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(57) ABSTRACT 

The several embodiments of the invention include digitally 
tunable laser source, add-drop and cross connect devices, a 
tapered Waveguide, a lensed Waveguide, an asymmetric 
Waveguide pair, a temperature sensor, and a tunable laser 
array, as Well as methods for making and tuning these 
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devices. The laser source, add-drop, and cross connect 
devices include materials With negative dependence of 
refractive index on temperature and temperature indepen 
dent coincidence betWeen resonator modes and a set of 
speci?ed frequencies, eg for DWDM telecommunications 
channels. The free spectral range may be adjusted to equal 
a rational fraction of the speci?ed frequency interval. The 
operating frequency may be selected by a thermo-optically 
tuned feedback element Without substantially tuning the 
cavity modes. This can be accomplished by means of a 
Waveguide pair With differential thermal response. The oper 
ating frequency may be induced to hop digitally betWeen the 
speci?ed frequencies. In a particular embodiment, semicon 
ductor ampli?er and polymer Waveguide segments form a 
linear resonator With a thermo-optically tuned grating re?ec 
tor. In a further embodiment, an ampli?er and tWo 
Waveguides from a tunable grating assisted coupler form a 
ring resonator. Tuning may also be accomplished by apply 
ing an electric ?eld across a liquid crystal portion of the 
Waveguide structure Within the grating. The differential 
Waveguide pair may also be used as a temperature or electric 
?eld sensor, or it may be used in a Waveguide array to adjust 
a phase relationship, eg in an arrayed Waveguide grating. A 
tapered Waveguide may be used to couple different siZe 
Waveguides, eg in a resonator having both a semiconductor 
diode ampli?er Waveguide and a planar Waveguide structure 
for coupling to an optical ?ber. A lensed planar Waveguide 
may be used to couple to a different siZe Waveguide, eg a 
semiconductor diode ampli?er Waveguide. 
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CHANNEL-SWITCHED CROSS-CONNECT 

CROSS-REFERENCE TO RELATED 
APPLICATION 

[0001] This is a divisional of pending US. patent appli 
cation Ser. No. 09/434,709 ?led Nov. 4, 1999. 

TECHNICAL FIELD 

[0002] This invention relates to laser devices that produce 
optical energy of tightly controlled optical frequency, par 
ticularly for use in telecommunications applications. More 
particularly, the invention relates to devices that produce a 
speci?ed optical frequency independent of thermal varia 
tions, While possessing the ability to be tuned or sWitched 
among alternative optical frequencies by thermal, electric 
?eld, or other control means Without modifying the speci?ed 
frequencies. 

BACKGROUND ART 

[0003] This invention relates to laser devices that produce 
optical energy of tightly controlled optical frequency, par 
ticularly for use in telecommunications applications. 

[0004] More particularly, the invention relates to devices 
that produce a speci?ed optical frequency independent of 
thermal variations, While possessing the ability to be tuned 
or sWitched among alternative optical frequencies by ther 
mal, electric ?eld, or other control means Without modifying 
the speci?ed frequencies. 

[0005] The groWth of demand for subscriber bandWidth 
has led to great pressure to eXpand the capacity of the 
telecommunications netWorks. Dense Wavelength division 
multiplexing (DWDM) alloWs high bandWidth use of eXist 
ing ?ber, but loW-cost cost components are required to 
enable provision of high bandWidth to a broad range of 
customers. Key components include the source, the detector, 
and routing components, but these components should pref 
erably be addressable to any of the frequency channels. 
These channels are currently de?ned by the ITU as on=voin 
dv, Where v0 is the central optical frequency 193.1 THZ and 
dv is the speci?ed frequency channel spacing that may equal 
a multiple of 100 GHZ or 50 GHZ. Systems have also been 
demonstrated based on other ?Xed spacings, and based on 
nonuniform frequency spacings. 

