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Abstract. Free-space coupling of Gaussian light beams using flat and curved photonic micro-
electromechanical systems mirrors was analyzed in detail. The theoretical background and the
non-ideal effects, such as limited micromirror extent, asymmetry in the curvature of spherical
micromirrors, misaligned axes, and micromirror surface irregularities, were analyzed. The
derived formulas were used to study and compare theoretically and experimentally the behavior
of flat (one-dimensional), cylindrical (two-dimensional), and spherical (three-dimensional)
micromirrors. The analysis focused on the regime of dimensions in which the curved micro-
mirrors radius of curvature is comparable to the incident beam Rayleigh range, also correspond-
ing to a reference spot size. A transfer matrix-based field and power coupling coefficients were
derived for general micro-optical systems accounting for different matrix parameters in the
tangential and sagittal planes of the microsystem taking into account the possible non-idealities.
The results were presented in terms of normalized quantities such that the findings are general
and can be applied to different situations. In addition, silicon micromirrors were fabricated with
controlled shapes and used to experimentally analyze the coupling efficiency at the visible and
near-infrared wavelengths. © The Authors. Published by SPIE under a Creative Commons Attribution
4.0 International License. Distribution or reproduction of this work in whole or in part requires full attri-
bution of the original publication, including its DOI. [DOI: 10.1117/1.JOM.2.3.034001]
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1 Introduction

Microfabricated optical elements are interesting and used to process free-space optical beams
propagating parallel to their supporting substrate in an ultra-compact, integrated optical bench
configuration.1,2 This concept was initially introduced based on the use of polycrystalline silicon
thin films as a structural material with an additional metal coating to reach good reflectivity.
In this approach, mechanical stress gradient in the resulting bimorph3 and related bowing of
the optical elements were found to be limiting factors that affected the optical performance.
Therefore, it is tempting to extend this concept of a micro-optical bench to single-crystalline
silicon, which offers unique capabilities such as monolithic coating-free all-silicon mirrors
produced by micromachining single-crystalline silicon, resulting for instance in Bragg reflectors
in the form of silicon walls separated by air trenches,4,5 similar to one-dimensional (1D)
photonic crystals but with enough depth to enable manipulating free-space propagating light.
Furthermore, single-crystalline silicon has low absorption in the near-infrared and low thermo-
elastic loss,6 which is of primary importance in optomechanics7 for reaching high-quality factors
in both the mechanical and the optical domains.

*Address all correspondence to Yasser M. Sabry, yasser.sabry@eng.asu.edu.eg

Journal of Optical Microsystems 034001-1 Jul–Sep 2022 • Vol. 2(3)

https://orcid.org/0000-0002-5385-4697
https://orcid.org/0000-0002-5051-5614
https://orcid.org/0000-0002-2067-2002
https://orcid.org/0000-0003-2342-7149
https://doi.org/10.1117/1.JOM.2.3.034001
https://doi.org/10.1117/1.JOM.2.3.034001
https://doi.org/10.1117/1.JOM.2.3.034001
https://doi.org/10.1117/1.JOM.2.3.034001
https://doi.org/10.1117/1.JOM.2.3.034001
https://doi.org/10.1117/1.JOM.2.3.034001
mailto:yasser.sabry@eng.asu.edu.eg
mailto:yasser.sabry@eng.asu.edu.eg
mailto:yasser.sabry@eng.asu.edu.eg
mailto:yasser.sabry@eng.asu.edu.eg
mailto:yasser.sabry@eng.asu.edu.eg


Currently, deep reactive ion etching (DRIE) technology is being extensively used to achieve
such optical benches from single-crystal silicon in a compact monolithic block.8,9 Silicon-on-
insulator (SOI) substrates are used to this end. One of the first SOI-based micro-optical benches
implementing a vertical micromirror was introduced in 1997 by Marxer et al. for fiber optics
switching applications.10,11 Deeply etched micro-optical benches have the advantages of robust-
ness and lithographic self-alignment of the microcomponents. Following the simple moving
micromirror switch of Marxer, more complicated microengines and miniaturized systems
have been developed; optical tunable filters,12–14 two- and multiple-beam interferometers,15–19

external cavity tunable lasers,20,21 Fourier-transform spectrometers,22–24 and optical scanner25 are
a few examples. The new research directions are focused mainly on the realization and use of
microengines and miniaturized instrumentation in biology, chemistry, physics, and materials
science. DRIE of silicon is the core technology for producing SOI-based micro-optical benches.
An intensive review of the different DRIE processes can be found in Ref. 26; the general concept
is shown in Fig. 1(a), and a scanning electron microscope (SEM) image of a flat micromirror
typically etched in silicon using DRIE is shown in Fig. 1(b).

Free-space optical coupling is a critical performance feature in micro photonic components.
Coupling elements are usually designed to mitigate optical beam divergence phenomena asso-
ciated with Gaussian beam propagation and to achieve phase/mode matching. Deeply etched
micro-optical benches comprise optical elements that are flat in the direction perpendicular
to the wafer surface; i.e., out-of-plane direction. Silicon micromirrors were reported in both flat
and cylindrical shapes, where the curved profile is formed in-plane with the respect to the
substrate.27,28 The allowable optical path was limited to tens of micrometers by the rapid decay
of the coupling efficiency. Moreover, deeply etched micromirrors usually have a limited height.
The limitation arises from the difficulty in maintaining high-quality vertical surface progressing
deeply in plasma etching.26 Thus, the height of the micromirrors is usually limited to 70 to
80 μm.1–24 Beyond this limit, the verticality of the etched surface deteriorates with a highly
negative profile and significantly rough surface. More advanced fabrication techniques have
been applied to increase the depth of the micromirrors.29–31 Therefore, optical beam truncation
effects in micro-optical systems can be non-negligible, which further reduces the coupling effi-
ciency below the ideal value as will be detailed in this paper.

