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Surface-micromachined free-space micro-optical systems containing
three-dimensional microgratings

S. S. Lee, L. Y. Lin, and M. C. Wu
Electrical Engineering Department, University of California at Los Angeles, Los Angeles, California 90024

~Received 11 May 1995; accepted for publication 17 August 1995!

Free-space micro-optical systems on a chip containing three-dimensional microgratings have been
demonstrated using surface-micromachining technique. The micrograting is integrated with a rotary
stage, a collimating micro-Fresnel lens, and an edge-emitting laser held by three-dimensional
alignment structures on a single Si substrate. Diffraction patterns for various grating rotation angles
are observed. Another optical interconnect module consisting of three cascaded microgratings is als
demonstrated. The micrograting is a basic building block for many micro-optical systems and is
very attractive for applications in microspectrometers, free-space optical interconnect,
optoelectronic packaging, and wavelength-division multiplexed integrated micro-optical
systems. ©1995 American Institute of Physics.
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The surface-micromachining process has been succ
fully applied to the fabrication of various three-dimension
micro-optical elements such as micro-Fresnel lenses and
cromirrors as well as micropositioners and rotary stages1–3

In addition, it has also been utilized to realize the hyb
integration of 831 arrays of vertical-cavity surface-emittin
lasers~VCSELs! and micro-Fresnel lenses for free-space o
tical interconnect applications.4,5 These micro-optical ele-
ments can be utilized to construct monolithic free-space
tegrated optics. Most previous research on integrated op
has focused on guided-wave approach in which active
passive optical devices were connected by pass
waveguides.6 On the other hand, free-space optics provid
advantages not realizable by guided waves. For exam
free-space optical interconnect allows one to implement
phisticated three-dimensional interconnection schemes to
lieve the communication bottlenecks in massively para
systems, in addition to the advantages of large spatial ba
width ~diffraction-limited output! and high throughput.7

To build an entire free-space optical system on a sin
substrate, three-dimensional optical elements with opt
axis parallel to substrate are needed. It is desirable to fa
cate these elements using a batch processing technique
as microfabrication to reduce the cost and assembly ti
However, the topography of three-dimensional elements
not compatible with standard microfabrication and lith
graphic processes. By using microhinge technology,8 it is
possible to implement three-dimensional free-space opt
systems on a monolithic platform by first fabricating the o
tical elements with planar processes and then folding
optics plates into three-dimensional structures. This appro
combines the advantages of integrated optics design and
cromachining processing. In addition, on-chip actuators9,10

could be integrated on the same chip to provide precis
optical alignment, close-loop feedback control, or op
mechanical switching.

In this letter, we report on the demonstration of tw
micro-optical systems containing three-dimensional mic
gratings fabricated by the surface-micromachining te
nique. In the first system, a three-dimensional micrograt
has been integrated with a rotary stage, a passively alig
Appl. Phys. Lett. 67 (15), 9 October 1995 0003-6951/95/67(15
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edge-emitting laser, and a collimating micro-Fresnel len
Diffraction patterns of the micrograting are confirmed wit
theoretical simulations when the on-chip rotary stage is r
tated by 70°. The second system consists of three microg
ings cascaded in two stages to perform optical fan-out fun
tions. In these micro-optical systems, all the optical elemen
are fabricated monolithically except the diode laser sourc
which is hybrid integrated with passive alignment. Sinc
grating is an important building block for many optical sys
tems, the current devices can be applied to microspectro
eters, tunable lasers with external grating cavity, waveleng
division multiplexed~WDM! components and systems, an
free-space optical interconnect.

The schematic diagram of the micro-optical system co
sisting of a passively aligned edge-emitting semiconduc
laser, a collimating micro-Fresnel lens, and a micro-gratin
on a rotary stage is shown in Fig. 1. The semiconductor la
is side mounted with junction plane perpendicular to the su
strate and aligned to the micro-Fresnel lens by surfac
micromachined precision positioners.11 The micro-Fresnel
lens has a focal length of 500mm. The micrograting is inte-
grated on a rotary stage and is located at 5 mm away fro
the lens. The optical axis for both passive and active comp
nents are defined to be 254mm above the surface of the Si
chip. This optical system is ‘‘prealigned’’ at the design an

