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Abstract

This paper describes the design, microfabrication and testing of a pre-aligned array of fiber couplers using direct UV-lithography of SU-8. T
fiber coupler array includes an out-of-plane refractive microlens array and two fiberport collimator arrays. With the optical axis of the pixels parall
to the substrate, each pixel of the microlens array can be pre-aligned with the corresponding pixels of the fiberport collimator array as defi
by the lithography mask design. This out-of-plane polymer 3D microlens array is pre-aligned with the fiber collimator arrays with no addition:
adjustment and assembly required, therefore, it helps to dramatically reduce the running cost and improve the alignment quality and coup
efficiency. In addition, the experimental results for the fiber couplers are also presented and analyzed.
© 2005 Elsevier B.VOpen access under CC BY-NC-ND license

Keywords: UV-lithography; Out-of-plane refractive microlens array; Pre-aligned; Fiberport collimator array; Fiber bundle coupler; SU-8; 3D microlens

1. Introduction intensity when coupled into the receiving fiber. In the case of
offset error, the fiber cores may be displaced laterally along the
Optical fiber is widely used in telecommunication and opti- direction perpendicular with the optical axis; light emitting from
cal sensors. Fiber couplers are very important components fane core hits the cladding layer of the second fiber resulting in
the optical communication system and fiber optical-based semeduced light throughput. In the third case, one fiber may be
sors. Fiber couplers are commonly used to manipulate lightilted (rotated around the andz-axis) relative to the other and
signal and to complete the connection of light-source-to-fibercause a signal transmission loss.
fiber-to-fiber, and fiber-to-detector to relay the optical propaga- In a conventional fiber coupler with optical lenses and fibers,
tion for illumination delivery or signal collection. By reducing the light from the source (such as, laser, diode, lamp, etc.) or the
back-reflection and alignment errors, fiber couplers can increasnd of another fiber is focused by one or two optical lenses and
light throughput. The alignment of the optical components incoupled into another fiber or a detector. In a conventional fiber
most optical fiber applications is extremely critical for ensuringcoupler, a mechanical fiberport collimator is used to precisely
the maximum amount of light that flows through the coupledadijust the position of the fiber with respect to the lens to obtain
devices. Fiber coupling is subject to three types of misalignmenthe maximum coupling efficiency. Normally, the fiberport col-
separation (longitudinal misalignmentaxis), offset (lateral limator needs to be adjustable in several axes, normally
misalignmenty-axis), and tilt (angular misalignmem. Inlon-  z andd. The conventional types of mechanical fiberport colli-
gitudinal misalignment, the end of the fibers may not be in thamators have a large size and are not easy to be integrated with
optimized position; if the end of the second optical fiber is posi-other optical components. In conventional optical fiber systems,
tioned away from the image position for the end of the firstsuch alignment and assembly are often done manually, therefore
fiber, light from one fiber core will spread and lose much of itsincreasing the complexity of operation. Also, the cost and the
limit of achievable precision in these mechanical fiberports are
determined by the complexity of the optical system (i.e., num-
* Corresponding author. Tel.: +1 225 578 5807; fax: +1 225 578 5924. ber of couplers and physical dimensions of the fiber) and the
E-mail address: wang@Isu.edu (W. Wang). operator expertise, respectively.
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Microfabrication of fiberport and coupling systems is antor array and the microlens array. Each pixel of this out-of-plane
attractive approach for simplifying the optical system, whichpolymer microlens array is pre-aligned with the corresponding
incorporate fiber optics. For example, silicon micromachinedixels of the fiberport collimator with no additional adjustment
V-groove fiber coupler§l,2] are attractive and simple devices and assembly requirement.
that can be used to obtain precise alignment of optical fibers and When the mask for the optical fiber bundle coupler is
also, can be directly integrated with other optical componentsdesigned, the fiberport and the microlens are pre-aligned to the
By etching a series of V-grooves on the silicon substrate, higldesigned position. No changes and adjustment between the mask
precision coupling of many fibers to other optical devices carand the photoresist on the substrate are needed during the lithog-
be achieved. raphy process. The precision of the pre-assembled fiber bundle