High coupling efficiency with sub-millimeter optical path optical benches was achieved with
the use of lenses fibers,32 the assembly of a ball lens with flat mirrors,33 the insertion of a fiber rod

Fig. 1 (a) The DRIE Bosch process is an alternation between etching and passivation phases until
a deep trench is etched into a substrate. (b) A SEM image for silicon-etched flat micromirror.
(c) The 3D silicon etching combining DRIE and long isotropic etching. (d) A SEM for silicon-etched
spherical micromirror.
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lens with cylindrical mirrors,21,34,35 or the hybrid integration of three-dimensional (3D) mirrors
that require further assembly or mounting steps.36,37 The 3D curved silicon micromirrors with
in-plane optical axes were recently reported, as a monolithic solution, based on a fabrication
process combining deep as well as isotropic etching of silicon.38,39 The in-plane profile of the
micromirror is defined using a lithographic process and the subsequent DRIE [see Fig. 1(c)].
Then, long isotropic etching is applied to form the micromirror curvature in the out-of-plane
direction. A SEM image of a spherical micromirror etched in silicon is shown in Fig. 1(d).
The surface of the micromirror is likely to be rotationally asymmetric due to the independent
control of its curvature in two orthogonal directions. This can result as an artifact in micromirror
fabrication or on purpose for engineering the coupling efficiency behavior of the micromirror. In
addition to this asymmetry, the radii of curvature produced by this method are usually limited to
a few hundred of micrometers, which is comparable to the processed Gaussian beam parameters.
Both effects are analyzed in this paper.

The surface roughness of silicon-etched micromirrors is controlled by optimizing the DRIE
process and by optionally reducing the cycles’ time.40,41 Techniques for smoothing out the DRIE
Bosch process scallops from the resulting surface based on oxidation followed by oxide etching
or using short anisotropic wet etching have been proposed.42–44 The combination of a continuous
isotropic reactive ion etching (RIE) etching process together with the DRIE Bosch process was
used to produce a smooth micromirror’s surface at the top part of the micromirror.12 Local mill-
ing out the scallops of the DRIE after etching was carried out by means of a focused ion beam.45

For more stringent verticality and smoothness requirements, the micromirrors were etched in a
(110) wafer with the mask aligned to the (111) crystal planes.46 In the latter case, wet anisotropic
etching yielded very high surface quality and a vertical surface close to ideal on the expense of
restricting the orientation of the flat micromirrors and prohibiting the proper etching of curved
micromirrors. Therefore, the production of flat and curved micromirrors etched in silicon, in
most of the cases, is accompanied by unavoidable surface roughness, which affects the efficiency
of coupling using these micromirrors.

Depending on the spot size of the optical beam, lateral/angular shifts in the order of sub
micrometer/degree resulting from micromirrors fabrication tolerance can be enough to cause
significant reduction in the optical performance of high-finesse cavities.47,48 Although several
passive and active alignment technique have been introduced,49–52 alignment of the components
is still an issue in micro-optical systems. The impact of misalignment between the axis of single-
mode (SM) fibers; i.e., Gaussian beam coupling, was first introduced by Marcuse and followed
by several reports53–58 usually focused on stigmatic Gaussian beams.53,54 The coupling efficiency
between two SM fibers was studied in Ref. 55 in the presence of fiber-tip lenses or a gradient-
index rod lens to improve the coupling efficiency.56–58 In addition to the prior work focused on
general Gaussian beams in optical fibers or coupling via lenses, there are other works on cou-
pling via microelectromechanical systems (MEMS) involving either optical switches or MEMS
mirrors.59–62 In this paper, we treat the impact of misalignment between the incident beam, gen-
eralized to astigmatic Gaussian beam, and the principal axis of the micromirror with different
matrix parameters (i.e., mirror surface profiles) in two orthogonal planes providing a general
solution for the coupling efficiency.

The micromirror has many applications with flat micromirrors being widely used in mono-
lithic miniaturized optical benches, for instance, in 1 × N and N × N cross couplers,63 variable
optical attenuators64 and optical interferometers.65 The height of the micromirrors is usually lim-
ited to 70 to 80 μm.1–24 Beyond this limit, the verticality of the etched surface deteriorates with a
highly negative profile and significantly rough surface. Deeper micromirrors were reported using
alkaline etching, which restricts the surface profile and orientation.29–31 Recently, the introduc-
tion of high throughput micromirrors with 150 to 300 μm depth was reported to overcome this
type of loss66,67 and enhance the profile of the reflected beam for optical scanning applications.

The utilization of cylindrical micromirrors in miniaturized optical benches has been reported
in the literature from time to time to improve the coupling efficiency.21,27 Engineering the cur-
vature of the micromirror surface was reported as a way to improve the properties of Gaussian
beam transformation using the curved micromirror.25 The cross section of the surface in the
out-of-plane direction is still flat etched using DRIE, and thus, an upper limit for the coupling
efficiency of the micromirrors is encountered, as will be shown in Sec. 4.2. Despite this, it has
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been used recently in different applications such as a multi-pass gas cell for gas analysis68 and
visible-laser generation on a silicon chip69 due to the use of a slotted cylindrical micromirror in
which its coupling efficiency is studied in detail in Ref. 70.

Silicon-etched spherical micromirrors were reported in both cases of having an out-of-plane
or in-plane optical axis in many applications including single-atom detection, optical cavities and
tunable lasers, and optical interconnects in addition to vertical coupling.71–74 The main purpose
was to have an efficient coupling mechanism. It is noteworthy that silicon curved micromirrors
fabricated on a wafer top surface were also reported using isotropic chemical etching for
the purpose of optical detection of a single atom,71 a selective polishing method on the top of
MEMS tunable vertical-cavity surface-emitting lasers (VCSEL),72 and ion beam irradiation fol-
lowed by electrochemical etching for cavity-quantum electro dynamics (QED) studies as well as
optical interconnects.73 In all of these techniques, the micromirror’s optical axis is always out-of-
plane with respect to the wafer substrate, which renders the fabricated micromirror incompatible
with the silicon micro-optical bench concept in which the flat surface of the mirrors and the
mechanical components is perpendicular to the wafer substrate.

