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Introduction

One of the first optical benches for photonic assemblies was designed
and demonstrated by Boivin 1 in 1974. Boivin used a silicon optical
bench that coupled a laser beam into an optical fiber. The bench consisted of a grating coupler that coupled a laser beam into a thin-film
waveguide and an etched v-shaped channel that aligned the core
of a clad optical fiber with the waveguide. The v-shaped channel
was etched in the <100> plane of the silicon with an angle of 54.7°.
Boivin’s approach to constructing optical assemblies relied upon the
intrinsic accuracy of the silicon component as produced by accurate processes like polishing, lithography, etching, and metallization.
These processes enabled stringent control of critical dimensions,
form, and the location of features to govern the placement of components on the surface of the silicon optical bench.
Following Boivin’s example and numerous others, silicon optical
benches became common in photonic assemblies with the emergence
of micro machining for micro electro-mechanical systems (MEMS)
devices. The combination of silicon optical benches with pick-andplace automation, passive alignment, active alignment, and laser
welding has substantially lowered the cost and complexity of assembling and packaging complex photonic assemblies. One essential
feature for silicon optical benches is the grooves that locate optical
fibers; these are readily made with micromachining, but researchers
also demonstrated methods for making reflective mirrors by sputtering aluminum films onto silicon surfaces 2 .
In recent years, we improved the precision and accuracy of metal
stamping technology so it is now possible to achieve dimensional
tolerances adequate for single-mode photonic assemblies 3 , 4 . Consequently, it is possible to stamp metallic optical benches and provide
an alternative to silicon with more design options and a path to even
higher volume production. In the stamping process, punches and
dies squeeze a metallic workpiece until the metal yields and plastic
deformation occurs, thereby imposing the shape of the tool into the
workpiece. We routinely manufacture stamping tools that can form
microscale features in metallic optical benches with location, size,
and form tolerances better than one micrometer. Therefore, features
stamped with the tools can be used to passively align optical components (e.g. optical fibers, lenses, filters, etc.) in optical sub-assemblies
or optical connectors. We also developed proprietary stamping tech-
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niques that can produce mirror finishes in metallic optical benches
5 . These mirrors have finishes better than Sa = 5 nm without any
secondary processes. Micro mirrors expand the utility of metallic
optical benches by enabling light beams to be folded or even shaped
using aspherical mirrors that focus or expand the light beams. This
is accomplished without any additional cost of refractive or diffractive lenses, and the mirrors are aligned to the bench features by the
stamping process.
This paper applies the stamping technology to the manufacture
of metallic optical benches for photonic assemblies, particularly optical connectors. This paper presents designs for three metallic optical
benches with micro mirror arrays that connect optical fibers to photonic devices. The first design connects arrays of single-mode fibers
to arrays of diffractive grating couplers for vertical coupling to silicon
photonic integrated circuits (SiPICs). A second design converts an
array of diverging beams that exit an array of optical fibers into an
array of collimated beams. A third design focuses the beams from an
array of fibers onto the sensing areas of photodiodes. Batches of the
bench for SiPICs were evaluated using dimensional metrology and
optical tests.
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Metallic Optical Benches for Optical Interconnects

