances are typically in the range of
sub-μm–2.5 μm for a 1-dB loss [12]–[14]. Direct-write two-
photon laser lithography [15], [16] overcomes many of these
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limitations. Using this technique, beam shaping elements such
as lenses, prisms, and gratings can be 3-D printed onto facets
of optical devices with unprecedented resolution [17], [18].
Tolerances are, however, still present due to a possible nonuni-
form shrinkage of the resist during development. Furthermore,
the use of polymers poses long-term and environmental stabil-
ity challenges. As such, for an overall integration, postassem-
bly adjustments are, sometimes, indispensable to improve
performance.

The integration of multiple optical elements, often with
different material properties, on a single substrate is a chal-
lenging task requiring multiple steps of alignment and fixation
with very tight tolerances. To fulfill these demands, device-
specific packaging methods and tools are needed, further
adding to the production cost of the overall device. In addition
to tolerances inherently associated with the fabrication of the
individual components, additional uncertainties add in during
the assembly steps. This is particularly critical for devices with
tight alignment tolerances, such as fiber-pigtailed laser diodes,
fiber-coupled integrated photonic devices, alignment between
whispering gallery modes (WGMs) of silica microspheres
and waveguides, and fiber-to-chip and chip-to-chip interfaces.
While these systems can be routinely aligned in a laboratory
environment, for a fully packaged device, adjustments may be
particularly difficult to realize and often create a bottleneck in
the successful commercialization of such devices.

So far, we have briefly outlined the technical challenges
associated with photonic integration on a single chip. In the
following, we elaborate on this discussion further in the con-
text of fiber pigtailed laser diodes for which we demonstrate
a contactless method to achieve fiber injection. The methods
presented are generic and of interest for a broader set of
problems with similar alignment constraints.

Low-loss coupling between laser diodes and SMF is a com-
mon problem in both industry and academia. The challenge in
doing so is embedded in the small size of a laser diode package
and misalignments that can accumulate during the attachment
of different components of the package. This could be due to
a lack of accuracy in the tools used for positioning, fabrication
tolerances of the individual components, or the fixation method
itself. For example, fiber pigtailing usually involves laser
welding, where postweld shifts (PWSs) can cause relative
movements between prealigned components, resulting in a
significant increase in the coupling loss. Although various
strategies have been proposed to minimize PWS [19]–[21],
suppressing PWS completely remains challenging nonetheless.
In comparison to other assembly methods, such as adhesive
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bonding and gluing, laser welding offers better advantages in
terms of precision, strength, and long-term stability. However,
as an alternative, in [22], a multifiber array fixation using
UV-curing with reproducibility of ±40 nm has been demon-
strated. By varying the fiber–substrate distance, the authors
have achieved a repeatable vertical shrinkage in the range
of 100–220 nm.

Passive alignment using silicon etched v-grooves, solder
bumps, and stops can offer up to ±1-μm transverse alignment
precision [23], [24]; however, due to tolerances in micro-
machined components, fiber cladding-core concentricity toler-
ance, and so on, an additional active alignment step is required,
significantly increasing the production cost. The integration of
a movable micromirror inside the package has also received
some attention [25]–[27]. Similarly, microelectromechanical
system (MEMS)-based fiber positioning devices have also
been demonstrated [28], [29]. While this certainly relaxes
alignment tolerances required during assembly, it requires
additional onboard electronics to dynamically control the
actuation. In terms of postassembly correction, laser-forming
offers a noncontact, sub-μm alignment approach [30], [31].
However, the process relies on linear absorption and, thus,
can only be applied to the surface of materials, which limits
the type of movements that can be produced.

In this work, we explore the concept of a monolithic fiber
injection mechanism, fabricated by a femtosecond laser, and
for which fine alignment is performed using the same laser.
This is done by utilizing in-volume modifications resulting
from femtosecond laser exposure [32] combined with mono-
lithic flexures in a single fused silica substrate [33]. To this
end, a 2-D beam steering mechanism is demonstrated in the
context of high-precision laser-to-fiber injection to achieve
high coupling efficiency in a reliable and permanent manner.
A schematic of the workstation along with a brief description
of the process is given in Fig. 1.