In this paper, the free-space coupling of in-plane Gaussian beams using micromirrors is
analyzed emphasizing the regime of dimensions, in which the curved micromirror radius of
curvature/aperture is comparable to the incident Gaussian beam Rayleigh range/spot size. In
addition, the analysis accounts for the non-idealities involved in the process of coupling as well
[see Figs. 2(a)–2(f)]. First, a generalized analytical expression for the coupling efficiency is
derived in Sec. 2 based on the overlap integral and transfer matrix analysis. The expression can
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Fig. 2 Schematic illustration for the coupling cases under study. (a) Flat versus curved micro-
mirrors. (b) Asymmetrical curved micromirrors. (c) Limited micromirror size. (d) Micromirror surface
roughness. (e) Lateral and angular misalignment. (f) Gaussian beam propagation properties.
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be applied to any micro-optical system once its transfer matrix parameters are known in the
tangential and sagittal planes. The expression accounts for astigmatic Gaussian beams as well.
In Sec. 3, a measurement technique based on using a cleaved SM optical fiber for coupling
measurements is presented to account for the possible Fabry–Pérot weak effect between the fiber
end face and the micromirror surface. In Sec. 4, coupling by flat (1D), cylindrical [two-dimen-
sional (2D)], and spherical (3D) micromirrors is thoroughly analyzed theoretically and proven
experimentally based on the theoretical basis and measurement method introduced in Secs. 2 and
3, respectively. Throughout the whole of our discussion, parameter normalization is used such
that the findings are independent of the specific values of the operating wavelength and the
Gaussian beam parameters.

2 Theoretical Framework of the Coupling Efficiency

The field coupling coefficient between a normalized incident Gaussian beam and another
Gaussian beam reflected back from (or transmitted through) an optical system is given by the
well-known overlap integral:53,75

EQ-TARGET;temp:intralink-;e001;116;541k ¼
ZZ

EiE�
rdA ¼ 2jλ

π

�
witwiswrtwrs

�
1

q�it
−

1

qrt

��
1

q�is
−

1

qrs

��
−0.5

; (1)

where the subscripts i and r stand for the incident and reflected Gaussian beams, respectively, w
is the spot radius, q is the complex phase radius of curvature, and the subscripts t and s stand for
the tangential and sagittal planes, respectively. For an optical system with different properties in
the tangential and sagittal planes, the reflected and incident beams are related by a transfer matrix
in the form

EQ-TARGET;temp:intralink-;e002;116;436M ¼

2
664
At 0 Bt 0

0 As 0 Bs

Ct 0 Dt 0

0 Cs 0 Ds

3
775: (2)

The transfer matrix in Eq. (2) with its sparse nature is applicable as long as the optical system
understudy poses micromirror symmetry in the transverse directions.76 The corresponding
Gaussian beams complex phase radii are connected as

EQ-TARGET;temp:intralink-;e003;116;331qrt;s ¼
At;sqit;s þ Bt;s

Ct;sqit;s þDt;s
: (3)

By assuming that the incident Gaussian beam has its waist location at the input plane of
the optical system, where any offset can be accounted for in Eq. (2) without loss of generality,
we have

EQ-TARGET;temp:intralink-;e004;116;251qrt;s ¼
At;sqit;s þ Bt;s

Ct;sqit;s þDt;s
; (4)

EQ-TARGET;temp:intralink-;e005;116;194wi ¼ wo; (5)

EQ-TARGET;temp:intralink-;e006;116;172qi ¼ jzo ¼ j
πw2

o

λ
; (6)

EQ-TARGET;temp:intralink-;e007;116;138

1

qr
¼ jzoCþD

jzoAþ B
¼ z2oACþ BD − jzo

z2oA2 þ B2
; (7)

EQ-TARGET;temp:intralink-;e008;116;102wr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−

λ

π Imð1∕qrÞ

s
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðA2z2o þ B2Þ

πz2o

s
; (8)
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EQ-TARGET;temp:intralink-;e009;116;735

1

q�i
−

1

qr
¼ −

jzoðAþDÞ þ B − Cz2o
jzoB − Az2o

; (9)

where the condition AD − BC ¼ 1 is incorporated to simplify Eq. (7). Substituting back into
Eq. (1) yields the following expression for the field complex coupling coefficient:

EQ-TARGET;temp:intralink-;e010;116;675

k ¼
ffiffiffiffiffiffiffiffiffiffi
2jzot

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Atzot − jBt

p

ðA2
t z2ot þ B2

t Þ0.25
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jzotðAt þDtÞ þ Bt − Ctz2ot

p
×

ffiffiffiffiffiffiffiffiffiffiffi
2jzos

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Aszos − jBs

p

ðA2
sz2os þ B2

sÞ0.25
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jzosðAs þDsÞ þ Bs − Csz2os

p : (10)

The expression derived in Eq. (10) contains information about both the phase and magnitude of
the overlap integral, which is useful in situations in which interference between two or more
beams occurs. The rest of this paper concentrates on the magnitude part. The power coupling
efficiency is obtained by squaring the magnitude of the field coupling coefficient and is given by
the following expression:

EQ-TARGET;temp:intralink-;e011;116;536η ¼ 2zotffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2
t þ z2otðA2

t þD2
t þ 2Þ þ z4otC2

t

p 2zosffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2
s þ z2osðA2

s þD2
s þ 2Þ þ z4osC2

s

p : (11)

The derived relation in Eq. (11) expresses the power coupling efficiency between the input and
the output Gaussian beams to an optical system with known transfer matrix parameters in the
system tangential and sagittal planes. The Gaussian beams can be of elliptical or circular cross
section. In the case of elliptical beams, the incident beam and the optical system should have the
same orientation of the tangential and the sagittal planes so that the transfer matrix preserves its
sparsity. The expression in Eq. (10) can be applied to the cases of flat, cylindrical, and spherical
micromirrors [Fig. 1(a)], including rotationally asymmetric micromirrors [Fig. 1(b)] with the aid
of Table 1.

2.1 Effect of Limited Micromirror Size

In the presence of optical beam truncation [Fig. 2(c)], the coupling efficiency can be divided into
three parts; the first of them is given by Eq. (11). The second part arises from the power escaped
out of the micromirror physical dimension; i.e., not reflected. Finally, the third part is related to
the additional coupling loss, which takes place as a result of the projection of the truncated beam
on the fundamental Gaussian beam. It is shown that the latter two parts of the losses can be
accounted for by squaring of the truncation power loss formula.77 For a rectangular micromirror

Table 1 The transfer matrix elements connecting incident and reflected beams by flat, cylindrical,
and spherical mirrors, where d is the distance between the incident beam waist and the micro-
mirror (i.e., the optical path of the beam is 2d ).