Figure 1 illustrates the composite construction of an optical connector
using a stamped metallic optical bench. The benches are constructed
with a metallic frame made of a stiff metal with a coefficient of thermal expansion (CTE) that matches closely with materials used in
photonic devices generally made of silicon or glass. These frames
are made of kovar (ASTM F-15, Fe 54%/Ni 29%/Co 17%) with
an elastic modulus of about 207 × 109 Pa and a CTE of about α =
5.5 × 10−6 m/m/C, which is a reasonable match to both silicon and
borosilicate glass. For some applications, the frame might be better
made of invar with a CTE of about α = 1.2 × 10−6 m/m/C. For applications that require chemical inertness, it is also possible to make
the frame of ceramic materials such as aluminum oxide or zirconia.
The hole of the frame is filled with a second metallic piece that is
subsequently stamped to create the micro features in the surface of
the metallic optical bench. Commercially pure aluminum was chosen
because it has high reflectivity, especially beyond λ = 1310 nm, and
because it is easily stamped due to a low yield strength around Sy =
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Microscale features are stamped into the aluminum surface with
a patented stamping process 6 , 7 . The tools used in our stamping
contain the inverted geometry of the stamped features, and the tool’s
features meet tolerance specifications for form, size, and location for
single-mode optical performance (generally better than 1 µm). The
accuracy of our stamping tools is evident in the metrology data of
Fig. 2. The data was measured on a tool used to stamp some of the
benches reported in this paper. Figure 2(a) shows the surface finish
on the features that form the micro mirrors. Scanning white light
interferometer (SWLI) data was high-pass filtered at 17 µm to remove
waviness and form error. The average roughness is less than Sa = 5
nm. The same features were measured with a coordinate measuring
machine (CMM) having a measurement uncertainty of about 300
nm. The CMM point cloud was aligned to the CAD model, and the
deviations between each point and the CAD surface are given in the
contour plot of Fig. 2(b). The deviations are generally within a band
of +/- 100 nm, with a few non consequential exceptions outside the
optical aperture. Additionally, the features that form grooves were
measured by stylus profilometry and also compared to the CAD
model in Fig. 2(c). The grooves are generally better than +/- 300 nm
over the region of the tool that forms the grooves. Therefore, the tool
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Figure 1: Construction of a fiber-optic
connector using a stamped metallic
optical bench: (a) stiff frame made of
kovar, (b) stamped aluminum within
kovar frame, (c) exploded view showing
the assembly of a micro mirror connector (MMC), and (d) cross-section
showing attachment of an MMC above
a silicon photonic integrated circuit
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accuracy is sufficient to stamp metallic optical benches.
The grooves that hold optical fibers in silicon optical benches are
often produced by wet etching the grooves with sidewalls oriented
along the <111> direction; this produces grooves with an included
angle of 70.6° (54.7° to the top surface) 8 . Our tools and stamping
process enable a wider range of alternate designs with different geometries, angles, or shapes. It even allows for cylindrically-shaped
grooves that better match the shape of the optical fiber. This can minimize stress concentrations within the fiber that cause changes in the
index of refraction due to the photoelastic effect 9 . In this paper, the
grooves are stamped as cylindrically-shaped grooves that conformally support the bottom of the fibers.
After stamping and inspection, metallic optical benches are assembled with fiber-optic ribbon cables and a glass cover plate to form
micro mirror connectors (MMCs) as shown in Fig. 1(c). The cleaved
ends of the cable are passively aligned in the stamped grooves of the
bench. Then, the optical fibers and glass cover plate are bonded to
the metallic bench with a UV-curable epoxy that has an index of refraction (n = 1.51) that closely matches the core of the optical fiber
(n = 1.47). This minimizes refraction and back-reflections at the
epoxy-fiber interface that can degrade interconnect performance.

2.1

Optical design of mirrors that connect single-mode fibers to grating couplers

Silicon photonics has emerged as a platform technology useful in
optical interconnects 10 , but efficiently coupling light between arrays
of optical fibers and the silicon photonic integrated circuit (SiPIC)
remains a challenge. One approach, widely used in both research and
commercial products, connects the fibers to the SiPIC with diffractive
grating couplers (GCs) 11 . GCs couple light vertically out of the SiPIC
at slight angle with respect to vertical and with a mode field that
closely approximates a 9.2 µm diameter mode field of single-mode
optical fibers. Therefore, the end of a fiber can be butt-coupled directly to the GC, but this requires a tight bend in the optical fiber that
can be unreliable and limit the height of the SiPIC’s packaging. We
previously described an alternative approach using stamped mirrors;
the mirrors simultaneously fold the light beam and focus the light
beam into optical fibers that are parallel to the SiPIC 12 , 13 .
We have designed two benches for grating coupler applications.
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Figure 2: Dimensional metrology of
a representative stamping tool for
metallic optical benches: (a) surface
finish on features that form mirrors, (b)
deviations from ideal CAD model on
features that form mirror array, and (c)
deviations from ideal CAD model on
features that form groove array
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One has a launch angle of θ = 8°, and a second design has a launch
angle of θ = 12.5°. The mirrors were designed, analyzed, and optimized using commercially available software (FRED®). The geometry and dimensions of the design are shown in Fig. 3(a). A singlemode fiber endface is defined as light source at the location of the
fiber’s core, and the micro mirror re-directs the light towards the
GC. All single-mode fiber, micro mirror, glass cover, and grating
coupler are emerged inside an index matching epoxy. An ellipsoid
surface with two foci is selected for the geometry of the mirror. The
parameters of the ellipsoid surface were optimized to achieve the
best coupling efficiency with all other design variables (e.g. location
of fiber and GC) fixed. The merit function was the loss between a
single-mode fiber at the grating coupler position that mimics the
grating coupler. Figure 3(b) shows the predicted irradiance spread
across the surface of the GC after optimizing the ellipsoidal surface.
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After optimizing the mirror’s geometry, a tolerance study was
conducted to estimate the coupling loss caused by manufacturing or
assembly errors. A Monte Carlo simulation predicted the statistics
of the loss due to manufacturing and assembly errors. The statistics of the manufacturing or assembly errors were estimated using
metrology data obtained with the methods described in Section 3.
The histogram and cumulative distribution function of the loss are
shown in Fig. 4. These results suggest that about 97% of the channels
should have less than 0.3 dB of coupling loss due to manufacturing or assembly errors, which is one component in our optical loss
budget listed in Tbl. 1.
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diffractive grating couplers with two
launch angles, θ = 8° and 12.5°: (a)
geometry of optical path between GC
and fiber and (b) predicted irradiance of
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2.2 Optical design of mirrors that expand beam from single-mode fibers

