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Aberrations Measurement of Fiber-End Microlens by
Free-Space Microoptical Ronchi Interferometer

C. H. Tien, C. H. Hung, and C. H. Lee

Abstract—We developed a microoptical Ronchi interferometer
system in which a V-groove, an out-of-plane grating, a beam
splitter, and a 45° upward reflector integrated on a single silicon
chip were used to measure the wavefront aberration caused by
a microlens on the fiber front end. By the use of the microelec-
tromechanical systems configuration, the fringe patterns caused
by the different spherical aberration and defocus balances of the
0.34-numerical-aperture microlens can be captured and analyzed
accordingly. As demonstrated by the experimental results, the
proposed setup is capable of carrying out a simple wavefront
variation measurement in the microscopic scale.

Index Terms—Integrated optics, microelectromechanical
systems (MEMS), optical components, optical device fabrication.

1. INTRODUCTION

ICROLENSES fabricated on the ends of optical fibers
Mwere first introduced by Kato for improving the cou-
pling between light sources and optical fibers [1]. As the cost
of low-loss optical fibers decreases, such schemes are widely
employed in different fields of optics such as endoscopy, optical
fiber sensor, and laser scanning system [2]—[4]. In order to en-
sure the optical performance, the fiber-end microlens or surface
profile must be carefully examined. Because the fiber-end
surface is so fragile and easily damaged from any scratches, it
is clear that only noncontact or nondestructive approach can
conduct a whole-field inspection around the optical fiber area.
Among various measurements, the interferometry is the most
promising technique for performing metrology or aberration
testing because of its inherently subwavelength accuracy and
nondestructive character. Although various interferometers
have been successfully demonstrated to perform wavefront in-
spection [5]-[8], they are somewhat elaborate and inapplicable
to the measurement of such fiber-end microlens associated with
a short working distance and small radius of curvature; both
are on the order of micrometers. While conducting transmitted
wavefront testing, the minute working distance subject to
the microlens would easily cause damage due to the contact
between the front edge of the lens and the mounting accessories
of the interferometric setup. On the other hand, in the refection
operation, small radius convex surface of the microlens has
a low reflectance; the test beam reflected from the spherical
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Fig. 1. Schematic drawing of the microscopic Ronchi interferometer.
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surface is no longer imaged by the objective accordingly.
Recently, as the progress in the integrated circuit process, there
has been growing interest in applying microelectromechanical
systems (MEMS) techniques to create new optomechanical
devices as well as to integrate many free-space microoptical
elements on the same substrate. [9]-[11]. With sizes as small
as that of a optical fiber, MEMS-based approaches have opened
opportunities for state-of-art techniques to meet significant
requirements of optical wavefront inspection in a microscopic
scale. Three suggested approaches for the fiber-end aberration
test are the Foucault knife-edge, the Ronchi grating, and the
Zernike phase contrast, respectively [12]. In comparison with
the conventional inteferometry, these setups need no reference
beam and are easy to assemble due to their simple geometric
arrangement. In all of them, the lens being tested is illuminated
with a coherent beam. A modulating screen is placed in the
vicinity of the focus; the aim of this screen is to alter the
wavefront in some prescribed manner. Analysis of the distorted
images would reveal the aberrations of the lens. For the Ronchi
test, the modulating screen is a grating, which can be easily
fabricated by the MEMS process and integrated with the cor-
responding optomechanical setup. However, to the best of our
knowledge, interferometric bench incorporating MEMS grating
has not been reported for such peculiar use in the study of a
spherical fiber-end. To meet the specific requirement subject
to on-axis image-forming by a fiber-end microlens associated
with short working distance and sharp phase variation, we thus
developed a simple but effective microscopic interferometer on
a monolithic substrate.