There are many methods to fabricate microlenses ocoupler is therefore limited by the optical mask used. Without
microlens arrays and apply them in optical fiber systems. Thany assembly and alignment, this microlens’ optical axis is par-
most commonly used method is to fabricate a spherical tip omllel to the substrate on which the whole optical system is built.
the optical fiber to enhance the coupling efficiency to a receiving his unique advantage makes it possible to design and fabricate
fiber or other optical component. These ball lenses are fabricatgate-aligned fiber bundle couplers with precise alignment and
by melting the optical fiber’s end to form a lens, which is basechigh coupling efficiency.
on surface tension principl¢3]. Micro-jet technology can also The fabrication and working principle for the fiber bundle
be used to place a lenslet at the end of a multimode fiber tooupler are shown ifrig. 1. Because SU-8 is a negative tone
improve coupling efficiency4]. Ball lenses formed by thermal photoresist, the exposed regions remain after lithography and
re-flowing of two polymer layers has been shown to be assermdevelopment. The entire fiber bundle coupler is designed on
bled into a silicon-based platform for fiber couplifg6]. a single photomask. Two exposuresdad5° tilt angles with

In this paper, an approach using 3-D UV-lithography of SU-respect to the surface normal are conducted for the out-of-plane
8 photoresisf7,8] is presented for fabricating pre-aligned fiber microlens array fabrication. When two cylindrical light beams
bundle couplers. Thisfiber bundle couplerincludes a pre-aligneth perpendicular are projected on the SU-8 resist, two perpen-
out-of-plane refractive microlens arrf8~13]and fiberport col-  dicular cylindrical structures are formed #%5° angles with
limator arrays. With the optical axis of each pixel parallel to therespect to the substrate and the intersected region of the resist is
substrate, each pixel of the out-of-plane microlens array cadouble-exposed. This faceted surface of the intersected region
be pre-aligned with the corresponding pixels of the fiberporincludes four pieces of cylindrical surfaces. The lithography
collimator arrays in the mask design. The microlens array antight used is ark-line (A =405 nm) dominated UV light source
fiberport collimator arrays are made using photolithography savith optimized dosage and wavelength selection ratio. The posi-
that precise alignment can be obtained without accumulatiotion between the substrate and the mask are fixed during and
of tolerances. As a simple example of a pre-aligned integratedfter the exposure for the microlens and microlens array. With
optical systen{11], an out-of-plane polymer microlens array a defined region of the microlens or microlens array covered
was pre-aligned to fiber collimator arrays in the mask design. Iusing a shade mask, the fiberport collimator array is then fab-
each pixel of the fiber bundle coupler, lateral misalignment andicated lithographically using anline (A =365 nm) dominated
angular misalignment are minimized by this pre-alignment techbroadband UV light source in an optimized exposure dosage and
nology. The longitudinal misalignment also can be minimizedwavelength selection ratio.
by the stop function of the fiber-fixing groove in the coupler. The development rates for the unexposed SU-8 and exposed
As aresult, no additional adjustment or assembly was requiregU-8 with different exposure dosages are different. By care-
leading to dramatically reduced running cost and significantlyful control of the exposure dosages, wavelength selection, and
improved alignment quality and coupling efficiency. This tech-the optimized development time, the intersection regions are
nology for a fiber bundle coupler can also be used to fabricatdeveloped into the out-of-plane microlens and microlens array
pre-aligned fiber couplers for just single fiber-to-fiber junctions[9—13]. The rectangle posts tilted #45° formed the fiberport
as well. collimator. The final shape of this fiber bundle coupler after

In the following sections, the design and working principlesdevelopment is schematically shown kig. 1(C). In a prac-
for the pre-aligned fiber coupler will be presented followed bytical lithography process, each pixel of this convex microlens
the detailed fabrication process used to make the fiber bundkrray can be expected to have a quasi-spherical shape with a
coupler. Finally, some test results for the pre-aligned fiber bundlemooth surface profile and its optical axis is overlapped with the

couplers fabricated with this principle are presented. central line of the square opening for the corresponding fiber-
port collimator. Each pixel of the out-of-plane microlens can be