Figure 4: Predicted distributions for
optical loss attributable to errors in the
manufacture or assembly of an MMC
for θ = 8.5° grating couplers

Another micro mirror was designed to expand and collimate the light
emitted from a single-mode optical fiber. This mirror is useful when
metallic optical benches are used within a right-angle, expandedbeam, fiber-optic connectors. In this optical design, the micro mirror
expands the light emitted from a single-mode fiber (MFD = 9.2 µm)
to a collimated beam with a MFD of 50 µm. The mirror is an offaxis parabolic surface. Figure 5 shows the geometry of this design
along with the predicted irradiance of the expanded beam. A similar
optical design (not shown) could produce an expanded beam from an
edge emitting waveguide; the optical fiber source would be replaced
with the mode field and launch conditions at the end of a waveguide
exiting the edge of a SiPIC.

2.3 Optical design of mirrors that connect single-mode fibers to photodiodes
A third optical design was developed to connect single-mode fibers
to photodiodes. Similar to the grating coupler design, an ellipsoid
surface is used to re-image the core of a single-mode fiber onto the
photodiode’s active area. A small angle between the vertical axis and
the optical path was used to avoid increasing the spot size on the
photodiode, and a larger gap creates space between the glass cover
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and photodiode to avoid possible interference during packaging. The
re-imaged MFD of the reflected light is smaller than the diameter of
photodiode’s active area to reduce the requirements on the alignment
tolerances between the MOB and the photodiode.
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path and mirror and (b) predicted
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Table 1 lists the components of an ideal loss budget for the three
optical designs. In all three cases, the aluminum surface of the mirror
has a reflectivity of about 96% at λ = 1310 nm, which corresponds
to a loss of about 0.18 dB. If less loss is necessary, it is possible to
coat the mirrors with a high-reflectivity coating tuned to the light’s
wavelength, which can increase the reflectivity to about 99% for a
loss of only 0.04 dB. A second component is the optical design of
the mirror, which does not reflect a perfect mode field causing losses
on the order of 0.05 dB. The stamped mirror surface generally has a
roughness better than Sq = 7 nm, which corresponds to scattering
loss of less than 0.01 dB. We measured the absorptive loss in our
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epoxy and found that it contributes another 0.08 dB. From the results
in Fig. 4, the loss due to manufacturing and assembly errors should
be around 0.3 dB. With our laboratory assembly procedures, we
are not routinely achieving the budgeted 0.3 dB loss for assembly
errors. Consequently, the measured loss for MMCs tested for this
paper were in the range of 0.5 to 1.0 dB (see Fig. 12), suggesting some
opportunities to improve our assembly process.
loss component