[0006] Semiconductor lasers With built-in gratings such as 
DFB and DBR lasers are currently used to produce the 
frequency-speci?c lasers needed to transmit over optical 
?bers. HoWever, current fabrication techniques do not alloW 
high yield production of a given frequency channel because 
of indeX of refraction variations in the InP-based materials. 
Because silica, polymer, and other optical materials offer 
greater stability of indeX of refraction, many types of hybrid 
lasers have been tested in Which a semiconductor gain 
medium is combined With a grating fabricated in another 
material. Single frequency hybrid Waveguide lasers have 
been demonstrated With semiconductor Waveguide ampli? 
ers to obtain the bene?ts of frequency selectivity and tun 
ability. See for eXample * J. M. Hammer et al., Appl. Phys. 
Lett. 47 183, (1985), Who used a grating in an eXternal planar 
Waveguide, by * E. Brinkmeyer et al., Elect. Lett 22 134 
(1986) and * E. I. Gordon, US. Pat. No. 4,786,132, Nov. 22, 
1988 and * R. C. Alferness, US. Pat. No. 4,955,028, Sep. 4, 

Oct. 11, 2001 

1990, Who used a grating in a ?ber Waveguide, by * D. M. 
Bird et al., Elect. Lett. 27 1116 (1991) Who used a UV 
induced grating, by * W. Morey, US. Pat. No. 5,042,898, 
Nov. 27, 1991 Who used a ?ber grating With thermally 
compensated package, by * P. A. Morton et al., Appl. Phys. 
Lett. 64 2634 (1994) Who used a chirped grating, by * D. A. 
G. Deacon, US. Pat. No. 5,504,772, Apr. 2, 1996, Who used 
multiple gratings With optical sWitches, by * J. M. ChWalek, 
US. Pat. No. 5,418,802, May 23, 1995, Who used an 
electro-optic Waveguide grating, by * R. J. Campbell et al., 
Elect. Lett. 32 119 (1996) Who used an angled semiconduc 
tor diode Waveguide, by * T. Tanaka et al, Elect. Lett. 32 
1202 (1996) Who used ?ip-chip bonding, and by * J-M. 
Verdiell, US. Pat. No. 5,870,417, Feb. 9, 1999, Who adjust 
for single mode operation. Single frequency hybrid 
Waveguide lasers have also been demonstrated With ?ber 
Waveguide ampli?ers. See * D. Huber, US. Pat. No. 5,134, 
620, Jul. 28, 1992 and * F. Leonberger, US. Pat. No. 
5,317,576, May 31, 1994. 

[0007] Many robust thermo-optic materials are available 
today including glass and polymer materials systems that 
can also be used in fabricating Waveguide optical compo 
nents. See * M. Haruna et al., IEE Proceedings 131H 322 
(1984), and * N. B. J. Diemeer, et al., J. Light. Technology, 
7, 449-453 (1989). Recently, thermally tunable gratings 
have been fabricated in polymer Waveguides and resonators. 
See * L. Eldada et al., Proceedings of the Optical Fiber 
Communications Conference, Optical Society of America, 
p. 98 (1999), and * N. Bouadma, US. Pat. No. 5,732,102, 
Mar. 24, 1998. 

[0008] Thermal compensation of laser resonators is a 
requirement in components that must operate robustly 
Within the narroW absolute frequency bands of the DWDM 
speci?cations. Thermally compensated resonators have has 
been shoWn using polymer materials. See * K. Tada et al., 
Optical and Quantum Electronics 16, 463 (1984) and * Y. 
Kokubun et al., Proceedings of the Integrated Photonics 
Research Conference, Optical Society of America, p. 93 
(1998). Thermally compensated packages for ?ber grating 
based devices have also been shoWn. See * W. Morey, US. 
Pat. No. 5,042,898,Aug. 27, 1991, * G. W. Yoffe et al,Appl. 
Opt. 34 6859 (1995), and * J-M. Verdiell, US. Pat. No. 
5,870,417, Feb. 9, 1999. Thermally compensated 
Waveguides using miXed silica-polymer materials have also 
been shoWn to produce temperature independent character 
istics. See * Y. Kokubun et al., IEEE Photon. Techn. Lett. 5 
1297 (1993), and * D. Bosc, US. Pat. No. 5,857,039, Jan. 
5, 1999. Silica-polymer Waveguides have also been used for 
interconnecting laser devices. See * K. Furuya US. Pat. No. 
4,582,390, Apr. 15, 1986. 