Element Flat micromirror Cylindrical micromirror Spherical micromirror

At 1 1 − 2d∕Rt 1 − 2d∕Rt

Bt 2d 2dð1 − d∕Rt Þ 2dð1 − d∕Rt Þ

Ct 0 −2∕Rt −2∕Rt

Dt 1 1 − 2d∕Rt 1 − 2d∕Rt

As 1 1 1 − 2d∕Rs

Bs 2d 2d 2dð1 − d∕RsÞ

Cs 0 0 −2∕Rs

Ds 1 1 1 − 2d∕Rs
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of width Dw and height Dh typically encountered in micro-optical bench systems, the truncation
power loss is given as78

EQ-TARGET;temp:intralink-;e012;116;711K ¼ erf

�
Dwffiffiffi
2

p
w

�
erf

�
Dhffiffiffi
2

p
w

�
; (12)

where erf is the error function and w is the spot radius of the Gaussian beam. Combining the
square of Eq. (12) with Eq. (11), the overall coupling efficiency in the presence of truncation is
given as

EQ-TARGET;temp:intralink-;e013;116;631ηT ¼ η

�
erf

�
Dw∕woffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2þ 2ðd∕zoÞ2
p �

erf

�
Dh∕woffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2þ 2ðd∕zoÞ2
p ��

2

: (13)

where w was replaced by wo1þ ðd∕zoÞ20.5, with wo being the radius of the beam at its waist and
zo being the Rayleigh range of the beam.

2.2 Effect of Surface Roughness

The existence of surface roughness [see Fig. 1(d)] directly impacts the coupling efficiency of the
micromirror. In the beam coupling process, we are interested in specular reflection on the micro-
mirror surface, in which light from a single incoming direction is reflected into a single outgoing
direction, following the law of reflection of light. In the presence of surface irregularities, an
amount of the incident light is scattered into other directions79–83 and, thus, does not contribute to
the coupling efficiency. The root mean square (RMS) roughness σ, usually defined as the square
root of the standard deviation of surface topology from its mean value, is used to express the
effect roughness on light scattering without considering the correlation length of the roughness.
This is particularly true for the etched micromirrors when the micromirror surface is a slightly
rough surface with respect to the wavelength; i.e., σ∕λ < 20.84 In this case, the reflectance of the
micromirror is given as

EQ-TARGET;temp:intralink-;e014;116;390Rm ¼ Ri expð−16π2σ2∕λ2Þ; (14)

where Ri is the ideal reflectance of the micromirror when σ ¼ 0. The ideal reflectance of the
silicon micromirrors is usually improved either by etching multi-layer distributed Bragg grating
micromirrors or by coating the silicon surface with a metal layer of about 50- to 100-nm
thickness.12,25,38 For silicon-air Bragg mirrors, the refractive index contrast is high, relative
to the common multilayer mirrors fabricated by thin-film deposition, and so is the amount
of scattered light. The use of the model of Carniglia85 was proposed to treat this particular case
by adding a single absorbing layer at each material interface as a function of its surface RMS
roughness. The real part of the refractive index of the layer is given by Drude effective medium
approximation, and an imaginary part is added to take into account the reduced transmission and
reflection predicted by the scalar scattering theory. This approach was recently adopted in
Ref. 86 and showed good agreement with the experimental results. Another approach is based
on the overall phase transformation where the 3D mirror overall phase is divided into two com-
ponents: the phase curvature responsible for the collimation of an optical beam and a random
phase due to the surface roughness.87 This is simulated using the Fourier optics approach, and the
roughness effect is evaluated by calculating the coupling efficiency (overlap integral) between
the resulting beam and the ideal beam.

2.3 Effect of Lateral/Angular Misalignment

Misalignment between the beam optical axis and the micromirror principal axis can be in the
form of lateral shift δ or angular shift β. Consequently, there will be a shift misalignment Δc and
an angular misalignment αc between the incident and reflected Gaussian beams. These misalign-
ments can be calculated from the problem geometry, and their effect on the field coupling coef-
ficient is given as75
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EQ-TARGET;temp:intralink-;e015;116;521kM ¼ k exp½−jπλ−1Δ2
cðqrt − q�itÞ−1� exp

�
jπλ−1α2c

�
1

qrt
−

1

q�it

�
−1
�
: (15)

In addition to its direct impact on the coupling coefficient, misalignment of the incident
Gaussian beam with the micromirror causes the beam to undergo a slightly different transfor-
mation from that described by the transfer matrix given in Table 1. The modified matrix param-
eters given in Table 2 should be used instead; these account for the incidence angle on the
micromirror surface θinc and the difference in the propagation distances before and after reflec-
tion d1 and d2, respectively. The transfer matrix parameters in Table 2 were obtained assuming
that the misalignment befalls in the tangential plane. Following a similar analysis to the one used
to derive Eq. (11), the coupling efficiency in the presence of misalignment in the tangential plane
between the incident beam and the micro-optical system is given as

EQ-TARGET;temp:intralink-;e016;116;376ηM ¼ η exp

�
−2πΔ2

c

λ

zoð1þD2
t Þ þ C2

t z3o
½B2 þ z2oðA2

t þD2
t þ 2Þ þ z4oC2

t �
−
2πα2czoðB2

t þ A2
t z2oÞ

λðB2
t þ A2

t z2o þ z2oÞ
�
: (16)

Equation (16) can be used for any optical system once its transfer matrix parameters are known.
A similar expression can be derived for the coupling efficiency in the presence of misalignment
in the sagittal plane.