grating coupler design

mirror reflectivity
mirror design

0.05 dB

0.05 dB
0.01 dB

absorption in epoxy

0.08 dB

total

0.00 dB

0.3 dB

0.4 dB

0.0 dB

0.62 or 0.48 dB

0.72 or 0.58 dB

0.27 or 0.13 dB

Metrology of stamped metallic optical benches

The accuracy of stamped metallic optical benches and the finish of
their mirrors are evaluated with a scanning white light interferometer
(SWLI) (Zygo, Nexview). A SWLI provides a non-contact method
to measure both the roughness of the mirrors, the form errors in
the array of micro mirrors, and the form errors in the groove array
without contacting the aluminum surface. Figure 7 illustrates two
arrangements for fixturing a metallic optical bench such as shown in
Fig. 7(a). In Fig. 7(b), the bench is inclined so that the optical axis of
the SWLI is about orthogonal to the mirror surface. In Fig. 7(c), the
bench sits flat with the axis of grooves orthogonal to the optical axis
of the SWLI.

(a)

photodiode design

0.18 dB or 0.04 dB

mirror scattering
manufacturing and assembly

3

beam expansion design

(b)

Table 1: Optical loss budgets for three
designs of micro mirror connectors
constructed with metallic optical
benches

(c)
Figure 7: (a) Stamped metallic optical
bench, (b) fixturing to measure finish
and form of the mirror array, and (c)
fixturing to measure the groove array
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The SWLI and fixturing arrangements are used to perform three
types of assessment:
1. The surface finish (roughness) of each mirror is measured and
recorded. This measurement is performed with 20X objective and
2X magnification so that the field of view is 211 µm X 211 µm, just
a little larger than a single mirror. Three roughness attributes are
computed from the scanned data and recorded for each mirror:
the 3D average roughness (Sa ), the 3D root mean square (RMS)
roughness (Sq ), and the 3D peak-valley distance (Sz ). Figure 8 illustrates this measurement for eight mirrors in a single stamped
metallic optical bench. In the greyscale plots of the SWLI data,
black corresponds to the valley and white corresponds to the peak;
therefore the 255 shades of grey span the peak-to-valley range
equal to Sz . The black ellipses superposed on the SWLI data identify the optical aperture used on the mirror surface.
2. The 3D form of the mirror array is evaluated using a 3D point
cloud measured with the SWLI. The point cloud is measured with
a 10X objective and 0.5X magnification producing a field of view
that is 1.66 mm X 1.66 mm. A sequence of 3 measurements (1X3)
are stitched together in the SWLI software with an overlap of 45%
to provide a composite point cloud with dimensions of 1.66 mm
X 3.49 mm, which is just larger than the width of the bench. The
composite point cloud is compared with the reference CAD model
by aligning the point cloud to the ideal CAD model with leastsquares alignment and then computing the deviations from each
point to the surface of the ideal CAD model. Figure 10(a)-(c) show
the procedure for the metrology of one bench. The statistics of
the deviations in each bench (e.g. RMS deviation) yields a single
metric assessing the accuracy of the mirror array. Figure 10(d)
shows a box plot illustrating the statistics for the RMS deviation
for a batch of 26 benches.
3. The 3D form of the groove array is also evaluated using a 3D point
cloud from the SWLI. The point cloud is measured with a 10X
objective and 0.5X magnification so that the field of view is 1.66
mm X 1.66 mm. A sequence of 6 measurements (2X3) are stitched
together with 45% overlap in the SWLI software to provide a composite point cloud with dimensions of 2.58 mm X 3.49 mm. The
composite point cloud is evaluated against the reference CAD
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model. This enables asessment based on deviations, statistics of
the deviations, or statistics of the dimensions or pitches between
adjacent grooves. Unfortunately, this analysis is not automated yet
and so statistics were not available for this paper.

SWLI data
average roughness (Sa )
RMS roughness (Sq )
peak-to-valley (Sz )

SWLI data
average roughness (Sa )
RMS roughness (Sq )
peak-to-valley (Sz )

Ch 1
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Ch 4

4 nm
5 nm
59 nm

5 nm
6 nm
67 nm

5 nm
6 nm
75 nm

5 nm
6 nm
81 nm

Ch 5
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Ch 7
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5 nm
6 nm
67 nm

5 nm
6 nm
63 nm

4 nm
6 nm
59 nm

4 nm
6 nm
71 nm

The surface finish measurements illustrated in Fig. 8 were automated and repeated on a large sample of 60 benches (480 mirrors)
to compute the statistics of the surface finish attributes. The statistics of the average roughness Sa and RMS roughness Sq are shown
in Fig. 9(a), and the statistics of the P-V attribute Sz are shown in the
box plot of Fig. 9(b). The percentage of light scattered on the mirror surface was estimated with Eq. 1 14 , where the total integrated
scattering S depends on the RMS roughness Sq , the reflectance of the
surface Ro , the angle of incidence θi , and the wavelength of the light

©2020 CudoForm Inc.