2. Design of the fiber bundle coupler and tilted aligned with the corresponding pixel of the fiberport collimator

lithography of SU-8 as schematically shown Fig. 1(D). A single optical mask used

therefore determines the pre-alignment precision of the whole
The research work presented in this paper uses a 3-D fabriciber coupler.
tion method to obtain the pre-aligned fiberport collimator array  To obtain a cylindrical light beam in a tilted exposure of SU-8
and out-of-plane polymer microlens array. This technology isat+45° for the out-of-plane microlens and microlens array fab-
based on multiple-step UV-lithography of SU-8 and carefullyrication, the opening in the photomask must be of a conic shape.
controlled development process for both the fiberport collima-The conic curves associated with various values of the conic
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Fig. 1. Fiber bundle couplers. (A}45° tilted expose for the out-of-plane microlens array region. (B) Covering the microlens array region by a shade mask with
a +45° tilted expose for the fiberport collimator region with the same mask. (C) After development, each pixel of the microlens array and corresponding pix
of the fiberport collimator array are precisely aligned. (D) Diagram showing the position of the fibers after inserting the fiber bundle, in which the correspondir
fiber—microlens—fiber system are marked in blue for clear definition of the optical path.

constant can be used for the mask pattern of the out-of-planeng square holes are separated by several cascaded pieces as
microlens or microlens array, depending on the requirementshown inFig. 2. In order to insert the optical fibers into the fiber-
for the microlens’ surface profile. The ellipse, circle, parabolaport collimators easily, an opening larger than the optical fibers’
and hyperbola can be used for the mask pattern for the out-obutside diameter can be designed as showkidgn?2.

plane microlens or microlens array to achieve the corresponding

surface profiles. In general, the curvature of the mask opening, Fabrication of the fiber bundle coupler

along the designed optical axis control the surface profile and

curvature of the microlens along the same optical axis. HOWeveR. ;. Wavelength selection and refraction compensation in

since the development rate also plays significant rule in the prayired lithography

cess, the mechanism is very complicafédl]. After stripping

the plastic coating layers, the diameter of the center glass fiber The lithography light used for the out-of-plane microlens and
(include core and clad) used here is 126. Because ofthe 45 mjcrolens array fabrication is anline (A =405 nm) dominated
tilted lithography, the distance between the two open blocks foproadband UV light with optimized dosage and wavelength
the fiberport collimator, as shown #ig. 2, is 125/2pm to  selections light (irFig. 3, marked as “lightintensity after PMMA

obtain a square opening with dimensions of by 125.m filter”). The transmission of a 1 mm thick unexposed SU-8 100 is
to fix the optical fiber. If the fiber's diameter of the core and clad