3 Measurement Method

The method used for measuring the coupling efficiency is based on using an SM optical fiber to
generate the Gaussian beam incident on the micromirror and collects back the reflected beam as
shown in Fig. 3.38 Indeed, the transverse field distribution of the optical fiber fundamental mode,
which is called the LP01 mode, can be approximated to a Gaussian profile within 1% accuracy as
long as the V-number is in the range 1.2 < V < 2.4.53,84 This condition holds true in our experi-
ments, in which Gaussian beams with Rayleigh ranges of 30 and 45 μm are generated using SM
optical fibers with core radii of 2 and 4.5 μm at wavelengths of 675 and 1550 nm, respectively.
To separate the reflected signal coupled back into the optical fiber, the fiber is fed from a laser
source through an optical directional coupler, and the power coupled back is detected using an
optical detector and current meter. The optical fiber is mounted on a micropositioner with 5-deg
of freedom to ensure good alignment between the fiber and the micromirror, and the latter is
mounted on a variable height post. Active alignment was applied to reach the best coupling
efficiency due to the precision of the micropositioners with micrometer accuracy in the trans-
lational directions as well as 0.05 deg in the angles. The process of aligning the fiber and varying
the distance between the fiber tip and the micromirror surface is performed with the aid of a
microscope with a calibrated microscale. The calibration was carried out using a microscope

Table 2 Modified transfer matrix elements for Gaussian beam transformation in the presence of
misalignment.

Element Flat micromirror Cylindrical micromirror Spherical micromirror

At 1 1 − 2d2∕Rt cosðθincÞ 1 − 2d2∕Rt cosðθincÞ

Bt d1 þ d2 d1 þ d2 − 2d1d2∕Rt cosðθincÞ d1 þ d2 − 2d1d2∕Rt cosðθincÞ

Ct 0 −2∕Rt cosðθincÞ −2∕Rt cosðθincÞ

Dt 1 1 − 2d2∕Rt cosðθincÞ 1 − 2d2∕Rt cosðθincÞ

As 1 1 1 − 2d2 cosðθincÞ∕Rs

Bs d1 þ d2 d1 þ d2 d1 þ d2 − 2d1d2 cosðθincÞ∕Rs

Cs 0 0 −2 cosðθincÞ∕Rs

Ds 1 1 1 − 2d2 cosðθincÞ∕Rs
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calibration slide. It is worth noting that the out-of-plane radii of curvature of the spherical MEMS
mirrors can be measured from the SEM images as the ones shown in Fig. 1(d), where the scale in
μm is used to determine the actual values. Regarding the cylindrical mirrors as those shown in
Fig. 3, we can rely on the very high accuracy of the photolithography on having their radii of
curvature as drawn on the mask design for fabrication.

A parasitic weak Fabry–Pérot cavity is formed between the optical fiber cleaved surface and
the micromirror surface due to the refractive index mismatch at the fiber-air interface and the
micromirror reflectance. Knowing that the fiber-air interface reflectance is much smaller than
one, higher-order terms of the Fabry–Pérot cavity Airy-function response can be neglected, and
thus, the detector power is given as

EQ-TARGET;temp:intralink-;e017;116;448P ≈ Po

�
RmT2

fηþ Rf þ 2
ffiffiffiffiffiffiffiffiffiffiffiffi
RfRm

p
Tf

ffiffiffi
η

p
cos

�
2π

λ
2dþ φk

��
; (17)

where Po is a normalization factor depending on the source power and the directional coupler
division ratio, Rf is the fiber-air interface reflectance, Tf is the fiber-air interface transmittance,
and ϕk is the phase angle of the field coupling coefficient in Eq. (10). The variation of the cosine
term is effective only within submicron resolution and, therefore, can be neglected. This is
particularly applicable for working distance measurement, as in our case, and the cosine term
is replaced by unity assuming that we are always seeking the peak value of the power Ppeak.
The coupling efficiency η can be extracted knowing the micromirror reflectance and fiber inter-
face transmittance and reflectance. Rearranging Eq. (17) yields

EQ-TARGET;temp:intralink-;e018;116;307ηþ 2
ffiffiffiffiffiffi
Rf

p
ffiffiffiffiffiffi
Rm

p
Tf

ffiffiffi
η

p þ Rf

RmT2
f

−
Ppeak

RmT2
fPo

¼ 0: (18)

The solution of Eq. (18) for η is given as

EQ-TARGET;temp:intralink-;e019;116;247η ¼ Ppeak þ RfPo − 2
ffiffiffiffiffiffiffiffiffiffiffi
PoRf

p ffiffiffiffiffiffiffiffiffiffi
Ppeak

p
RmPOT2

f

: (19)

4 Analysis of Micromirrors Coupling Efficiency

Theoretical and experimental analyses of flat, cylindrical, and spherical micromirrors coupling
efficiency are presented in this section. The analysis is based on the theoretical basis and meas-
urement method introduced in Secs. 2 and 3, respectively.

4.1 Flat Micromirrors

The expression for Gaussian beam coupling efficiency using flat micromirrors ηF is obtained
by substituting with the appropriate transfer matrix parameters in Table 1 into Eq. (11). This
substitution yields

Fig. 3 Silicon micromirrors coupling efficiency measurements using SM optical fibers fed from
monochromatic light source, a directional coupler, and an optical detector.
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EQ-TARGET;temp:intralink-;e020;116;534ηF ¼
�
1þ

�
d
zo

�
2
�
−1
: (20)

The coupling efficiency decays with a longer propagation distance, and the decay rate is more
significant for a smaller beam Rayleigh range. The propagation distances corresponding to 1-, 3-,
and 10-dB coupling loss are d ¼ 0.5zo, zo, and 3zo, respectively. The coupling efficiency of flat
micromirrors in the presence of truncation ηFT is obtained by replacing η by ηF in Eq. (13). The
result is shown in Fig. 4(a). The width of the micromirror is kept large enough while its height—
usually limited by the micromachining technology—is assigned the values of wo, 2wo, 4wo, and
infinite for comparison. The truncation loss is significant for the first two cases, whereas its effect
can be neglected for the third case, unless d > 1.5 zo. Experimental data for the coupling effi-
ciency was obtained, as shown in Fig. 4(b), using the measurement technique presented in Sec. 3
for a flat micromirror with a height of 150 μm and a width of 300 μm. The micromirror is alu-
minum metalized and has a reflectance of about 90%, which was used to extract the coupling
efficiency with the aid of Eq. (19). The in-plane tilt angle between the optical fiber and the
micromirror surface could be minimized using a long and narrow fiber groove aligned with
micromirror in lithographic manner. The out-of-plane tilt angle alignment was carried seeking
the maximum reflected power. Theoretical and experimental data are in a good agreement. The
slight differences can be attributed to the uncertainty in the optical fiber mode-filed diameter and
thus the beam Rayleigh range. In addition, a slight angular misalignment in the optical axis can
result from the cleaving quality of the optical fiber surface. Error in the positioning scale of the
opto-mechanical micropositioner and its hysteresis can be a third reason for the difference.