II. SYSTEM DESIGN

The proposed microscopic interferometer is based on the
Ronchi grating configuration. As shown in Fig. 1, light is
delivered by a fiber-end microlens under test. The grating, also
referred to as a Ronchi ruling, is placed perpendicular to the op-
tical axis in the vicinity of the focus. After passing through the
grating, each diffracted order will deviate from the zero order
and the overlap areas of the diffracted beam will subsequently
create interference fringes which characterize the aberrations of
the microlens. The vertical beam splitter, with a 45° inclination
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Fig. 2. (a) Side view of a hemispherical microlens on the fiber front end.
(b) SEM photograph of a Ronchi grating, where the grating period has a period
of 1.9 £ 0.1 pum, corresponding to 3A at wavelength A = 0.633 pm. (Color
version available online at: http://ieeexplore.ieee.org.)

to the optical axis, splits the laser beam into two branches.
One path is reflected by a 45° upward micromirror and then
is captured by a charged coupled device (CCD) camera with a
long-distance microscope (6 x ) through a frame grabber, which
is placed on the top of the overall microbench. On the other
hand, the other path is redirected to Fresnel lens to monitor the
diffraction efficiency of each order.

The overlapping area of the fringe pattern caused by the
Ronchi ruling depends on the lateral shift and it is normally
expressed in terms of the numerical aperture (NA) of the
microlens and the grating period P. NA = sin 6, where 6 is the
marginal angle subtended by the exit pupil of the microlens at
its focal point. In the scalar theory, the diffracted orders passing
through the grating can be represented by sinf,, = n\/P,
where 7 is the order of diffraction and 6,, is the corresponding
deviation angle from the surface normal. In order to obtain a
fringe pattern in high contrast, no more than two diffraction
orders are allowed to overlap, so that the period of the grating
P should be less than or equal to A/NA. For the microlens
on the fiber front end, we have demonstrated that the paraxial
focus L and NA can be adjusted by a specific lens design
[13], as shown in Fig. 2(a). Here a hemispherical microlens
is fabricated on the end of a coreless fiber and serves as the
focusing element. In this letter, we first designed NA of the lens
as 0.33 and paraxial focus L as 100 ym when the microlens has
aradius of curvature (r = 46 ym) on an 800-um coreless fiber.
Accordingly, the period of grating was chosen to 3\, which
deviates the & 1st-order diffracted beams from the zeroth-order
by ~ 19.47° and makes the 4 1st order just touch —1st order in
the pupil plane distribution. The scanning electron microscope
(SEM) of the out-of-plane micro-Ronchi grating is shown in
Fig. 2(b), where the grating period has a period of 1.9£0.1 pum,
corresponding to 3\ at wavelength A = 0.633 pm.

III. FABRICATION

The overall optomechanical platform can be divided into
two parts, i.e., V-groove and free-space microoptical bench.
V-groove is created by KOH anisotropic etching of a (100)
silicon substrate with stripe openings along the (100) or (110)
directions. Free-space microoptical bench is fabricated by sur-
face micromachining and consists of a Ronchi grating, a beam
splitter, a mirror, and a Fresnel lens. Such out-of-plane mi-
croelements were fabricated using a two-layer polysilicon and
one-layer low-stress silicon nitride surface micromachining
process. To fabricate the devices, a 2-pm-thick plasma-en-
hanced chemical vapor deposition (PECVD) silicon dioxide
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Fig. 3. SEM photograph of the microscopic Ronchi interferometer.

was first deposited on the silicon substrate as the first sacrificial
layer. The 0.75-pm-deep dimples and 2-pm-deep anchors
were then patterned on the sacrificial layer. The first structural
polysilicon layer was deposited by low-pressure chemical vapor
deposition (LPCVD) with a thickness of 2 ym. The polysilicon
layer was then patterned to form a microframe. After that, a
1-pm-thick PECVD silicon dioxide, a 0.5-um-thick LPCVD
silicon nitride, and a 1-pm-thick PECVD silicon dioxide were
deposited and patterned alternatively. Here the three-layer
sandwich structure is used to reduce the interfacial stress of
nitride and polysilicon layer. The silicon nitride optical layer
was deposited with SiHoCly /NH3 ratio = 3 at 850 °C and
180 mTorr, and patterned to form various components of
the optical bench. After annealing at 1150 °C for 2 h, the
silicon nitride is of low stress (50 MPa) and lower absorption
(n = 2.26 + 90.033). Then the second structural polysilicon
layer was deposited with a 2-pm thickness. The polysilicon
layer was then patterned to implement the microspring latches
overlapping the microframe. After dicing, the structure was
released in 49-wt% HF solution. The out-of-plane components
were then lifted up perpendicular to the substrate and fixed by
microhinges and microspring latches. Finally, the microoptical
bench was assembled with a V-groove platform and optical
fiber. The overall size of the microoptical bench is about
5 x 6 mm?, as shown in Fig. 3.