[0009] The grating assisted coupler is a useful device for 
frequency control. Grating assisted couplers as described in 
* R. C. Alferness, US. Pat. No. 4,737,007,Apr. 12, 1988, are 
knoWn in many con?gurations including With mode lockers, 
ampli?ers, modulators, and sWitches. See * A. S. KeWitsch, 
US. Pat. No. 5,875,272, Feb. 23, 1999. Grating assisted 
couplers have been used in resonators including lasers, 
mode lockers, etalons, add-drop ?lters, frequency doublers, 
etc. See for eXample * E. SnitZer, US. Pat. No. 5,459,801, 
Jan. 19, 1994, and * D. A. G. Deacon, US. Pat. No. 
5,581,642, Dec. 3, 1996. Combinations of gratings and 
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Fabry-Perot ?lters have been discussed for the DWDM 
application. See for example * B. Ortega et al., J. LightWave 
Tech. 17 1241 (1999). 

SUMMARY OF THE INVENTION 

[0010] According to the invention, an optical resonator is 
coupled to a Waveguide With a tunable differential 
Waveguide pair to produce a tunable device in Which a 
resonator mode frequency is invariant With respect to the 
tuning. An intracavity Waveguide segment of the differential 
Waveguide pair has an effective indeX that is substantially 
independent of tuning. Tuning may be accomplished by 
changing the temperature of thermo-optic materials Within 
the Waveguide pair structure, or by applying electric ?elds to 
electro-optic materials or liquid crystals, or by applying 
stress or acoustic or other ?elds to appropriately sensitive 
materials. In a preferred embodiment, a grating coupler is 
used Within the differential Waveguide pair for narroW 
frequency selectivity. The grating may be tuned to select 
Which of the resonator modes is coupled to the Waveguide. 
The resonator may be adjusted so that a plurality of reso 
nator mode frequencies coincide With a set of speci?ed 
frequencies such as the DWDM optical channels in tele 
communications applications. The free spectral range may 
be adjusted to equal a rational fraction of a speci?ed 
frequency interval. In a particular embodiment, the resonator 
is an athermal polymer Waveguide structure With a thermo 
optically tuned grating re?ector. In a further embodiment, 
the resonator is a ring resonator parallel coupled to an input 
Waveguide and impedance matched so that a throughput of 
an input signal is substantially nulled. In another embodi 
ment, a detector is coupled to the optical energy circulating 
in the resonator. In still another embodiment, a second 
coupler is provided that may be tuned independently of the 
?rst grating coupler. Methods are described of tuning indi 
vidual couplers and a plurality of couplers. 

[0011] The invention Will be better understood upon ref 
erence to the folloWing detailed description in connection 
With the accompanying draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] FIG. 1 is an embodiment of a hybrid grating 
stabiliZed laser chip. 

[0013] FIG. 2 is a packaged embodiment in cutaWay vieW 
of a thermally stabiliZed integrated optic chip. 

[0014] FIG. 3 is an embodiment of a laser chip coupled to 
a tapered Waveguide. 

[0015] FIG. 4 is an illustration of the Z-variation of the 
effective mode indices of tWo coupled Waveguides in a 
tapered Waveguide chip. 
[0016] FIG. 5 is a top-vieW schematic diagram of a curved 
laser Waveguide array With an angled interface to a tapered 
Waveguide array. 

[0017] FIG. 6 is an embodiment of a coupling region 
betWeen a Waveguide and a V-groove. 

[0018] 
lens. 

[0019] FIG. 7B is an alternative embodiment of a 
Waveguide-end lens. 

FIG. 7A is an embodiment of a Waveguide-end 

Oct. 11, 2001 

[0020] FIG. 8 is a segmented embodiment of a tapered 
Waveguide coupler 
[0021] FIG. 9 is a codirectional grating assisted coupler 
embodiment of a ring hybrid laser chip. 