To assess the impact of angular misalignment on the coupling efficiency, Eq. (16) for a flat
micromirror is put in the form

EQ-TARGET;temp:intralink-;e021;116;245ηFM ¼ ηF exp

�
−
Δ2

c

w2
o

1

1þ d2∕z2o
−
α2c
θ2o

1þ 4d2∕z2o
1þ 2d2∕z2o

�
; (21)

where d1 is set equal to d2. The expression in Eq. (21) assumes a small tilt angle misalignment,
such that sinðαcÞ ≈ tanðαcÞ ≈ αc. This assumption simplifies the expression and enables the nor-
malization of the involved quantities, which helps to gain insight into the dominant factors.
It preserves the physical sense that a Gaussian beam with a wider beam waist is less sensitive
to shift misalignment, whereas a beam with a larger divergence angle is less sensitive to angular
misalignment. The impact of tilt misalignment on the coupling efficiency was studied for
d∕zo ¼ 0, 1, and 3. The quantities Δc∕wo and αc∕θo were deduced from the problem geometry
to be 2ðΔθ∕θoÞðd∕zoÞ and 2ðΔθ∕θoÞ, respectively. The corresponding misalignment coupling
loss is shown in Fig. 4(c). The coupling loss increases with increasing distance d between the
incident beam waist and the micromirror surface. This is a direct result of the proportionality

Fig. 4 Coupling efficiency of flat micromirrors. (a) The effect of truncation for micromirror heights of
wo , 2wo , 4wo , and infinite, and the micromirror width is infinite. (b) Theoretical (in lines) and
experimental (in markers) date for zo ¼ 30 and 45 μm. (c) The loss in coupling efficiency of a flat
micromirror versus the relative tilt misalignment for different d∕zo ratios.
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between Δc and d. The rate of increment decreases with distance d as a result of the Gaussian
beam expansion with propagation.

4.2 Cylindrical Micromirrors

The expression for Gaussian beam coupling efficiency using cylindrical micromirrors ηC is
obtained by substituting with the appropriate transfer matrix parameters in Table 1 into Eq. (11).
This substitution yields:

EQ-TARGET;temp:intralink-;e022;116;640ηC ¼
�
1þ

�
d
zo

�
2
�
−0.5

�
0.5þ

�
d
zo

�
2
�
1 −

d
zo

zo
R

�
2

þ 0.5

�
1 − 2

d
zo

zo
R

�
2

þ
�
zo
R

�
2
�
−0.5

: (22)

The first multiplication term in Eq. (22) represents the coupling efficiency in the sagittal
plane due to the flat cross section of the micromirror surface. The second multiplication term
expresses the coupling efficiency in the tangential plane accounting for the curvature in that
plane. Indeed, Eq. (22) reduces to Eq. (20) when the radius of curvature is infinite. The trunca-
tion effect due to the finite size of the micromirror can be accounted for in a similar way as the
flat micromirror. The second term in Eq. (22) has maxima versus d∕zo that can be found by
means of partial differentiation and nulling of the derivative, which yields

EQ-TARGET;temp:intralink-;e023;116;511

�
1 − 2

d
zo

zo
R

���
d
zo

�
2

−
d
zo

R
zo

þ 1

�
¼ 0: (23)

Thus, the extremes are located at

EQ-TARGET;temp:intralink-;e024;116;454dm1 ¼ 0.5R; (24)

EQ-TARGET;temp:intralink-;e025;116;411dm2;3 ¼ 0.5R

�
1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

�
2zo
R

�
2

s �
: (25)

A single extreme is found at dm1 when zo > R∕2, while two additional extremes are found at
dm2;3 when zo < R∕2. Back substitution in the second term of Eq. (22) when zo < R∕2 yields
unity maxima for the dm2;3 locations, whereas the maxima located at dm1 is smaller than unity.
It is worth noting that for the specific case of a curved micromirror, the radius of curvature of
the micromirror is comparable to the incident Gaussian beam Rayleigh range. In contrast to
the flat micromirrors, the zero-distance coupling efficiency of the cylindrical micromirrors is
always smaller than unity and is given as

EQ-TARGET;temp:intralink-;e026;116;296ηCjd¼0 ¼
�
1þ

�
zo
R

�
2
�
−0.5

: (26)

The cylindrical micromirror coupling efficiency expressed in Eq. (22) is shown in Fig. 5(a) ver-
sus the ratio d∕zo for zo∕R ¼ 2, 1, 0.5, and 0.25. The zero-distance coupling is much smaller
than unity unless the ratio zo∕R is small enough, e.g., 0.25. There is only one peak location and
close to zero when zo∕R > 0.5. For smaller zo∕R, the peaks located close to d∕zo ≈ R∕zo tend to
be recognized. The coupling efficiency of the cylindrical micromirrors is non-satisfactory when
efficient coupling is needed.

Experimental data for the coupling efficiency was obtained, as shown in Figs. 5(b) and 5(c),
using the measurement technique presented in Sec. 3. Cylindrical micromirrors with radii of
curvature of 50, 150, and 300 μm were used in this experiment. The height of the micromirrors
is 150 μm, and their widths are 100, 300, and 600 μm, respectively. The micromirrors are alu-
minum metalized and have a reflectance of about 90%, which was used to extract their coupling
efficiency with the aid of Eq. (19). In Fig. 5(b), the data are shown for the 150-μm radius micro-
mirror using Gaussian beams with Rayleigh ranges of 30 and 45 μm. The coupling efficiency of
the micromirrors with 50 and 300 μm radii of curvatures is shown in Fig. 5(c) using the 45-μm
Rayleigh range Gaussian beam. There is an overall well-agreement between the experimental
data and the theoretical expectation. The slight differences are attributed to the same issues
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mentioned in Sec. 4.1. Indeed, there are stringent requirements for the alignment in the case of
curved micromirrors, as will be detailed in the next section.