FIG. 1. The schematic diagram of the micro-optical system consisting o
passively aligned edge-emitting semiconductor laser, a collimating mic
Fresnel lens, and a micrograting on a rotary stage.
2135)/2135/3/$6.00 © 1995 American Institute of Physics

bject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

, 21 Jul 2014 18:33:25



h

n

d

c

t

e

f

rat-
ged
ge
er,
ass
er
the
the
at

s
e

ist-

 T
layout stage. The scanning electron micrograph~SEM! of the
micrograting on a rotary stage is shown in Fig. 2. The m
crograting is realized using microhinges and spring-latc
similar to the micro-Fresnel lens.1 However, the hinges of
the grating are fixed on the rotatable plate instead of Si s
strate. The rotatable plate itself is implemented by a s
pended polysilicon plate whose center is fixed by a polys
con hub similar to that of the micromotor.12 The
micrograting has a pitch of 5mm and is coated with a thin
layer of aluminum to enhance the diffraction efficiency. I
dicators are patterned around the rotatable plate at every
to identify the angular position of the grating.

In this experiment, the output light from the laser dio
is first collimated by the micro-Fresnel lens, and then pas
through the grating. The diffraction pattern is monitored by
charge-coupled device~CCD! camera while the grating is
rotated. The CCD image of the diffraction patterns are sho
in Fig. 3~a! The zeroth and first-order diffraction patterns a
clearly observed. Figure 3~b! shows the first-order diffraction
angles versus the grating angle when the grating is rota
from 235° to135°. The relationship between the diffractio
angle and grating angle is related by

a590°2u2cos21S ki sin ~u!1kg
ki

D
and

b5cos21S ki sin ~u!2kg
ki

D1u290°,

wherea, b are the positive and negative first-order diffra
tion angles, respectively, andki is the magnitude of wave
vector of the incident light andkg is the magnitude ofk
vector of the grating. As shown in Fig. 3, the experimen
results agree very well with the theoretical values.

The schematic diagram of the optical interconnect mo
ule consisting of three cascaded microgratings is shown
Fig. 4. The grating is fabricated by a similar process, exc
that the hinges are fixed on the Si substrate. The microg
ing is 600mm wide, 900mm tall, and has a grating pitch o
4 mm. The gratings in the optical interconnect module a

FIG. 2. The SEM of the micrograting on a rotary stage.
2136 Appl. Phys. Lett., Vol. 67, No. 15, 9 October 1995
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separated into two stages, the first stage consists of one g
ing and the second stage consists of two gratings arran
side-by-side. The incident light passes through the first sta
and splits into three beams: zeroth order, positive first ord
and negative first order. The zeroth order beam does not p
through any additional grating, and each of two first ord
diffracted beams pass through one additional grating at
second stage and are further split into three beams. At
output of the optical module, we will obtain three beams th

FIG. 3. ~a! The zeroth and first-order diffraction patterns at the variou
grating angles and~b! the first-order diffraction angles vs the grating angl
when the grating is rotated.

FIG. 4. The schematic diagram of the optical interconnect module cons
ing of three cascaded microgratings.
Lee, Lin, and Wu
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 Th
are parallel to the incident light. One is the zeroth-order d
fracted beam from the first stage and the other two are d
bly diffracted first-order beams. This optical interconne
module is designed for visible light at the wavelength of 6
nm. Figure 5 shows the CCD images of the far-field diffra
tion patterns of a single grating and the entire optical int
connect module. This optical module performs the funct
of optical fan-out, which can be used for optical distributio
of high-speed data and clocks. Optical modules consistin
multiple microgratings are potentially able to achieve mo
sophisticated optical switching and interconnection fun
tions. They can be combined with other micromachin
micro-optical components such as micro-Fresnel lens, ro
stage, micromirror, and beam splitter to implement vario
free-space integrated optical systems.

In conclusion, two free-space integrated micro-optic
systems containing three-dimensional microgratings h
been demonstrated by surface-micromachining techniqu

FIG. 5. The CCD images of the far-field diffraction patterns of a sing
grating and the entire optical interconnect module.
Appl. Phys. Lett., Vol. 67, No. 15, 9 October 1995
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rotatable grating has been integrated with a semiconduc
edge-emitting laser source and a collimating micro-Fresn
lens. Optical diffraction patterns are successfully observed
the grating is rotated. An optical interconnect module wit
cascaded microgratings is also demonstrated. These mic
optical systems are very compact, and can be ‘‘prealigne
in the design stage. The integrable three-dimensional mic
gratings are very useful for applications in microspectrom
eters on a chip, optical interconnect, and wavelength-divisi
multiplexed~WDM! micro-optical systems.
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