II. LASER-TO-FIBER COUPLING MECHANISM

A. Coupling Device Working Principle

The device, as shown in Fig. 2, consists of two adjustable
mirrors that are positioned to guide the light from the laser
source inside the glass chip. The mirrors are fabricated parallel
to each other such that the incoming beam is shifted laterally.
Further downstream from the second mirror, a v-groove is
used to hold the fiber and passively align it with the center
of the mirror. To fix the fiber, one end of it is clamped
using a mechanical finger, which is monolithically integrated
into the mechanism. The finger is a flexible cantilever that
firmly clamps the fiber from the top, thus forcing it into the
v-groove. For the sake of this demonstration, two homemade
gold-coated optical flats are glued to the mirror surfaces.
However, commercially available mirrors can be integrated
too or by using a laser postprocessing step (CO2 reflow for
instance [34]); the surfaces could be smoothened down to
sub-nm level without changing the repositioning principle.
Presently, the surfaces have a roughness of the order of 100 nm
(Ra) at best.

To couple the laser diode into the fiber, the output is first
collimated and then refocused using a long-range objective.

Fig. 1. Schematic of the experimental setup used to perform the noncontact
alignment. The coupling device is positioned on an x − y positioning stage
and translated under the adjustable focus of a femtosecond laser beam under
normal incidence. The laser-induced modifications are written in certain
locations to create localized movements within the device, thus changing the
coupling efficiency between the source laser beam and the fiber. While writing,
the coupled power is monitored continuously at the other end of the fiber and
used as a performance metric to guide the alignment process. An LED (shown
in red) is mounted below to image different parts of the device during laser
exposure.

Fig. 2. Computer-assisted drawing (CAD) of the mechanism. The mechanism
consists of three main parts. Parts A and B guide the laser diode on the fiber
in addition to providing two degrees of freedom. Part C consists of a v-groove
to hold the fiber and a flexible clamp to firmly hold it in place.

As shown in Fig. 3, aligning the incident beam at 45◦
on the first mirror (M1), and adjusting the position of the
objective along the z-direction, the beam is focused on the
fiber. To scan the face of the fiber, the mirrors are tilted
about their respective axes using femtosecond laser-assisted
actuation, as will be described later on. The mirror M1 is
supported by a remote center of rotation (RCR) mechanism
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Fig. 3. Schematic of the beam path. A collimated output is focused (using an
objective) and guided on the end facet of the fiber using two micromachined
mirrors. The mirrors are remotely adjusted using a femtosecond laser to scan
the fiber face in the xy plane. The deformed state is drawn underneath.

with a center of rotation at the geometrical center of M1. Two
flexible elements (cantilevers) intersecting on M1 enable the
mechanism to rotate about the y-axis. This allows scanning
the focus along the x-direction. The second mirror (M2)
sits on a torsion mechanism supported by two cruciform
flexures on either side forming an axis of rotation along their
intersection. By titling the mechanism about this axis and thus
M2, the focus can be scanned along the y-direction. Unlike
the RCR mechanism, the rotation is offset from the mirror
surface. This results in a parasitic translation of the mirror
surface. However, for small angles (as is the case here), this
parasitic effect is negligible.

B. Actuation Principle and Mechanism

The working principle of the device is based on femtosecond
laser-induced volume variation in combination with flexure-
based guidance mechanisms. Under a specific set of laser
parameters, such as pulse width and pulse energy, femtosecond
laser modifications consist of self-organized porous structures
known as nanogratings [35]. These structures exhibit a mar-
ginal increase in the overall volume of the modified zone [32],
resulting in anisotropic stresses in the neighboring bulk mate-
rial [36], [37]. The magnitude of this expansion depends
on exposure parameters, such as pulse energy and deposited
energy, but typically varies between 0.01% and 0.05% of the
exposed volume. The orientation of these nanogratings can
also be changed by varying the polarization of the writing
beam [37], [38]. By combining such volume changes with
flexure-based guidance mechanisms [39], [40], a variety of
movements can be driven almost anywhere and away from
the actuator.