4.3 Spherical Micromirrors

The coupling efficiency of rotation-symmetric spherical micromirrors ηS is obtained by substi-
tuting with the appropriate transfer matrix parameters in Table 1 into Eq. (11) and setting
Rs ¼ Rt ¼ R:

EQ-TARGET;temp:intralink-;e027;116;446ηS ¼
�
0.5þ

�
d
zo

�
2
�
1 −

d
zo

zo
R

�
2

þ 0.5

�
1 − 2

d
zo

zo
R

�
2

þ
�
zo
R

�
2
�
−1
: (27)

The expression is shown in Fig. 6(a) versus the ratio d∕zo for zo∕R ¼ 2, 1, 0.5, and 0.25. Similar
to cylindrical micromirrors, the zero-distance coupling efficiency is much smaller than unity
unless the ratio zo∕R is small enough. The zero-distance coupling efficiency is given as

EQ-TARGET;temp:intralink-;e028;116;365ηSjd¼0 ¼
�
1þ

�
zo
R

�
2
�
−1
: (28)

Unity coupling efficiency can be obtained when zo∕R is ≤0.5. The coupling efficiency at loca-
tion dm1 is given as

EQ-TARGET;temp:intralink-;e029;116;297ηSjd¼dm1
¼ 1

1
2
þ R2

16z2o
þ z2o

R2

: (29)

Fig. 6 Coupling efficiency of rotationally symmetric spherical micromirrors. (a) Theoretical data for
different zo∕R ratios. (b) Theoretical data for R ¼ 200 μm and zo ¼ 1, 30, and 50 μm.

Fig. 5 Coupling efficiency of cylindrical micromirrors. (a) Theoretical data for different zo∕R ratios.
(b) Theoretical (in lines) and experimental (in markers) data of 150-μm radius cylindrical micro-
mirror for zo ¼ 30 and 45 μm. (c) Theoretical (in lines) and experimental (in markers) data of
50- and 300-μm radius cylindrical micromirrors for zo ¼ 45 μm.
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The special case of zo∕R ¼ 0.5 has a unique flat response centered on d∕zo ¼ 1. The 1-dB width
of the response extends from zero distance up to d∕zo ¼ 2. Indeed, this response is very con-
venient to consider implementing a wide tuning mechanism for the micromirror position cen-
tered on d∕zo ¼ 1 (i.e., d ¼ 0.5R) with nearly a flat response over a distance Δd ¼ �zo. This is
of particular interest for applications like optical delay lines and external cavity tunable lasers.
For larger ratios of micromirror radius of curvature to beam Rayleigh range, there are two unity
extremes at locations dm2 and dm3, with the latter becoming closer to d ¼ R when zo∕R is much
smaller than 0.5. For instance, consider the coupling efficiency shown in Fig. 6(b) for the case of
R ¼ 200 μm and the three values of Gaussian beam Rayleigh range of 10, 30, and 50 μm. The
coupling efficiency curve around the extremes becomes sharper and the extremes’ locations
become weakly dependent on zo when zo∕R is small enough. In such a situation, the spherical
micromirrors pose the capability of efficiently coupling both the elliptical as well as the circular
beams for a relatively wide wavelength range. From the application perspective, elliptical
Gaussian beams are the typical output of semiconductor lasers, and the utilization of a wide
bandwidth optical source is mandatory in low coherence applications.

The surface of the micromirror is likely to be rotationally asymmetric due to the independent
control of its curvature in two orthogonal directions. This can result as an artifact in micromirror
fabrication or on purpose for engineering the coupling efficiency behavior of the micromirror.
Substituting with the appropriate transfer matrix parameters in Table 1 into Eq. (11) and assum-
ing that Rs ≠ Rt yields the following expression for the coupling efficiency:
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: (30)

For the purpose of evaluating the mismatch impact, the radii are assumed to be Rs ¼ Ro þ ΔR∕2
and Rs ¼ Ro − ΔR∕2, where Ro is the mean value and ΔR is the total deviation. The coupling
efficiency is depicted in Fig. 7(a) for the cases zo∕R ¼ 0.5 and 0.25 with ΔR∕R of 0.1 and 0.5.
The mismatch causes deterioration in the coupling efficiency peak values and change in their
locations. The effect is more significant for smaller zo∕Ro. Again, the case of zo∕Ro ¼ 0.5 shows
a special interest because the effect of mismatch on the coupling efficiency is minimal in this
case. Experimental data for the coupling efficiency was obtained, as shown in Fig. 7(b), using the
measurement technique presented in Sec. 3. Spherical micromirrors with tangential and sagittal
radii of curvatures of 200 and 100 μm, respectively, were used in this experiment. The height of
the micromirrors is 150 μm, and their width is 400 μm. The micromirrors are aluminum met-
alized and have a reflectance of about 92%, which was used to extract their coupling efficiency
with the aid of Eq. (19).

The coupling loss (in dB) versus the mismatch of the curvature ΔR∕R is shown in Fig. 7(c)
for different zo∕R. On one hand, the loss represented by dashed lines is obtained by dividing the

Fig. 7 Coupling efficiency of asymmetrical spherical micromirrors. (a) Theoretical data for different
zo∕R ratios when ΔR∕R ¼ 0.1 and 0.5. (b) Experimental data R ¼ 150 μm and ΔR ¼ 100 μm
when zo ¼ 30 and 45 μm. (c) Loss in coupling efficiency due to asymmetry in the micromirror
curvature for different zo∕R ratios.
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maximum value of the ideal coupling efficiency, which is unity, by the maximum value of
reduced coupling efficiency due to mismatch. It is worth noting that the location of the maximum
value can be different for the ideal and the reduced coupling efficiencies. On the other hand,
the loss represented by solid lines is obtained by evaluating the reduced coupling efficiency at
d ¼ 0.5R for the case of zo∕R ¼ 0.5 and at d ¼ R for the other cases, regardless of the location
of the peak. Despite of the fact that the maximum value of the coupling efficiency is reduced,
an asymmetrical micromirror with mismatched radii of curvature provides a method to profile
the coupling efficiency curve. For instance, consider the case of zo∕R ¼ 0.25 in Fig. 7(a). The
coupling efficiency curve for ΔR∕R ¼ 0.5 has higher values in the range d∕zo ¼ 1 to 3 than the
symmetrical micromirror case.