changes, corresponding changes in the designed dimensions of
the fiberport collimators need to be made. For easy develop- 40
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resist, transmission spectrum of the PMMA filter, and the light intensity of the
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Ocean Optics’ S2000 spectrometer and coupling fiber, the receiving end of the
Fig. 2. Mask patterns for the fiber bundle coupler. fiber was oriented in parallel with the light beam of the Oriel UV station.
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measured as shown kig. 3. The components of shorter wave-
lengths are primarily absorbed in the surface region while the
longer wavelength components penetrate further down into the
resist and expose the bottom region. The absorption coefficient
of unexposed SU-8 for theline (A =405 nm) is about one fourth
that of thei-line (A =365 nm), and three times that of thdine
(A=436 nm). In order to improve the exposure uniformity for
the entire area of the microlens array, wavelengths shorter than
365 nm needs to be filtered to avoid over-exposure of the surface
layer. Longer wavelengths (eithetline or i-line) with much
lower absorbances are used to permit more energy to reach the
bottom part of the thick SU-8 resist layer and to achieve bet-
ter uniformity of the absorbance. In our experiment, a 4.54 mm
thick PMMA sheet was used as a filter and an Oriel UV station
was used for the lithography. The transmission of this PMMA
sheetis about 0.3% at thine, 82% at thé-line, and 82% at the
g-line. The light intensities of the Oriel UV station with 200 W
output befor_e and after the PMM.A.fIIter and the transmission OEzig. 4. Refraction compensation principle to obtairf 4Bfractive angle at
the PMMA filter are also shown iRig. 3. A =405nm. To provide refraction compensation when365 nm, just change
Because the absorbance at fhéne is about three times the angle of 52.19 to 53.32
that of theg-line, the lithography process for the out-of-plane
microlens and microlens array regiorfidine dominated. Dur-
ing the development process, not only the unexposed SU-8 &2. Microfabrication of pre-aligned fiber bundle coupler
removed, the exposed regions may also be dissolved during
development, although at a much lower rate. The development The fabrication procedure for the pre-aligned fiber coupler
rate for the unexposed SU-8, single-exposed SU-8, and doublesing direct lithography is as follows: (1) conduct tilted expo-
exposed SU-8 also occur at different rates. During the develogsures for the microlens and microlens array; (2) with the posi-
ment process, the single-exposed region is dissolved at a mution between the substrate and the mask fixed and a shade
higher rate than that of the double-exposed region. The unexnask to cover the pattern for the microlens or microlens array,
posed SU-8 is normally developed many times faster than these a tilted exposure for the fiber-fixing grooves with full
exposed SU-8. Our previously reported wik13]proved that exposure dosages and different wavelengths; (3) develop the
these intersection areas form microlenses with quasi-sphericahmple.
surface profiles. In addition to the mask pattern geometry, sur- A layer of 1100um thick SU-8 100 was spin-coated onto a
face profiles of the microlenses are also affected by exposurglicon substrate at 400 rpm for 20 s. The sample was then soft-
dosage, wavelength selection, development conditions, and bakaked at 110C for 10 h and ramped down to room temperature
conditions. in 8 h. Two consecutive exposures were done in the fabrication
Sato et al. also reported an interesting work on multi-angleorocess while the optical mask and the wafer were held mechan-
tilted lithography of SU-§14]. In their work, the surface profile ically without any adjustment. In the first exposure, the sample
control is not important and the focus was on making througtwas tilt-exposed at45° to fabricate the microlens or microlens
holes for fluidic filter application. The light source used for thearray. In this exposure, the exposure dosage and light source
lithographic fabrication of the fiberport collimator array is the wavelength were carefully controlled to obtain the desired lens
i-line (A =365 nm) dominated broadband UV light as marked agrofile[9-11]. After the exposure for the microlens or microlens
“light intensity of light source” inFig. 3. Full exposure dosage array, a shadow mask was placed on the optical mask to cover
was used for the fabrication of the fiberport collimators to makethe regions containing the microlens array. The second tilted-
sure the bottom part of the device receives sufficient exposurexposure at-45° was conducted to fabricate the fiber-fixing
dosage and is fully cured. The dissolving rate of these sectiorgrooves using a full exposure dosage. The sample was then
of the exposed SU-8 in the development process is negligiblpost-baked at 98C for 20 min and cooled down to room tem-
and the shape of the fiberport collimator array can therefore bperature in no more than 12 h. After the unexposed regions
assumed to depend only on the geometry of the mask patternwere removed in development stage, the remaining exposed
The refraction of the light at the surface of the SU-8 resistregions of resist formed the microlens array and fiber-fixing
is dependent on the wavelengths of the light source. For thgrooves.
h-line light (x=405nm), the refractive index, is 1.650, the Three types of mask openings are used here: ellipse with long
critical angle is 37.305 For thei-line light (.=365nm) with  axis+/2 times of the short axis and the long axis perpendicular
n=1.660, the critical angle is 36.836To obtain 45 exposure to the lens’ optical axis (Group 1); circular openings for ball
anglesinside the SU-8 resist, a coupling prism and optical liquidens (Group 2); and ellipse with long axis aligned to the lens’
glycerin (glyceryl) were required to compensate for refraction abptical axis and equal t¢'2 times the short axis (Group $jig. 5
these interfacef®—11]as schematically demonstratedHig. 4.  shows a SEM Image of a prototype fiber bundle holders (Group
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was held in place by these grooves. The length of the stripped
fiber determines the separation between the terminal of optical
fiber and the surface of microlens.