Figure 8: Measurements of the surface
finish for stamped mirrors in an 8X1
array, measured with a scanning white
light interferometer
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λ. For an MOB, the worst-case RMS roughness is around Sq = 7 nm,
the reflectance of the aluminum surface is about Ro = −0.18 dB, the
angle of incidence is approximately θi = π/4 radians, and the wavelength of the light is λ = 1310 nm. Therefore, the total integrated
scattering is about S = 0.002 or 0.2%, which gives a loss of about 0.01
dB, which is the value entered in the loss budgets in Tbl. 1.
"



S = Ro 1 − exp −

Sa

4πRq cos(θi )
λ

2 !#
(1)

Sq
(a)

4

Assembly of micro mirror connectors

Sz
(b)
Figure 9: Box plots showing statistics
of mirror roughness attributes for a
set of 60 MOBs (480 mirrors) (a) box
plots for average roughness (Sa ) and
RMS roughness (Sq ) and (b) box plot for
peak-to-valley roughness (Sz )

Metallic optical benches were assembled with single-mode optical
fiber cables and a glass cover plate (190 µm X 3.7 mm X 4.0 mm). The
glass cover plate was made of Schott Borofloat 33 (borosilicate) glass
(n = 1.47 at λ = 1310 nm). The glass plate and optical fibers were
joined to the kovar and aluminum surfaces of the metallic optical
bench using a UV-curable epoxy (EMIUV, Optocast 3553) with n =
1.51, α = 55 ppm/C, and Tg = 140 C. The finished assembly, which
we call a micro mirror connector, is shown in the photograph of
Fig. 11(a) and the diagram of Fig. 1 .
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Figure 10: (a) Point cloud obtained from
SWLI across array of mirrors, (b) alignment of point cloud to reference CAD
model, (c) magnitude of deviations
computed for each point in the cloud,
and (b) box plot of RMS values of deviations for a batch of 26 mirror arrays
stamped in metallic optical benches
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The assembly process begins by stripping the cable and cleaving
the ends of the optical fibers. The cleaved fibers are placed into the
grooves of the optical bench with their ends visually aligned within
a tolerance of +/- 10 µm to a fiducial mark that is stamped at the
end of the groove array. About 1.57 mm3 of epoxy is dispensed into
the MOB to fill the well between the ends of the fibers and the array of mirrors. Next, the glass cover plate is placed onto the bench
and pressed downward until it contacts the fibers and presses them
firmly into the grooves. The pressure squeezes the liquid epoxy causing it to flow around the perimeter of the MOB and along the fibers
to the reservoir near the ribbon cable. Our assembly fixture can apply
a clamping force on the glass cover plate up to 30 N, but typically
only a few Newtons is required. The curing process is initiated with
2 minutes of exposure under an ultra-violet illumination system
(Excelitas Technologies, OmniCure LX500) that has a wavelength of
λ = 365 nm and a focusing lens that produces a spot size of 10 mm,
which covers the entire surface of the bench. The UV light has an
irradiance on the surface of the MOB that is about 0.9 W/mm2 . The
UV exposure is followed by two consecutive curing steps. The first
occurs at room temperature for at least 90 minutes, and the second
occurs at an elevated temperature of 85° C for 60 minutes.