To adjust M1, laser-affected zones (LAZ-modified region
consisting of several laser-written lines) are inscribed near the
sidewalls of the actuator, as shown in Fig. 4(a). By adding
more lines on top of each other and, subsequently, stitching

Fig. 4. (a) and (b) Visual representation of the actuation mechanism.
Laser-written lines are placed in strategic locations in the bulk of the actuator
creating a permanent strain (ε) in the modified zone and a net displacement
(δ) at the tip of the actuator. Using flexures, this linear displacement can
drive more complex movements at the end-effector. (c) and (d) Graphical
representation of the misalignment between the laser mode and fiber mode
and their modal diameters.

modified planes next to each other, the overall volume expan-
sion is further enhanced in a controlled manner. This creates
bimorph element - layers of modified and unmodified material
within the actuator, forcing it to bend and rotate the mirror.
The position of the modified zone within the actuator defines
the direction of rotation, i.e., depending on whether the left-
or right-hand side of the actuator is modified, the mirror can
rotate counterclockwise or clockwise, respectively.

Similarly, to adjust M2, LAZs are written inside the bulk
of the actuator near its top and bottom surfaces, as shown
in Fig. 4(b). Depending on their position, the free end of
the actuator can either bend up or down, just like a bimorph
structure, thus rotating the mirror in a bidirectional manner.
Given the marginally small strain produced in the modified
zone (a few tens of nanometers), the length of the actuator
acts as an amplification mechanism, driving larger movements
at its free end.

Under small-angle approximation, the offsets δx and δx can
be written as

δx = (M1 M2 + M2 O) × α (1)

and

δy = (M2 O) × β (2)

where α/2 and β/2 denote the rotations of M1 and M2,
respectively. The points M1, M2, and O are indicated in Fig. 3.

By approximating the incoming beam as a Gaussian field on
the face of the fiber (i.e., with a zero longitudinal offset along
z), the power transmission coefficient through the fiber can be
written as [41], [42]

T =
(

2w1w2

w2
1 + w2

2

)2

exp

[
−2

(
δx2 + δy2

)
w2

1 + w2
2

]
(3)

where w1 and w2 denote the modal diameter (1/e2) of the
focusing beam and fiber, respectively. The angles α and β
can be extracted simply through trigonometric relations from
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TABLE I

ACTUATOR AND FLEXURE DIMENSIONS (IN MM)

their respective actuator displacements δ1 and δ2. However,
the relationship between tip deflection (δ) and strain (ε) is
much more complicated and can be found in [43] and [44].
Note that, in (3), no angular offset is assumed between the
two fields.

C. Simulations of the Individual Degrees of Freedom

The range of motion of both mechanisms is dependent on
the magnitude of volume variation within the modified region.
As mentioned earlier, this strain is a fraction of the modified
volume and can result in only a few tens of nanometers in
linear displacement. Although this can be further enhanced
by optimizing the writing parameters, the dimensions of the
flexures and the actuator play a crucial role in determining the
overall range of motion.

In this finite-element modeling (FEM) analysis (realized
using Comsol Multiphysics), the angle of rotation is chosen
as a metric function, which is then maximized with respect
to the flexure real estate. This is achieved by minimizing
the combined stiffnesses of the individual elements at the
point of interest (center/axis of rotation). A similar analysis
is also carried for dimensioning the actuator. As is evident
from the design, this can be achieved by reducing the bending
stiffness of the actuator—if the bending stiffness is lower,
the displacement of the free end will be larger. However, when
coupled with the stiffness of the rest of the mechanism, below
a certain bending stiffness, the actuator is too weak to transfer
sufficient force and buckles along its length. The results of
this analysis are shown in Fig. 5.