[0022] FIG. 10 is a re?ective grating assisted coupler 
embodiment of a ring resonator hybrid laser chip. 

[0023] FIG. 11A is a lateral cross section of a Waveguide 
embodiment With single upper cladding. 

[0024] FIG. 11B is a lateral cross section of a Waveguide 
embodiment With double upper cladding. 

[0025] FIG. 12A shoWs a hybrid grating stabiliZed laser 
embodiment seen in a longitudinal cross section being 
illuminated for adjusting a frequency of operation. 

[0026] FIG. 12B shoWs a hybrid grating stabiliZed laser 
embodiment seen in a longitudinal cross section having 
material removed for adjusting a frequency of operation. 

[0027] FIG. 12C shoWs a hybrid grating stabiliZed laser 
embodiment seen in a longitudinal cross section having 
material being deposited for adjusting a frequency of opera 
tion. 

[0028] FIG. 13 is an embodiment of a tunable frequency 
adjusted ring resonator cross connect device. 

[0029] FIGS. 14A, 14B, and 14C shoW lateral cross 
sections of three stages of fabrication of a Waveguide pair 
embodiment With differing Waveguide thermal coef?cients. 

[0030] FIG. 15 is a lateral cross section of an alternative 
Waveguide pair embodiment With differing Waveguide ther 
mal coefficients. 

[0031] FIG. 16 is a How chart of a method for adjusting 
the free spectral range of a resonator. 

[0032] FIG. 17 is a dual grating embodiment of a tunable 
frequency-selective cross connect device. 

[0033] FIG. 18 is an illustration of a vernier method of 
frequency tuning dual grating resonant devices. 

DESCRIPTION OF PREFERRED 
EMBODIMENTS 

[0034] Thermo-optic materials are both convenient and 
robust, and may be incorporated into optical devices that 
actuate or tune upon the actuation of a heater. HoWever, for 
applications such as communications, thermally insensitive 
devices are required for reliability. This invention describes 
a unique Way of including a highly thermally sensitive 
tuning component into a device that is, in key aspects of its 
operation, insensitive to temperature. In one embodiment of 
the invention, a frequency tunable laser is described that 
emits light Which may be channel-sWitched among a set of 
prepared frequencies that are independent of temperature. In 
another embodiment of the invention, a frequency tunable 
cross-connect device is described that cross-connects a 
frequency Which may be channel-sWitched among a set of 
prepared frequencies that are independent of temperature. 

[0035] Tunable Laser Operation 

[0036] As is knoWn in the art, laser tuning involves tWo 
factors that are typically interdependent: a) tuning a fre 
quency selective element such as a grating Within Whose 
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interaction band operation Will occur; and b) tuning the 
longitudinal modes of the laser that determine the exact 
optical frequency that Will lase Within the band of the 
frequency selective element. In the DBR (distributed Bragg 
re?ector) laser, for example, changing the chip temperature 
shifts both grating and mode frequencies, typically at dif 
ferent rates, leading to mode hopping behavior. 

[0037] In this invention, means are described for making 
the cavity free spectral range (FSR) independent of tem 
perature for high reliability. Further, the cavity round trip 
optical length may be adjusted according to methods 
described herein to adjust the FSR to equal a speci?ed 
frequency channel spacing. The cavity is thereby prepared to 
lase at the desired optical frequencies. If the cavity is 
designed to be athermal, it may also provide an absolute 
frequency reference to the communications channel fre 
quencies independent of drifts in environmental tempera 
ture, and no external reference devices such as a Wavelocker 
need be provided. The free spectral range of a cavity is given 
by 

FSR=c/(nL)eff (1) 
[0038] Where the round trip optical length (nL)SEE is 

(nL)e?=2i(ni effLi) (2) 
[0039] and Where ni 6g is the effective index of refraction 
of the mode in the ith segment traversed by the light in the 
cavity, Li is the physical length of the ith segment, and the 
sum is over all the path segments traversed in a round trip 
of the cavity. The effective index of an optical mode in a 
Waveguide is the index of refraction of an equivalent uni 
form medium that Would give a plane Wave the same 
propagation constant 

[5=2nne?/)t (3) 

[0040] or Wavenumber (Where the electric ?eld of the 
mode varies as E e“32 along the direction of propagation). 