The ends of the optical fibers were stripped of their plastic
coating by fiber stripping tools and fiber end terminated using a
fiber cleaver (Thorlabs Inc., Newton, NJ). The terminated opti-
cal fibers are then inserted into the holding grooves of the fiber
coupler.Fig. 6(A)—(C) shows several SEM images of the fabri-
cated fiber coupler with only one optical fiber inserted into the
array. From the SEM images, it can be seen that each pixel of the
microlens is pre-aligned with its corresponding fiber holders.

Fig. 5. SEM image of a prototype fiber bundle holder (Group 3) fabricated
using an elliptical mask pattern with long axis aligned to the lens’ optical axis:
250¢/2 um (L), 250um (S). 4. Experimental results and discussions

3) fabricated using the direct lithography method as presented A simple test was conducted to test the focusing capabili-
in this paper. ties of the microlens array. A collimated red light beam (about
After obtaining the SU-8 microstructures for the out-of-plane630 nm) was projected onto the backside of the out-of-plane
microlens and fiber holder-grooves, optical fibers were insertechicrolens array and the focused image was acquired using CCD
into the fiber grooves to complete the construction of the fibecamera (DXC-960MD SONY) in a Nickon OPTIPHOT-88 opti-
couplers for our optical tests. The optical fiber were preparedal measurement microscopeig. 7 shows a photograph of
by stripping the plastic cladding from the fiber and then cut to ahe focused image. The pixels at the array’s edge are partial
required length so that it can be inserted into the groove holdemicrolens so the focal pads are not as bright as the pixels con-
of the coupler. When the fiber was inserted into the coupler, itained within the central region of the array. The pixel size of

Out-of-plane
microlens array

Out-of-plane
microlens array

Fiber fixing

grooves for the — Inserted optical

fiberport  ~~ fiber pair
collimators
End of
optical fiber
One optical
fiber was
inserted

(B) ' ©)

Fig. 6. SEM image for the fiber coupler: (A) fiber coupler; (B) surface profile of the out-of-plane microlens array; (C) cascaded fixing grooves of the fiberpo

collimator.

Focal pad of
one pixel in the
center position
of the pixel

Dashed lines
marked Edge
of the
microlens
pixels array

Fig. 7. Optical images of the focal pads of the out-of-plane microlens array with collimated red light projected on the backside. The dashed white lines are used
visualization to help locate the individual pixels of the array. The picture at the right is a zoomed image of the focal pad.
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Fig. 8. Schematic diagram of the experimental setup for determining the coupling efficiency of the fiber bundle coupler.