Based on these simulations, the optimized dimensions are
noted in Table I. The actuator dimensions are selected based
on the analysis shown in Fig. 5(c) and (d). Inherent to both
designs, the actuator depth acts as an amplification mechanism.
This is evident from the simulations as a longer depth results
in a bigger rotation angle. However, this is accompanied
by lower vibrating modes making the device more sensitive
to surrounding vibrations. As a compromise, the dimensions
of the actuator are chosen from the bottom-left region of
the innermost contour of these plots. In this region, the
fundamental mode lies at 18 kHz, which is reasonably near
the upper limit of usual acoustic vibrations. By using thicker
substrates, reducing the overall size (mass) of the mechanism,
and depending on the desired range of motion, the fundamental
mode frequency can be increased several times or even by an
order of magnitude.

An important aspect in the design phase is the stress within
flexures and in the modified zone. Stress-accelerated corrosion
of glasses by water vapor is a known phenomenon [45], [46],

Fig. 5. FEM simulation results for optimization of actuator dimensions
of the adjustable mirrors. (a) RCC mechanism of part A in Fig. 2. Here,
the modified zone is simulated on the left wall of the actuator resulting
in a bimorph element. The volume expansion results in a permanent strain,
which is transferred through a flexible element to the rest of the mechanism.
(b) Vertical degree of freedom mechanism marked as B in Fig. 2. Here,
the patterns are placed just below the top surface of the actuator forcing a
downward motion of the other end. A flexible element couples the motion to
the rest of the mechanism. (c) and (d) Resulting angles of the two mechanisms
as a function of the actuator dimensions. The dotted lines represent contours
of equal angle.

which is further enhanced at high levels of stress, temperature,
and humidity. However, in our case, the maximum stress level
is less than 100 MPa (by design). At these stress levels and
under normal laboratory conditions, a stable stress state is
observed [47].

III. EXPERIMENTAL RESULTS

A. Fabrication and Assembly

The complete device is fabricated in a single step using
femtosecond laser machining combined with wet chemical
etching. The full details of the process can be found in [48],
but a brief description is given here. A substrate of fused silica
is mounted on precise x −y positioning stages, and the contour
of the device is drawn and stitched together layer-by-layer in a
bottom-to-top approach. For this step, a laser (from Amplitude
Systèmes) delivering 270-fs pulses at a wavelength of 1030 nm
is used. To outline the contour, the sample is translated at a
speed of 8 mm/s under the focus while maintaining constant
deposited energy of 12 J/mm2. In a subsequent step, the sample
is etched in a dilute acid bath (2.5% HF) for about 24 h.

For this demonstration, we fabricate custom-made mirrors
using the same process out of a 250-μm-thick substrate of
fused silica. After etching, the mirrors are coated using a
conventional gold sputterer and glued to the outer walls of
the mirror surfaces defined on the substrate. As mentioned in
Section I, various approaches can be used to remove the need
for adding mirrors without changing the underlying principle.

To install the fiber, it is fixed on a linear stage and aligned
with the v-groove. It is then slowly drawn into the v-groove by
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Fig. 6. (a) Fully assembled device is shown here without the glued mirrors.
(b) Height profile of the laser manufactured v-groove

translating the stage toward the sample. As the fiber arrives
at the end of the groove, the clamp is lifted, and the fiber
is slid under it. The clamp is then released to make contact
with the top surface of the cladding, thus forcing two contact
points on the sidewalls of the v-groove. The rest of the fiber is
then glued using UV curing glue. The assembled mechanism
is shown in Fig. 6.

B. Geometrical Optimization of Laser-Written Patterns

The volume enhancement inside the modified zone is not
only dependent on laser parameters but also on how the
patterns are inscribed and distributed inside the bulk of the
material. Relying on an earlier study about optimized laser
parameters [44], in the following, we investigate the effect of
the distribution of LAZs.

To quantify the strain, we use an indirect approach relying
on measuring the angle of rotation. For this, we use an optical
triangulation method by reflecting a laser off the microma-
chined mirrors and monitor its position on a position sensing
device (PSD). The angle of rotation can be backcalculated by
monitoring the displacement of the reflected beam in the plane
of the sensor. Further details can be found in [49].

