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I ntegrated optical devices are now commercially avail
able from several sources. Several companies are offer
ing integrated optical circuit products for sale. This in

dicates that many of the initial difficulties have been over
come. Commercialization activities for a merchant market 
are currently underway at Amphenol Products, Crystal 
Technology Inc. (CTI), Barr & Stroud, and British Tele
com—DuPont (BT-D). Product announcements have ap
peared for both phase modulators, amplitude modulators, 
and an optical switch. These and other more advanced 
devices are now commercially available with pigtailed op
tical fibers. 

However, the manufacturing technology for these initial 
devices is still relatively embryonic. A key to their com
mercial development will be the creation of viable manu
facturing methods for dependable and cost effective mid-
and large-scale production. Current projections forecast
ing an annual market of $500 million by the mid-1990s 
will certainly spur efforts to improve manufacturing. 

Lithium niobate (LiNbO3) is currently favored as the 
material for the commercialization of integrated optical 
circuits (IOCs) because of its excellent combination of op
tical and electro-optical properties. LiNbO3-based IOCs 
show promise in applications such as high-bit-rate com
munication systems, single-mode fiber sensor systems, and 
fiber optic instrumentation. Sensors, especially fiber optic 
gyroscopes, provide the most promising near-term oppor
tunity for L iNbO 3 IOCs. 

The manufacture of IOCs can be divided into four con
ceptual building blocks: die, electronics, fiber attachment, 
and package integration. 

Manufacture of die 
The heart of an IOC is the small piece of LiNbO 3 that 

includes the waveguide; this is called a die. The current 
technology for the manufacture of IOC dies borrows 
heavily from the microelectronic experience. Required 
manufacturing facilities usually include a Class 100 clean 
room equipped with dedicated ovens, lithography equip
ment, and thin film deposition equipment. 

The starting material is usually a 3 inch optical grade 

wafer cut from a single crystal boule of LiNbO 3 . The pro
cess of producing a die requires: waveguide generation, 
electrode patterning, edge polishing, and wafer dicing. 
Each of these activities may contain many steps. 

Overall device performance such as waveguide loss, 
coupling efficiency, and drive voltage are related to the 
ability to produce reliable waveguides. A waveguide is 
generated by adding titanium (Ti) to LiNbO 3 . Ti, which is 
first deposited onto the LiNbO 3 , is then diffused into the 
crystal at a temperature around 1000°C to create light 
guiding paths in the crystal. The design values for Ti thick
ness, width, and the duration of the diffusion process are 
determined by the intended wavelength of operation. 
Proper control of the Ti thickness and width is important 
to the successful operation of the device (see the previous 
paper by Becker). 

Metal electrodes are delineated on the crystal surface by 
conventional photolithography. Depending on device re
quirements, electrodes can be designed and fabricated for 
different values of drive voltages and bandwidth capabili
ty. Both lumped and traveling wave electrodes have been 
produced. The traveling wave electrodes offer higher 
bandwidth. 

Specialized polishing techniques are needed to secure 
high quality edge-surface finish and sufficiently sharp cor
ners at the waveguide edge. These techniques have now 

FIGURE 17. Schematic of a lumped electrode phase mod
ulator. 
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FIGURE 18. Schematic of a traveling wave Mach-
Zehnder interferometer. 

progressed to allow for simultaneous polishing of multiple 
substrates. The crystal end-faces have to be polished to 
facilitate launching light efficiently into the crystal. As de
vice requirements become more stringent, the addition of 
high performance anti-reflection coatings and precise end-
face angles will be needed to reduce reflection back into 
the optical system. 

The wafer is diced to obtain the dies. Typical die dimen
sions depend on the intended application. For example, an 
individual phase modulator (with lumped electrodes) is 
approximately 14 mm long, 2 mm wide, and 1 mm thick. 
A higher speed modulator (with traveling wave electrodes) 
has an increased length of about 24 mm. 

Die features available on the crystal are: waveguides, 
lumped and traveling wave electrodes, Y-branches, polar
izers, and directional coupler switches. 

Electronic aspects 
To make use of the electro-optic function, IOCs require 

the application of external voltages to the device's elec
trodes. There are several ways to achieve this. 

For moderate speed devices, lumped electrodes are ade
quate for bandwidths up to about 1 GHz . As an example, 
a lumped electrode phase modulator is shown in Fig. 17. 
Two S M A electronic connectors apply the external voltage 
across the lumped electrodes. The center contact of each 
S M A connector is connected to the electrode bonding 
pads on the die by using a wire bonder. 