5

Optical tests of assembled micro mirror connectors

The performance of the stamped metallic optical benches in micro
mirror connectors for grating couplers was evaluated with optical
tests by measuring the coupling efficiency of every channel. The
optical test arrangement is illustrated in Fig. 11(b). A cleaved singlemode fiber with one end connected to a single-mode laser source
with λ =1310 nm was mounted in a fixture on a hexapod manipulator with 6 degrees of freedom. The single-mode launch fiber approximates the light emitted from a GC on the surface of a SiPIC. The
optical power from the launch fiber is defined as the reference input
power Pi . An assembled MMC is mounted onto a 3-axis stage, and
the ribbon cable that exits the rear of the MMC is connected to an
optical power meter to measure the output power Po . Measurements
of the output power are repeated for each channel in the MMC.
For each MMC, the hexapod manipulator is adjusted in all 6 degrees of freedom to maximize the coupling efficiency between the
launch fiber and Ch. 1 of the MMC to accommodate any errors as-

©2020 CudoForm Inc.

Pub. 2003031| Rev. A

16

technical publication

sociated with attachment to the fixture. Then, only the x and y positions were adjusted to reach neighboring channels and measure
the output power Po of all 8 channels without further adjustment
to the angles. Based on the output power Po and launch power Pi ,
the coupling loss for each channel is calculated with Eq. 2. For simplicity and speed, an index matching gel was not applied in the gap
between the launch fiber and the surface of the glass cover plate.
Therefore, the tests include two Fresnel losses at glass-air interfaces
that are not present in practical applications since the space between
the glass cover plate and surface of the SiPIC would be filled with
an index matching epoxy. The erroneous Fresnel loss is removed
reducing the measured loss by 0.3 dB as shown in Eq. 2.
L = −10 log10

Po
− 0.3
Pi

(2)

(a)

A batch of 122 cables (total of 976 optical channels) were assembled and terminated onto fiber-optic cables. The cables were tested
with the method shown in Fig. 11(b). A histogram of the measured
loss in each optical channel and the cumulative distribution are
shown in Fig. 12. For this batch of cables, about 93% of the channels had a coupling loss that was less than 1 dB. This is 0.4 to 0.5 dB
above the predicted values in our loss budget. The additional loss
is attributed to errors from our laboratory assembly process. With
further improvements, we expect to more routinely achieve the predicted coupling efficiency in the loss budget of Tbl. 1.

©2020 CudoForm Inc.
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Figure 11: Test procedure for measuring
coupling efficiency of each channel in
an MMC
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Figure 12: Statistics of measured coupling efficiency for batch of 122 cables
(976 optical channels)

This paper presented three optical designs for micro mirrors used in
metallic optical benches for optical interconnects. Batches of benches
and cables were produced for one design that was optimized for
fiber-optic connections to diffractive grating couplers in silicon photonics. Dimensional metrology performed with scanning white light
interferometry demonstrated that the stamped mirror arrays typically have surface finishes with average roughness in the range of
3 nm<Sa <5 nm and RMS roughness in the range of 4 nm<Sq <12
nm without any secondary processing. Furthermore, the accuracy
of the mirror aperture across an 8X1 mirror array was adequate for
single-mode applications as indicated by the RMS value of the individual deviations computed from SWLI point clouds, which typically
ranged between 120 and 240 nm. The optical benches were then assembled and terminated onto fiber-optic cables, and the loss was
measured in each optical channel using a single-mode optical fiber
as launch cable. These optical tests showed that 93% of the singlechannel losses were less than 1 dB, which is about 0.4 dB above our
expected loss budget. The difference is attributed to assembly errors
that occur during our laboratory termination process. Consequently,
we are working to improve assembly and termination processes to
more closely achieve our predicted loss budgets. We are also making
additional stamping tools to stamp and test other mirror designs,
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particularly the designs for the expanded-beam and grating couplers
with 12.5° launch angles.
Stamped metallic optical benches could play an essential role in
board-level optical interconnects even enabling co-packaged optics
for high-bandwidth switches and transceivers. Some future embodiments for these board-level interconnects are illustrated in Fig. 13.
Figure 13(a) shows a photograph of a micro mirror connector attached onto a silicon photonic integrated circuit after active alignment to GCs and epoxy curing. Figure 13(b) illustrates a design for a
thinner bench that could reduce the thickness of MMCs to less than 1
mm, which is preferable for co-packaged optics that must avoid interference with cooling devices. And Fig. 13(c) shows a possible design
where a bench is used to couple edge-emitted light from a SiPIC into
a terminated MMC. This design could enable expanded-beam and
separable connectors at the edge of PICs.

MMC
silicon
photonic
integrated
circuit

(a)

< 1 mm

MMC

edge
coupler

(b)
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