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Novel self-aligned hybrid integration of semiconductor lasers with three-dimensional micro-optical
components has been demonstrated. The self-alignment structures are fabricated integrally with
other three-dimensional micro-optical elements such as micro-Fresnel lenses, mirrors, and gratings
on a single Si chip by surface micromachining technology. The Si substrate serves as a free-space
micro-optical bench for active and passive optoelectronic components. A divergent beam emitted
from an edge-emitting semiconductor laser has been successfully collimated by the integrated
micro-Fresnel lens. The integration scheme offers a new approach for optoelectronic packaging and
a new technology platform for integrating complete free-space micro-optical system on a single
chip. © 1995 American Institute of Physics.

Integrated optics has been an active research area sineee demonstrate the first hybrid integration of semiconductor
its proposal in 1969 because it offers many advantages:edge-emitting lasers with micro-optics using novel three-
higher functionality, reduced packaging of individual opto- dimensional alignment structures. The optical performance
electronic components, improved performance by eliminatof the edge-emitting laser/ micro-Fresnel lens module is re-
ing parasitics, and more uniform control of the environmentported. Other packaging issues such as heat sinking are also
(temperature, etg. To date, most of the research in inte- discussed.
grated optics focuses on guided-wave approach. For ex- The three-dimensional micro-optics and the self-
ample, photonic integrated circuitBIC) integrate lasers, de- gjignment structures are fabricated integrally with micro-
tectors, and modulators with passive guided-wave,inges and micro-spring latcHelsy surface micromachining
components.On the other hand, free-space integrated optic$)ocess. The Si substrate serves as a micro-optical bench.
offers advantages such as high spatial bandwidifraction e faprication process is summarized in the following:

Iimitec_j resolutipr), n.on—interferin.g optical rou_ting, t.hree di- First, a 2um thick of phosphosilicate glag®SQ is depos-
men§|onal opt!c;al mterconnechoq, and opt|cal' §|gnal P'%ted as the sacrificial material. It is followed by the deposi-
cessing capabilitye.g., Fourier optigs However, it is more . i " . o
o . . . tion of a 2.um-thick polysilicon layer on which the micro
difficult to integrate free-space optics on a single substrat% i o '
. o . . ptics patterns and the self-alignment structure are defined
since most monolithically fabricated free-space optical ele-by photolithography and dry etching. The hinge-pins holding
ments lie on the surface of the substrate. Surface microma: . . ’ . .
pese three-dimensional structures are also defined on this

chining has been used to produce three-dimensional{ h her | ¢ 1 with a thick ¢
micro-optics®* Previously, we have proposed a micro- ayer.T.en anot er. ayer of PSG materia WI'[. .at ickness o
optical bench(MOB) fabricated by surface micromachining 0.5 um is grown uniformly. Before the deposition of second

technology for optoelectronic packaging and free-space intgROlysilicon layer, contact holes are opened by dry etching
grated opticS® On the micro-optical bench, three- through the PSG material to the silicon substrate. Finally the

dimensional micro-optical elements such as micro-lensed)inge-staples and spring-latches are defined on the second
mirrors and gratings are fabricated integrally on a siliconPolysilicon layer and their bases are connected to the sub-
chip. The fabrication process is similar to that of integratedstrate via the contact holes. The micro-optics plates are re-
circuit (IC) processing. The micro-optic system can also bdeased from substrate by selectively removing the PSG ma-
pre-aligned in the mask layout stage using computer-aideterial using hydrofluoric acid after fabrication. The
design. Additional fine adjustment can be achieved by onpolysilicon plates with micro-optics patterns and self-
chip micro-actuators and micro-positioners such as the rotaalignment structures can then be rotated out of the substrate
tional and translational stages. plane. The position of the rotated polysilicon plate is fixed by
To implement a complete micro-optical system onthe spring latches which are pushed up by the plate itself.
micro-optical bench, it is necessary to incorporate active op-  Figure Xa) shows the schematic diagram of the self-
tical devices. Passive alignment of active optical devicesligned hybrid integration of an edge-emitting laser with a
with micro-optics is desirable to minimize cost. Hybrid op- micro-Fresnel lens. The Fresnel lens is held by two precision
tical packaging on silicon which combines flip-chip mount- mounting plates fabricated by the same processes to pre-
ing and silica waveguide has been propoSéthwever, the  cisely fix its angle and position. The structure of the lens
waveguide interconnection is two-dimensional in nature angnount has been reported in detail in Ref. 6. The edge-
cannot be used for free-space integrated optics. In this lettegmitting laser is mounted on its side for accurate position of
the active emitting spot. By precise scribing, the optical axis
dElectronic mail: wu@ee.ucla.edu is placed at 254um above the Si substrate. The emitting
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FIG. 3. Beam profile of the semiconductor lagare=1.3 um) after colli-
mated by the micro-Fresnel lens. The profile fits very well with the Gaussian
shape.