To optimize the inscription process, different exposure
strategies are employed by changing the geometry of the
patterns within the bulk of the actuators. Between these meth-
ods, the overall strain within the LAZ varies, thus resulting
in different angles of rotation. In our first approach, called
horizontal writing vertical stacking and shown in Fig. 7(a),
the sample is translated under the focusing objective, and
laser-written lines are stacked laterally in one horizontal plane
resulting in a plane of the modified zone. Afterward, the focus-
ing objective is moved upward, and similar planes are stitched
together vertically through the thickness of the actuator. The
width of each plane is half the actuator width and extends
up to the neutral plane of the actuator. The lateral separation
between two lines and the vertical separation between two
planes is set at 10 μm.

Our second method, called vertical writing horizontal stack-
ing, as shown in Fig. 7(b), involves stacking the individual
lines vertically on top of each other creating a wall of
LAZ. Next, in a bottom-to-top approach, similar patterns are
deposited next to each other. Although the overall modified
zone looks similar to before, the net strain is significantly
reduced. This is due to the laser beam interference with

Fig. 7. Visual representation of the different writing schemes used in these
experiments. (a) Lines are written along with the actuator in either until
the neutral plane. The same process is then repeated for subsequent planes.
(b) Individual lines are written vertically on top of each other from bottom to
top, and then, similar patterns are repeated until the neutral plane. (c) Hybrid
writing scheme that involves translating the sample and the focusing objective.
The focus is translated along with the sample thickness, and similar patterns
are then repeated in a matrix form.

already existing patterns. Except for the first plane, the laser
beam passes through an interface of modified and unmodified
material. This distorts the focal plane and significantly reduces
the overall strain. The spacing between lines and planes is
unchanged.

Finally, in the third method, called point writing and shown
in Fig. 7(c), the laser focus is translated through the thickness
of the sample while keeping the sample stationary. Next,
the sample is translated, and a similar pattern is written in the
next position. In this manner, a matrix of points is generated
in the plane of the substrate as shown in the figure. Here
too, the presence of modified material affects each subsequent
LAZ. Besides, the fraction of modified volume is significantly
smaller in comparison to the other two methods.

For the RCR mechanism shown in Fig. 5(a), laser-exposed
patterns are written alongside the sidewall of the actuator. For
comparison, all three writing methods are used. A similar set
of experiments is performed using the cruciform mechanism
shown in Fig. 5(b). By following the first writing method
(HWVS), LAZs are written along the width of the actuator
slightly below its top surface and away from the edges. For
these experiments, the spacing between two individual lines
is reduced to 2 μm, while the separation between planes is
maintained at 10 μm. Between planes, the laser is switched
OFF for a short while to distinguish them from each other.
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Fig. 8. (a) Experimental results of the in-plane angles (solid lines) between
the three methods. A maximum adjustment of 5.4 mrad is obtained using
the patterns in Fig. 7 (a) in comparison 1.4 and 0.4 mrad using (b) and (c),
respectively. Due to the bottom-to-top writing approach, a parasitic bending of
the actuator is also observed, which can be compensated by varying the power
or density of the patterns while approaching the top surface. This is indicated
by the respective dashed lines. (b) Out-of-plane adjustment is plotted for two
different actuator depths. Four layers of LAZ are written within the bulk of
the actuator. Between layers, the laser is turned off, indicated by the stagnant
region of the curves. The parasitic movement is plotted with a dashed line.

The results are shown in Fig. 8. For these experiments,
a femtosecond laser emitting 300-fs pulses at a repetition rate
of 300 kHz is used. The pulse energy is fixed at 220 nJ with the
writing speed set at 4.5 mm/s, leading to a dose of 12 J/mm2.
The polarization is parallel to the writing direction.

C. Fiber Injection Experiment

Our goal is to demonstrate a key element of the laser diode
packaging process—a high-efficiency injection from a laser
beam into an SMF. As an extension to this work and following

Fig. 9. Output power as a function of time. The writing is divided into
two zones. In zone-1, vertical adjustment is done followed by horizontal
adjustment in zone-2. Note that the writing time is not optimized as the
alignment algorithm is implemented manually.

the same repositioning methodology, the laser diode together
with the beam conditioning optics can be mounted on the same
substrate.