the microlens array shown in the photograph was 244r@by  matched (i.e., microlens’ NA equals or larger than optical fiber’s
247.89um. The size of the focused pads can be estimated tblA), the highest coupling efficiency (d8 —10log(Rut/ Pin))
have a diameter of 18.7ém. can be achieved. In addition, the cross-talk between neighbor-
The experimental setup for determining the optical system’sng channels was also tested by measuring the output powers of
coupling efficiency is schematically shownhig. 8. A broad- several different receiving fibers not positioned directly within
band light source (A1010 Arc lamp, Photon Technology Interthe optical train and compared with the input light power.
national) or laser diode (DL5038-021, Thorlabs, Nowton, NJ) Both multi-mode optical fibers (GIF625 from Thorlabs Inc.,
served as the light source, which was then focused using a cottewton, NJ) and single mode fibers (TBII single mode fiber,
pling microscope objective lens (NA=0.4, 40x). The plasticCorning Inc., Corning, NY) were used in our tests for the fiber
coating at the end of an optical fiber was stripped and then tecoupling efficiency. The GIF625 fiber is a graded index fiber with
minated using a cleaver. One end of the fiber was then fixetllA =0.275 and a core diameter of 62.. The TBII single
on the fiberport collimator facing the microscope objective lensmode fiber has a NA of 0.13 and core diameter pin® Both
The fiberport collimator’s relative position was then adjusteda broadband light source and a 635 nm laser were used in these
with respect to the microscope lens to obtain maximum outputests. For the multi-mode optical fiber, the coupling efficiency
power at the opposite end of the fiber. A power meter (FieldMatavas measured to be 44.7% using the broadband light source,
1067353, Coherent Inc., Santa Clara, CA) was used to measuaad 24.5% using a laser diode with a wavelength of 635 nm. For
the input/output light power. In each measurement, the end dhe single mode optical fiber, the coupling efficiency was found
the output fiber is perpendicular with the photo-cell and slightlyto be about 22.7% for the laser diode at 635 nm. Because the
touching on the central area of the cell surface. This helped tprototype lens has some significant aberration, this may have
reduce the measurement error and improved the repeatability afade the focus pad for broadband light sources better at some
focus/align. After the output power from the first optical fiber position, therefore higher coupling efficiency.
was measured, itwas then inserted into one of the holder-grooves All three groups of out-of-plane microlens arrays with dif-
in the fiberport collimator with the help of a microscope. Theferent surface profiles and dimensions were tested. The total
second optical fiber (the receiving fiber) was inserted into theoupling efficiency with the 635 nm laser is shownFig. 10.
holder-groove on the opposite side. The output porgr, for  For all of these fiber couplers, the cross-talk between neigh-
the receiving optical fiber was then measured to obtain the coworing fiber pairs was also measured and the amount of light
pling efficiency, Pout/ Pin (dB = —10log(Rut/ Pin))- leaking into these fibers was too small to be measured by our
The distances between the fiber pair and the couplinggpower meter, therefore indicating that the degree of cross-talk
microlens can be adjusted to obtain the highest coupling coeffivas minimal.
cient.Fig. 9shows a photo image of the prototype fiber bundle In the coupling efficiency test, the light reflection and the
coupler with one pair of fibers inserted into the coupler and lightabsorption by the structural material, cured SU-8 polymer, also
supplied. The distances between the microlens array and the enaseds to be considered. Partial reflection exists at the interfaces
of the fibers/ and/, are close to two times the focal length () between materials of different refractive index (such as air and
with [ slightly longer than 2#nd!’ slightly shorter than 2f. Ifthe glass, cured SU-8). The percentage of the reflection at a par-
numerical aperture (NA) of the microlens and the optical fiber araicular interface depends upon the refractive indices, angle of

__ Cascaded fiber
Out-of-plane fixing grooves

microlens array

Input fiber Output fiber

Fig. 9. Photograph of the top view of the fiber bundle coupler with one pair of fibers inserted into the coupler and the light from a laser 6larf) supplied
to the fiber pair.
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Coupling efficiency with 635nm laser the sample wafer and the optical mask to minimize the diffrac-
5 S0 tion caused by the significant air gap between the resist and
g 25% Gl ol miode mask. Glycerin is also necessary for the reflection composition
5:5 207% 1\ T em ARl for 45° tilt exposure. A simple mechanical clip was used to hold
5% . Shomgalimete the wafer and the mask during the tilted exposuresté&s°).
E \ Groupl-single-mode h | . | dl d h f .. b h k
= o7 \ ) A SN The glycerin liquid layer reduces the friction between the mas
5 5% AL e P and the photoresist, but increased the possible sliding move-
o , M ‘ ment. Positional shift between the mask and the photoresist on
0 100 200 300 400 500 the substrate may reach several or even tens of microns. This
Pixel size ({m) shift caused errors in the subsequent multiple exposures and sig-

nificantly reduced the fabrication precision and the alignment
precision for the fiber coupler. The alignment error therefore
contributed to the reduced coupling efficiency. A better design
for the mechanical holder is therefore necessary to improve the

incidence and the polarization state of the light. In the case dfthography quality. The holder should permit rotation for well-

normal incidence, the following equation is used to estimate th&°ntrolled angles for the tilted lithography and maintain precise
back-reflection: position control during lithography to avoid possible positional