For high speed devices, more sophistication is required. 
As an example, a traveling wave electrode Mach-Zehnder 
interferometer is shown in Fig. 18. Optical devices with 
such traveling wave electrodes have been sold with band-
widths of 8 GHz. These devices have used high frequency 
electronic S M A connectors to launch the input signal to a 

microstrip line fabricated on an alumina substrate. The 
microstrip line carries the signal to the input port of the 
traveling wave electrode on the die. After traversing the 
traveling wave electrode, the signal exists at the output 
port and continues onto a second microstrip line that con
nects to a second high speed S M A connector. This second 
S M A connector can be tied to external circuits for imped
ance matching or other requirements. 

Fiber attachment 
Because many IOCs are intended for use in fiber sys

tems, provision must be made for interconnecting an opti
cal fiber to the waveguide in the die. This manufacturing 
technology is known as "pigtailing." Although several 
methods have been demonstrated, additional work will be 
required to reduce the time, effort, cost, and repeatability 
of fiber attachment. Current products are primarily single 
input and single output devices. Figure 19 is a photograph 
of a packaged and pigtailed phase modulator. The key 
manufacturing requirements are: first, extremely precise 
location of the fiber with respect to the waveguide; sec
ond, tight angular control of the polarization axes of the 
fiber with respect to the principal axes of the waveguide. 

Alignment tolerances required in attaching single mode 
fibers to a Ti diffused channel waveguide in L i N b O 3 can 
be understood from Fig. 20. For the 820 nm device tech
nology, alignment requirements are in the submicron 
range. A misalignment of about 1 µm in the vertical direc
tion leads to an excess loss of 1 dB and an additional 3 dB 
loss for every additional 1 µm misalignment. Alignment 
requirements are less severe in the horizontal direction. A 
1300 nm device requires alignment accuracy on the order 
of 2 µm. 

Because L i N b O 3 is strongly dependent on polarization, 
the polarization state of input light at the waveguide must 
be controlled. Therefore, a polarization maintaining (PM) 
fiber is usually needed. Although such fiber is commercial
ly available, P M fiber does not have as tight geometric 
tolerances as conventional single-mode fiber. Consequent
ly, pigtailing with P M fiber is more difficult and must ac
commodate both current tolerances and the required an
gular control of the polarization axes. 

Initially, commercial devices were offered with unsup
ported fiber epoxied to the die. Positioning and angular 
alignment were achieved with micromanipulators while 
monitoring optical performance. 

More recently, precision ceramic ferrules have been 
used to capture, support, and align P M fibers. This change 
has improved insertion loss, durability, and yield. 

The especially tight tolerance requirements highlight the 
importance of a fiber attachment or a bonding scheme 
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that does not exhibit any drift or shrinkage during its cur
ing process. Very stable mechanical and optical systems 
are needed due to the time required to cure typical epox
ies. A more stable bonding scheme is under investigation 
to overcome the packaging problems mentioned above. 

More advanced pigtailing approaches are also being in
vestigated. These include; mounting the fiber pigtails in 
chemically etched silicon V-grooves and cutting locating 
grooves on the substrate itself by ion milling or laser etch
ing techniques. Such precise locating structures promise to 
simplify this aspect of component assembly. 

Advanced products, such as gyro chips and directional 
coupler switches, require multiple input and/or output fi
ber attachment. Attachment of two or more fibers to an 
integrated optical device can be accomplished by the at
tachment of individual fibers "one at a time," such that 
each fiber input/output is actively aligned to yield a maxi
mum throughput. The current techniques of using U V cur
ing epoxy to bond the fiber to the waveguide is not practi
cal for this arrangement. Typically, waveguides used are 
200 to 250 µm apart. Hence the separation between two 
fibers of 125 µm diameter is on the order of 100 µm. This 
makes it very difficult to control the epoxy from flowing 
over to the adjacent channel, thereby rendering the second 
channel useless. Laboratory demonstrations of multi-fiber 
attachment using Si V-groove arrays have been successful. 
This technique has the promise to be developed into a 
manufacturing technology for multi-fiber alignment. 

Package integration 

Overall package integration for integrated optical de
vices is expected to be a problem at least as difficult as that 
of electronic packaging. Much more effort will be required 

FIGURE 19. A packaged and pigtailed phase modulator. 

FIGURE 20. Tolerance requirements for fiber to IOC cou
pling. (Courtesy of J. Bristow, Amphenol Products.) 

to satisfy overall performance requirements in terms of 
thermal management, shock, vibration, and radiation ef
fects. These packaging related issues are under active labo
ratory investigation around the world and are expected to 
be among the most challenging issues in the large scale 
commercialization of integrated optical devices. As re
quirements and solutions are better defined, it is likely that 
the needed packaging technology will progress in an evo
lutionary manner. 

The evolution of integrated optic 
technology does not necessarily come 

from new concepts, but relies on 
innovative design and fabrication 

techniques along with advanced material 
technology. 
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