In addition to asymmetry in the spherical micromirror surface, the micromachining and
assembly of the micro-optical systems may result in misalignment between the incident beam
axis and the optical axis of the micromirror. For the particular case of small misalignment with
a spherical micromirror, Eq. (21) can be put in the form

EQ-TARGET;temp:intralink-;e031;116;568
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The impact of lateral shift misalignment on the coupling efficiency was studied for zo∕Ro ¼
0.5 and 0.25; each with a shift Δy∕wo ¼ 0.1, 0.3, and 0.5. The corresponding factors Δc∕wo and
αc∕θo were deduced from the problem geometry to be 2ðΔy∕woÞðd∕RÞ and 2ðΔy∕woÞðzo∕RÞ,
respectively. The corresponding coupling efficiency curves are shown in Fig. 8(a). Close to the
micromirror surface; i.e., d ¼ 0, the effect of misalignment is worse for zo∕Ro ¼ 0.5. On the
other hand, the effect is less pronounced around the peak value of the coupling efficiency.
In addition, the misalignment causes a small shift in the peak location to be closer to the micro-
mirror surface. This is referred to as the decaying behavior of the misaligned coupling efficiency
with distance. Ignoring this small shift and focusing on the loss factor given by the exponential
term in Eq. (31), the coupling loss (in dB) is shown in Fig. 8(b) versus the relative shift misalign-
ment. The loss for zo∕Ro ¼ 0.5, which is evaluated at d ¼ 0.5R, has the advantage of being less
affected by lateral misalignment and tolerates almost double the misalignment of other cases,
which are evaluated at d ¼ R. Apart from this case when zo∕Ro < 0.5, the loss is more pro-
nounced for larger zo∕Ro, and the dependence on zo∕Ro is weak as long as the misalignment
is not relatively large.

The impact of tilt misalignment on the coupling efficiency was studied for zo∕Ro ¼ 0.5 and
0.25; each with a relative tilt Δθ∕θo ¼ 0.1, 0.3, and 0.5. Δc∕wo and αc∕θo were deduced from
the problem geometry to be 2ðΔθ∕θoÞðd∕zoÞð1 − d∕RÞ and 2 (Δθ∕θo) (1 − d∕R), respectively.
The corresponding coupling efficiency curves are shown in Fig. 8(c). Tilt misalignment hardly
affects the case of zo∕Ro ¼ 0.25 (or smaller) around d ¼ R. Indeed, the tilt misalignment factors
are null at d ¼ R because of the fact that a ray passing through the spherical micromirror center

Fig. 8 Theoretical coupling efficiency of spherical micromirrors in the presence of misalignment.
(a) Effect of shift for different zo∕R ratios when Δy∕wo ¼ 0.1 and 0.5. (b) Loss in coupling effi-
ciency due to shift misalignment for different zo∕R ratios. (c) Effect of tilt for different zo∕R ratios
when Δθ∕θo ¼ 0.1 and 0.5. (d) Loss in coupling efficiency due to tilt misalignment for different
zo∕R ratios.
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of curvature will reflect back on itself whatever its tilt angle with respect to another reference axis
passing through the center. It is also noteworthy that the original power coupling coefficient itself
in Eq. (20) has a peak value that is slightly less than unity around d ¼ R and becomes closer to
unity for smaller zo∕Ro. In contrast to the shift misalignment, tilt causes a small shift in coupling
peaks toward larger d locations; i.e., away from the micromirror surface. The misalignment has
its maximum impairment occurring close to d ¼ 0 and is larger for larger zo∕Ro as shown in
Fig. 8(d). From the results depicted in Figs. 8(a) and 8(c), one can conclude that, during the
process of microassembly and alignment, each source of misalignment can be minimized in
the zone where its effect is dominant. The tilt angle should be adjusted when the coupling
distance is short enough, whereas the shift misalignment should be adjusted when the coupling
distance is moderate, preferably at the location where the coupling efficiency is maximized.

5 Conclusion

Free-space coupling of Gaussian beams using silicon-etched micromirrors was analyzed thor-
oughly in this paper. A transfer matrix-based field and power coupling coefficients were derived
for general micro-optical systems accounting for different matrix parameters in the tangential
and sagittal planes of the microsystem. The derived expressions account for possible optical
beam truncation due to the limited size of the micromirrors, rotational asymmetry in the curva-
ture of the micromirrors and misalignments between the incident beam optical axis and the
micromirror axis. The derived formulas were used to study the specific cases of flat (1D), cylin-
drical (2D), and spherical (3D) micromirrors. A measurement method based on using cleaved
non-coated SM optical fibers was developed and applied to verify the theoretical analysis.
Gaussian beams with zo ¼ 30 and 45 μm were used in the experiments. For micromirrors
heights of wo, 2wo, and 4wo, the truncation loss is significant for the first two cases, whereas
its effect can be neglected for the third case, unless d > 1.5zo. The non-monotonic coupling
efficiency curve for cylindrical micromirrors is encountered when R > 4zo, where R is the radius
of curvature of the micromirror. Significant retrograding is, however, not possible, leading to
poor coupling away from the micromirror surface. Spherical micromirrors were found to be
efficient in Gaussian beam coupling when the R > 2zo, such that 100% coupling efficiency is
obtainable. The widest coupling efficiency response is obtained when zo∕R ¼ 0.5. Asymmetry
in the curvature of the spherical micromirrors in two orthogonal planes causes deterioration in
the coupling efficiency, which is strongly dependent on the zo∕R ratio, similar to misalignment.
But in some particular situations, asymmetry may improve the coupling efficiency. The effect of
tilt misalignment is significant when the incident beam waist is in the vicinity of the spherical
micromirror surface, whereas for shift misalignment it is significant for relatively large separa-
tion distance.
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