[0041] In an aspect of the present invention, the free 
spectral range of the cavity may be designed to equal a 
predetermined DWDM channel spacing set by a system 
integrator or by the ITU (International Telecommunications 
Union). In the preferred embodiment, the FSR is 50 GHZ so 
that the effective round trip optical length of the cavity is 
6000 microns. With the linear cavity shoWn in FIG. 1 and 
a preferred InP semiconductor laser chip length of 400 
microns at an index of about 3.3, the optical length of the 
Waveguide path betWeen the edge of the laser chip and the 
start of the grating is about 1680 microns. If the effective 
index of the Waveguide is about 1.45, its physical length is 
about 1160 microns, ignoring the small butt-coupling gap 
betWeen the tWo Waveguides. 

[0042] In a variation of the preferred embodiment, the free 
spectral range of the cavity is designed to equal a rational 
fraction of a desired communications channel spacing 

FSR:(communications channel spacing)-n/m (4) 

[0043] Where n and m are integers. If the desired channel 
spacing is 50 GHZ, for example, FSR=50 n/m GHZ. This 
may be useful if n/m<1 to increase the physical length of the 
resonator by a factor of m/n, simplifying design and fabri 
cation issues. In one example, if n=1 and m=2, the rational 
fraction is 1/2 and the desired cavity round trip optical path 
becomes 12000 microns, alloWing more than double the 
space in the resonator for thermal compensation material, 
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taper, etc. In this situation, the grating tuning requirements 
are still the same, but the laser frequency Will hop in 25 GHZ 
increments if the grating is tuned continuously, With every 
other hop bringing the optical frequency to a desired com 
munications channel. (Some communications systems can 
use 25 GHZ channel spacing, in Which case m=1 for this 
cavity length.) Or it may be useful if n>1 to interleave 
successively addressed frequency channels. In another 
example, if n=2 and m=1, the rational fraction is 2 and the 
laser Will hop successively to every second communications 
channel, Which might be useful for interleaving tWo devices 
in the frequency domain, or for increasing device stability 
against perturbations, ageing, and drifts. These approaches 
may also be combined, as in another example, With n=2 and 
m=3 Where the round trip optical path becomes 9000 
microns, and the laser frequency during operation Will hop 
?rst to +333 GHZ, then to +66.6 GHZ, both frequencies 
in-betWeen communications channels, and then to +100 
GHZ, a communications frequency tWo 50 GHZ intervals 
aWay from the starting channel. 

[0044] Athermal Cavity 

[0045] In another aspect of the invention, a region of 
thermo-optical polymer may be incorporated Within the laser 
resonator Where the negative thermo-optic coef?cient is 
exploited to produce an athermal free spectral range. For the 
FSR to be athermal or independent of device temperature, 
the device parameters may be chosen to satisfy the relation 

[0046] Within a tolerance, Where the sum is taken over all 
the different longitudinal segments of the cavity along the 
optical path. See K. Tada et al., Optical and Quantum 
Electronics 16. 463 (1984). Since these quantities are all 
positive in the common non-polymeric materials including 
silica, silicon, InP, GaAs, glass, lithium niobate, lithium 
tantalate, etc., a hybrid or multiple material approach is 
needed. The conventional approach to achieving tempera 
ture compensation has been to make a large negative dL/dT 
in one of the lengths Li in the above summation (usually a 
path length in air) equal to the difference betWeen tWo large 
lengths (usually overhanging members in a supporting struc 
ture, one pointing aWay from the cavity and the other 
pointing toWards the cavity). By selecting an inWard-point 
ing member to have a larger coefficient of thermal expansion 
than the corresponding outWard-pointing member, the sup 
port structure can be arranged to reduce the path length Li as 
the temperature is increased. See for example W. Morey, 
US. Patent No. 5,042,898, Aug. 27, 1991, “Incorporated 
Bragg ?lter temperature compensated optical Waveguide 
device” and JM. Verdiell, U.S. Pat. No. 5,870,417, Feb. 9, 
1999, “Thermal compensators for Waveguide DBR laser 
sources”. 