IV. SYSTEM TESTING

For the Ronchi test, the fringe patterns modulated by the
grating reveal the characteristics of the aberrated wavefront.
In order to capture the far-field distribution, a CCD camera
mounted on a microscope is used to obtain the light reflected
from the upward 45° micromirror. The out-of-plane Ronchi
grating (P = 3)) is placed in the proximity of the focus of
the lensed fiber. The optical fiber is attached on a piezoelectric
transducer (PZT) separated from the optical bench. Therefore,
the relative distance between the microlens and the grating can
be adjusted by the PZT and subsequently create a wavefront
associated with different aberration balances. Since each optical
element and corresponding setup is precisely aligned by the
foundry process, the accuracy of the system is comparable with
the conventional instrument. It is beyond the scope of this letter
to discussion various aberrations caused by the fabrication
error during the discharge arc process; in this study, we were
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Fig. 4. Measured (left column) and calculated (right column) patterns of inten-
sity distribution when the Ronchi grating was placed in different place 6z =
—10A, —20X, —37A, =55\ and —90A, respectively. Where 6z is the axial
shift of the grating position with respect to the paraxial focus, negative distances
are towards the marginal focus. (Color version available online at: http://ieeex-
plore.ieee.org.)

treating only the case where the center of the incident Gaussian
field coincides with the optical axis, only defocus and on-axis
aberration such as spherical aberration (SA) are presented. For
optical testing, the wavefront deformation W (or optical path
difference) in the normalized exit pupil (z, ) of the microlens
with respect to the paraxial focal point can be presented as
W(z,y) = Coao(z® + y*)* + Co(z” + ), where Coup
and Cozo = 0.5(NA)26z are the primary third-order SA and
defocusing terms, respectively. Where 6z is the axial shift of
the grating position with respect to the paraxial focus, negative
distances are towards the marginal focus. Left column in Fig. 4
shows the measured fringes subject to different balances be-
tween the SA and defocus, where the Ronchi grating was placed
at 6z = —10\, =20\, =37\, =55, and —90), respectively.
In the process, as the grating shifts through the paraxial focus
and towards the marginal focus, we observed a rich variety of
third-degree curves that aid us in determining the wavefront is
indeed predominated by the third-order SA.
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It is noted that there is a small overlapping portion of the
4 1st beams, meaning that the NA of the lens under test is no
longer equal to A/ P but a little higher than the designed value
0.33. The reason is due to that the fabrication of the lensed fiber
via high-frequency discharge arc is hard to precisely control its
vertex curvature, resulting in a smaller radius (r = 45 pm) than
the designed value (r = 46 pum). Frame (a)—(e) in right column
of Fig. 4 corresponds to the calculated results at different values
of 6z under NA = 0.34, Cyy9 = 4.86\. The close agreement
with the experimental cubic fringes confirms the characteris-
tics of such microoptical system and quantitatively ensures the
merits of the fiber-end microlens. If the wavefront analysis can
be further implemented by a polynomial least-square fitting al-
gorithm, such MEMS-based interferometric bench is expected
to be comparable with the conventional interferometer in terms
of resolution and accuracy.

V. CONCLUSION

We have developed a free-space Ronchi interferometer by the
surface micromachining and experimentally verify its feasibility
for optical wavefront aberrations measurement of a fiber-end
microlens system. We fabricated a microlens associated with
NA = 0.34 and SA (SA) = 4.86\ as a testing sample and
successfully observed the fringe patterns due to the various SA
and defocus balances. The similar analyses can be performed for
any reasonable number of aberrations as well. Compared with
the conventional interferometer whose sizes are several hundred
times larger than that of an optical fiber, the MEMS-based in-
terferometric bench offers the potential to perform fast, in-line,
noncontact, and precision measurement of the microlens inspec-
tion in the microscopic scale.
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