For this experiment, a collimated output of a fiber pigtailed
laser diode at 980 nm is used as a light source. Using a
long working distance objective (Mitutoyo, 20X), the beam
is reflected off the adjustable mirrors and focused on the fiber
end, as shown in Fig. 3. The glass chip holding the fiber is then
coarsely aligned using positioning stages until some power is
observed at the output. Next, fine adjustments are done to
maximize the output power and, thus, the coupling efficiency.
This step is repeated multiple times to maximize coupling
into the fiber mode. Once in its optimal position, the fiber
is misaligned by shifting the chip with respect to the focusing
lens. The shifts are approximately 3 μm along the x-axis and
4.5 μm along the y-axis. This results in a drop in output
power, mimicking postassembly alignment errors in a diode
package. To optimize coupling again, a noncontact adjustment
is carried out by writing patterns inside both actuators. While
writing, the coupled power serves as an assembly function
and is monitored simultaneously and maximized along the
two axes. The writing is stopped when the maximum output
power level is reached. The results are shown in Fig. 9. In this
experiment, the fiber is an SMF (SM-980-G80 from Thorlabs)
with an average mode field diameter of 4.5 μm at 980 nm.
The focusing objective has a 0.4 NA and a working distance
of 20 mm.

The noncontact adjustment is done in a two-step process.
Step 1: Starting with the y-axis alignment, the actuator is

modified just below its top surface, resulting in an immediate
increase in power indicated by zone 1-a. The writing is
continued through zone 1-b, and a second plane is added on
top until the optimal position is crossed and a drop in power
is observed. This is indicated by point A in the plot. At this
point, the femtosecond laser is switched OFF (black region),
and the focus is moved near the bottom surface. Here, further
patterns are written tilting the mirror in the opposite direction
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TABLE II

SIZE OF THE POSITIONING WINDOW (IN MICROMETERS)

and toward the optimal position, as shown in zone 1-c. The
process is stopped as soon as the earlier power level (point A)
is retrieved. Afterward, the laser is turned off again, and the
device is translated to begin the x alignment.

Step 2: In this next step, the actuator of the RCR mechanism
is modified for horizontal adjustment. This is done by writing
lines along the length of the actuator near its edge. As lines
are written in zone 2-a, the coupled power begins to increase
further, reaches a maximum (point B), and then decreases.
Here, the writing process is stopped again, and the device is
translated to modify the opposite wall of the actuator. During
this time, the coupled power stays constant as indicated by the
black region on the plot. In zone 2-b, further exposure reorients
the mirror back toward the optimal position, resulting in a
further increase in power. The alignment is stopped when the
power level saturates at a coupling efficiency of 54.8%. The
modified device is shown in Fig. 10. To validate the coupling,
the chip is realigned using a six-axis precise positioning stage
(OptoSigma-DAU-080M-R). The stage has a linear resolution
of 0.5 μm and an angular resolution of approximately 8 mrad.
After repeated attempts, the coupling efficiency is the same as
before.

Although we are correcting for relatively small misalign-
ments in this proof-of-concept experiment, the actual range of
motion capability of the device is significantly larger, as shown
in Fig. 8. At the fiber position, this corresponds to a positioning
window whose size is also dependent on the focal length of
the coupling lens. In the specific case of our device, the size
of the positioning window is given in Table II.

In addition to laser parameters, the strain within the actua-
tors and, consequently, their range of motion also depend on
the fraction of modified volume. For example, in the results of
Fig. 8(a), the modified volume is 50% of the overall actuator
volume, whereas it is only 5% in Fig. 8(b). Similarly, the fiber
coupling in this experiment was achieved by modifying less
than 2% of the actuator volume. Therefore, the actual range of
motion is far greater than what is corrected here. Furthermore,
by inducing densification [50] in part of the actuator, the range
of motion can potentially be doubled. However, a limiting
factor in doing so is the peak stress within the flexures or
the modified zones. While staying below a conservative stress
level of 100 MPa, we provide the maximum range of motion
indicated in Table II. Depending on the application and desired
range of motion, the footprint of the device can be further
optimized.

