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

The surface-micromachining process has been successdge-emitting laser, and a collimating micro-Fresnel lens.
fully applied to the fabrication of various three-dimensional Diffraction patterns of the micrograting are confirmed with
micro-optical elements such as micro-Fresnel lenses and miheoretical simulations when the on-chip rotary stage is ro-
cromirrors as well as micropositioners and rotary stdgés. tated by 70°. The second system consists of three micrograt-
In addition, it has also been utilized to realize the hybridings cascaded in two stages to perform optical fan-out func-
integration of 81 arrays of vertical-cavity surface-emitting tions. In these micro-optical systems, all the optical elements
lasers(VCSELS9 and micro-Fresnel lenses for free-space op-are fabricated monolithically except the diode laser source,
tical interconnect applicatiorfs These micro-optical ele- which is hybrid integrated with passive alignment. Since
ments can be utilized to construct monolithic free-space ingrating is an important building block for many optical sys-
tegrated optics. Most previous research on integrated optidems, the current devices can be applied to microspectrom-
has focused on guided-wave approach in which active andters, tunable lasers with external grating cavity, wavelength
passive optical devices were connected by passivdivision multiplexed(WDM) components and systems, and
waveguide$. On the other hand, free-space optics providesree-space optical interconnect.
advantages not realizable by guided waves. For example, The schematic diagram of the micro-optical system con-
free-space optical interconnect allows one to implement sasisting of a passively aligned edge-emitting semiconductor
phisticated three-dimensional interconnection schemes to rdéaser, a collimating micro-Fresnel lens, and a micro-grating
lieve the communication bottlenecks in massively parallelon a rotary stage is shown in Fig. 1. The semiconductor laser
systems, in addition to the advantages of large spatial bands side mounted with junction plane perpendicular to the sub-
width (diffraction-limited output and high throughptft. strate and aligned to the micro-Fresnel lens by surface-

To build an entire free-space optical system on a singlenicromachined precision positionéfsThe micro-Fresnel
substrate, three-dimensional optical elements with opticalens has a focal length of 50@m. The micrograting is inte-
axis parallel to substrate are needed. It is desirable to fabrgrated on a rotary stage and is located at 5 mm away from
cate these elements using a batch processing technique suble lens. The optical axis for both passive and active compo-
as microfabrication to reduce the cost and assembly timenents are defined to be 254m above the surface of the Si
However, the topography of three-dimensional elements iship. This optical system is “prealigned” at the design and
not compatible with standard microfabrication and litho-
graphic processes. By using microhinge technofbityis
possible to implement three-dimensional free-space optical M ane e micro.grating
systems on a monolithic platform by first fabricating the op- j
tical elements with planar processes and then folding the upporting NRAURE
optics plates into three-dimensional structures. This approach structures
combines the advantages of integrated optics design and mi-
cromachining processing. In addition, on-chip actudtths
could be integrated on the same chip to provide precision
optical alignment, close-loop feedback control, or opto-
mechanical switching.

In this letter, we report on the demonstration of two alignment blocks
micro-optical systems containing three-dimensional micro-
gratings fabricated by the surface-micromachining teCh-FIG. 1. The schematic diagram of the micro-optical system consisting of a

nique. In t_he first SySte_ma a three-dimensional micr()gr"f‘tingaassively aligned edge-emitting semiconductor laser, a collimating micro-
has been integrated with a rotary stage, a passively alignemesnel lens, and a micrograting on a rotary stage.

collimated

micro-latches @&

micro-hinges

Si substrate
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micrograting on a rotary stage is shown in Fig. 2. The mi- % 14l -1st order
crograting is realized using microhinges and spring-latches °
similar to the micro-Fresnel lefsHowever, the hinges of < 3l
the grating are fixed on the rotatable plate instead of Si sub- §
strate. The rotatable plate itself is implemented by a sus- @ v
pended polysilicon plate whose center is fixed by a polysili- ?5: 12 T1st order
con hub similar to that of the micromotth. The Y
micrograting has a pitch of mm and is coated with a thin " L L L L L L
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layer of aluminum to enhance the diffraction efficiency. In- .
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dicators are patterned around the rotatable plate at every 10°

to identify the angular position of the grating. FIG. 3. (@ The zeroth and first-order diffraction patterns at the various

In this experiment, the output light from the laser diode grating angles an¢b) the first-order diffraction angles vs the grating angle
is first collimated by the micro-Fresnel lens, and then passeshen the grating is rotated.

through the grating. The diffraction pattern is monitored by a

charge-coupled devicéCCD) camera while the grating is separated into two stages, the first stage consists of one grat-
rotated. The CCD image of the diffraction patterns are showring and the second stage consists of two gratings arranged
in Fig. 3@ The zeroth and first-order diffraction patterns areside-by-side. The incident light passes through the first stage
clearly observed. Figure(B) shows the first-order diffraction and splits into three beams: zeroth order, positive first order,

angles versus the grating angle when the grating is rotategsind negative first order. The zeroth order beam does not pass
from —35° to +35°. The relationship between the diffraction through any additional grating, and each of two first order

angle and grating angle is related by diffracted beams pass through one additional grating at the
; second stage and are further split into three beams. At the
_,[ ki sin(6)+kq . . .
a=90°—#—cos * — output of the optical module, we will obtain three beams that
i
and Parallel

Optical Interconnect Module

. Collimated
k; sin(6)—k
_ 1 P2 g _ ° Beam
p=cos ( K +0-90%, (A=670nm)
where «, B are the positive and negative first-order diffrac-
tion angles, respectively, arld is the magnitude of wave = o

vector of the incident light and, is the magnitude ok
vector of the grating. As shown in Fig. 3, the experimental
results agree very well with the theoretical values.

The schematic diagram of the optical interconnect mod-
ule consisting of three cascaded microgratings is shown in
Fig. 4. The grating is fabricated by a similar process, except
that the hinges are fixed on the Si substrate. The micrograt-

ing is 600 um wi_de, 9_00,U~m ta”_, anc_j has a grating pitch of g, 4. The schematic diagram of the optical interconnect module consist-
4 um. The gratings in the optical interconnect module areng of three cascaded microgratings.
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rotatable grating has been integrated with a semiconductor

1st orders edge-emitting laser source and a collimating micro-Fresnel
/ \ lens. Optical diffraction patterns are successfully observed as
the grating is rotated. An optical interconnect module with
Eudl ‘ & cascaded microgratings is also demonstrated. These micro-
optical systems are very compact, and can be “prealigned”
T in the design stage. The integrable three-dimensional micro-
Oth order single grating gratings are very useful for applications in microspectrom-

eters on a chip, optical interconnect, and wavelength-division
multiplexed (WDM) micro-optical systems.

The work at UCLA is supported in part by ARPA
ULTRA through Army Research Lab., ARPA NCIPT, and
Packard Foundation. S.S.L. is supported by RAND Corpora-
. tion Fellowship. These devices were fabricated using ARPA-
supported MUMPs fabrication service.
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