Edge-emitting

laser

front facet hits the alignment block built on the MOB, which
defines the longitudindk direction, as shown on the pictyre
position of the emitting spot. The self-alignment plates are
then rotated up and the asymmetric wedge-shaped opening

Gantacr. on the top gradually guides the active sigeaveguide side

. pad : - . & O of the laser toward the flat edge of the wedges, which defines
' the transversgy direction position of the emitting spot. This

_-~Bilver conductive Fregnel lon unique design allows us to accommodate lasers with a large

Sl L enaxy variation of substrate thicknegfom 100 um to 140 um

ook 20kv 00 o015 s thick). The height of the self-alignment structuf400 um

(b) tall for the self-alignment plate on the back facet of the laser
permits more precise alignment.
FIG. 1. (@) Schematic diagram an#) SEM photograph of the self-aligned There are other possible schemes for mounting semicon-
hybrid integration of an edge-emitting semiconductor laser and a micro-

ductor lasers: Flip-chip mounting and uprigiinction side
up) mounting. Flip-chip mounting using solder bumps can

spot of the edge-emitting laser is aligned to the center of th@CNi€Ve an alignment accuracy of aroundr, however, the
Fresnel lens by the self-alignment structures. Conductive si€MItting spot is too close to the Si substrate and is much
ver epoxy is applied between the laser and the contact pad@Wer than the optical axis of the free-space optical system.
for electrical contact. Permanent fixing of the semiconductor! "€ heat conduction for this mounting scheme might not be
laser is achieved by curing the silver epoxy. Potentially, theSufficient for high power dissipation due to small contact
epoxy can be replaced by other three-dimensional micromeareas. Heat sinking can be improved by increasing the con-
chanic structures. Figure() shows the scanning electron tact area at the expense of alignment accuracy. The upright
micrograph(SEM) of the laser and the micro-Fresnel lens. Mounting has good heat conduction because of the large con-
Figure 2 is a top view photograph of the self-alignmenttact area between the semiconductor laser and the Si sub-
structure before it is assembled. The edge-emitting laser istrate. However, the height of the optical axis is now defined

slid into the slot between two electric contact pads until theby the laser substrate thickness, which usually has a toler-
ance of more than m and is not suitable for MOB without

employing additional adjustable optics. Therefore, the side
mounting scheme was chosen for the hybrid integration of
semiconductor lasers on MOB. The height of the emitting
spot is precisely defined by scribing. In our current design, it
is placed at 254:m above the Si substrate, which is suitable
for the optical axis of MOB.

The collimating performance of the binary amplitude
micro-Fresnel lens has been demonstrated successfully using
a divergent beam emitted from a single mode fiber as light
source®® A similar experiment has also been conducted us-
ing the integrated edge-emitting laser as the light source.

Fresnel lens.

@ Seit-alighmis

Alignment d
block Contact gl Sy Figure 3 shows the Gaussian beam profile of the collimated
S beam. The profile is measured at 5 cm after the lens. The

FIG. 2. Photograph of the self-alignment structures before they are releasd@S€r has a Wavele_ngth_ of 18n and _divergence angles of
and assemblettop view). 18°x40°. After collimation by the micro-Fresnel lens, the
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100 . . between the MOB and the copper heat sink. This thermal
joint compound is not used in the upright-mounted laser
which is directly soldered to the copper heat sink by indium.

< ; . .
E Therefore, heat conduction for the hybrid integration can be
‘g‘ improved by choosing better thermally conducting material
c for the mounting of the Si MOB on the copper heat sink.
o o In summary, we have demonstrated the first self-aligned
E hybrid integration of semiconductor edge-emitting lasers and
a three-dimensional micro-optics. Novel self-alignment struc-
E tures and micro-optics are fabricated integrally on a Si chip
w—a Si MOB (side mounting) - using surface micromachining techniques. The divergent
o——e Copper Heat Sink (junction side up, indium mount) X X X
, - , beam from the semiconductor laser is successfully colli-
10 30 50 7 mated by the micro-Fresnel lens. The hybrid integration of
Temperature (°C) semiconductor lasers and three-dimensional micro-optics

such as micro-lenses, mirrors and gratings enables micro-
FIG. 4. Temperature dependence of the threshold currents for the semiconptical systems to be built on a single Si substrate. The pro-
ductor lasers with side mounting and upright mounting. posed scheme is also applicable to other optoelectronic de-

vices, for example, the integration of vertical cavity surface-
Gaussian beam widths become 3afnx788 um, which emitting laser array and micro-Fresnel lens array has been
corresponds to divergence angles of 0:38:9°. demons_trateal. Thg MOB offers a new approach for opto-

To investigate the heat sinking capability of the side€/€ctronic packaging, free-space optical interconnect, and

mounting scheme, we compared the temperature dependerc/89/€-chip micro-optical systems.
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