shift.
_ (2 — n1)? 1) The diameter of the focal pads is determined by the sur-
N (n2 + n1)2 face profile of the microlens. The defects on the lens surface
- . . . and the surface roughness may also affect the quality of the
At normql ©) mc'd.ence.’ light .transmng between air gnd focal pads. In future work, the lithography conditions such as
another optlcal_ material W't.h an _mdex of 1.496 (fused SII'ga‘[he mask pattern shape, exposure dosage, wavelength selection,
at 632.8nm) will suffer an insertion loss of 0.15dB or 3‘3/"development conditions, and bake conditions, need to be further

of thg mcu;ent light IS ref:;acted. Atlnqr?almgludefnlcg,ggght $tudied to obtain the optimal process parameters for better sur-
transiting between air and material with an index of 1. (cure ace profile and surface quality. In addition, optical aberration

SU-8 a1 632.8 nm) will have an insertion loss of 0.24 dB or 5.3%¢ e icrolenses can be reduced by better control for the sur-
of the incident light is reflected. These reflections result in

S ) . i . Face profile as further understanding for the relationship between
reduction in the coupling efficiency of the fiber-to-fiber COUpIer‘deveIopment rate and lens profile is achieved in the future.

To calculate the coupling efficiency for the fiber bundle cou- The prototype fiber coupler presented in this paper used
pler, reflections at a total of five interfacial surfaces need to b%nly one microlens for one fiber-lens-fiber channel. Using a

accounted for: one terminal of the input optical fiper, tvyo IenS’single microlens in coupling may cause mismatch in the numer-
surfa_c es, a_md two terminal faces of the gutput optical fiber. Th?cal aperture (NA) between the fiber and the microlens. Two
total insertion loss can be calculated as: cascaded microlenses with each lens symmetrically mirrored
1-(1— 0.033f x (1— 0_053)2 — 18.9%. ) another lens for the fiper coupler, one for the input fiber and
another for the output fiber, may help to improve the NA match

The attenuation of the SU-8 microlens is estimated to bend reduce possible longitudinal misalignment. In addition, this
about 5%. The theoretical coupling efficiency (assuming lossesymmetrical structure will help to reduce the optical aberration
only induced by reflection and SU-8 attenuation) that couldfor the lens pair. Further improvement may also be achieved by
be achieved is~76.1% for the fiber—microlens—fiber coupler reducing the distances between the fiber holders and the focus-
system presented in this work. However, the experimentallyng lens to avoid misalignment caused by mechanical deflection
obtained coupling efficiency for this system was found to beof fiber that is basically a cantilever. In addition, variations in the
25% for the multi-mode fiber and 23% for the single-mode fibedengths of the stripped fiber might also affected the longitudinal
as shown irFFig. 10, which are much lower than the theoretical alignment accuracy and contributed to the signal loss.
value of 76.1%.

There may be three reasons for the lower than expected cofi: Conclusions
pling efficiency: (1) the relative position between the optical
mask and the photoresist changed during lithography; (2) the We have presented the design, microfabrication and test of
optical aberration caused the focal pads of the microlenses fare-aligned array of fiber couplers using direct UV-lithography
become larger than the end size of the fiber core; (3) the numeof SU-8. Each unitin the fiber coupler array consists of an out-of-
ical aperture numbers between the fiber and the microlens wepane refractive microlens and two fiberport collimators. With
not matched; (4) errors caused by the fiber inserted into ththe optical axis of pixels parallel with the substrate, each pixel
holder. of the microlens array was found to be pre-aligned with the cor-

In the foregoing estimation of coupling efficiency, it was responding pixels of fiberport collimator arrays in lithography
assumed that no positional changes occurred between the maslask design. No additional adjustment and assembly are there-
and the photoresist on the substrate during the UV-lithography dbre required for the integrated fiber coupler array. This helps
SU-8. However, glycerin liquid was filled between the resist onto reduce the running cost and improve the alignment quality

Fig. 10. Coupling efficiency for the fiber coupler with different surface profiles
and dimensions.
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