D. Loss Analysis

To quantify the losses occurring within the mechanism,
we mount the fiber directly in front of the objective (without

Fig. 10. (a) Optical image of the device after laser adjustment showing
the modified region in the actuators. (b) Cross-polarized microscope image
revealing the form birefringence in the modified zone. LAZs are offset from
the nearest edge by 100 μm and buried 30 μm away from the top and bottom
surfaces to prevent effects, such as clipping of the laser beam while writing
or local ablation.

TABLE III

BUDGET OF MEASURED LOSSES FOR THE DIFFERENT INTERFACES

the mechanism). In this case, the output power is measured
at 3.93 mW, nearly an 18% increase in coupling efficiency.
To account for this difference, we measure the losses occurring
at the two interfaces within the device. The reason for these
losses is twofold. On the first mirror, the beam size is slightly
bigger than the mirror diameter resulting in clipping loss.
In addition, there is a certain amount of reflection loss on
both mirrors. This results in a reduction in optical power at the
fiber input. Due to physical constraints, these losses cannot be
measured easily on the chip, so we measure them separately.
The results are shown in Table III.

The summation of these losses nearly matches the observed
difference. This confirms that, by discounting the losses
induced by the mirrors, the mechanism can attain the same
coupling efficiency as is possible with commercially available
high-resolution fiber positioning stages.

IV. CONCLUSION

Packaging of optical components into a reliable and robust
assembly can prove to be a major bottleneck in the com-
mercialization of different photonic devices. The microassem-
bly of small components with sub-μm tolerances requires
task-specific and expensive alignment machinery. Furthermore,
assembly methods at the macroscale are not easily transferable
to the microscale. Therefore, packaging costs, which involve
the handling of components, actuation, alignment, fixation, and
so on, and depending on the number of individual components,
can constitute a major portion of the overall production cost.
In comparison, fabricating devices out of a single monolith
brings advantages not only in terms of device miniaturization
but also benefits from lesser components and assembly steps,
prealigned markers, packaging robustness, and superior per-
formance.
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In this work, taking advantage of precision machined mir-
rors and v-grooves, together with embedded fine positioning
elements activated by femtosecond laser exposure, we have
demonstrated a two-degree-of-freedom fiber injection mecha-
nism. A correction of 3 μm along the x-axis and 4.5 μm along
the y-axis was achieved. However, the potential size of the
correction window is much larger, thus significantly relaxing
tolerances during assembly. From a packaging perspective, for
a fully integrated device where the laser diode is mounted on
the chip itself together with a coupling lens (or additional
components), the device would be able to compensate for
typical assembly errors. For instance, and as a practical
illustration, if the coupling lens is mounted near O’ in Fig. 3,
alignment errors up to 45 μm along the x-axis and 15 μm
along the y-axis could be corrected.

Although shown here for a two-degree-of-freedom element,
the concept can be extended to adjust additional degrees of
freedom and expanded to other kinematics, such as parallel
ones, possibly further miniaturizing the real estate, without
changing the underlying positioning methodology.

The actuation method relies on a nonlinear laser absorption
process to induce subnanoscale modifications in the bulk of the
substrate that, when combined with flexure-based kinematic
mechanisms, forms a permanent actuator with a sub-nm reso-
lution. The process further benefits from excellent mechanical
and thermal properties offered by the substrate material (fused
silica having the lowest CTE among nonengineered materials),
high-precision prealignment between individual components,
and an integrated functionality allowing for controlled actua-
tion, thus relaxing assembly tolerances. Among the currently
available manufacturing techniques, the combination of fem-
tosecond laser exposure and chemical etching offers the high-
est flexibility in terms of 3-D design capability. Nevertheless,
the femtosecond laser-tuning method is generic and could be
applied to other devices made out of glass and manufactured
by other means.

Although the method introduces an additional process step,
depending on the use case, the process cost can be balanced
by the benefits obtained in terms of the final device perfor-
mance, e.g., better coupling efficiency, device robustness, and
thermally stable package. It can find applications in a variety
of problems related to photonic devices, such as fiber-laser
cavities, Fabry–Pérot resonators, quantum optics devices, and,
in particular, PIC’s packaging.
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