[0047] In the preferred embodiment of the present inven 
tion, a polymer material is used to provide the negative 
thermo-optic coef?cient in the cladding of the Waveguide, 
and the Waveguide design is adjusted for a negative net 
change in index With temperature. The length of the polymer 
intracavity segment may be adjusted until equation (5) is 
essentially met, Within a tolerance. Note that the material 
used need not strictly be a polymer; all that is necessary is 
the negative thermo-optic coef?cient. This material is placed 

intracavity in order to affect the summation in equation Since it is the effective index of refraction that appears in 
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equation (5), it is suf?cient that some optical energy propa 
gating in the optical mode traverse the negative coef?cient 
material in one segment of the round trip optical path. The 
polymer material may be used in the cladding or the core, or 
in both portions of the optical Waveguide. Since the thermo 
optic coefficient of polymers tend to be large, only a fraction 
of the optical mode volume sWept out by the optical mode 
in a transit of the optical cavity need be occupied by 
polymer. 

[0048] The cavity is preferably also made athermal With 
out changing its FSR. To accomplish this objective, the 
preferred approach is to adjust the overlap factor and the 
thermal coef?cient of the polymer While keeping the optical 
lengths at the values required for the desired FSR. With the 
above lengths, a round trip through the diode laser contrib 

utes about 0.2 micron/° C. to the ?rst term of equation Thermal compensation is achieved by the polymer 

Waveguide if its net thermal coef?cient (the change in the 
effective index of refraction With increase in temperature) is 
approximately —9><10_5° C._1. (The second term of equation 
(5) is small.) While the core material in the preferred 
embodiment has a positive thermal coef?cient and is tra 
versed by the most intense part of the beam, the polymer 
cladding material has such a large negative coefficient that 
it can be effective in compensating the entire cavity. 

[0049] The fraction of the optical mode poWer in the 
Waveguide that propagates inside the polymer compensating 
material is given by the overlap factor l“c 

rc=(mode power propagating in the polymer)/(total 
mode power) (6) 

[0050] Which may lie in the range of a feW tenths of a 
percent up to 40% or more, depending on the design of the 
Waveguide core, and the placement of the optical polymer. 
For the preferred 2 micron square high contrast 2% silica 
Waveguide on silica cladding, the exponential tails of the 
mode penetrate far out of the core into the polymer cladding 
as described beloW in relation to FIG. 11A. Assuming the 
index of refraction of the polymer has been adjusted in the 
preferred embodiment (by eg halogenation and/or mixing) 
to equal that of pure silica, the overlap factor is about r=40% 
since the polymer material forms the cladding on three out 
of four sides of the rectangular Waveguide core. A polymer 
material With dn/dT of about —23><10_5° C.“1 Will achieve 
thermal compensation of this resonator. Materials With 
larger negative dn/dT may be used With a design that has 
proportionately smaller overlap factor or smaller physical 
length through the negative dn/dT material. For example, if 
a material With dn/dT of 34x10_5° C.“1 is used, the desired 
overlap factor is reduced to 26% in the above structure. 

[0051] The tolerance Within Which equation (5) is satis?ed 
depends on the application. In the case of the communica 
tions application, a mode frequency shift of a fraction of the 
communications channel spacing, say 5 GHZ, may be tol 
erated over a temperature range of operating temperatures, 
Which might be only a fraction of a degree for temperature 
regulated devices, or as much as 5° C., 50° C., or even higher 
for unregulated packages. A 50° C. range Would imply a 
tolerance of about +/—0.001 microns/° C. in equation To 
achieve this tolerance in a real device, the Waveguide lengths 
and the dn/dT of the polymer are preferably controlled to an 
accuracy of a fraction of a percent. Depending on the 
parameter values, the tolerance on the cavity length may rise 
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to about 10 microns (for a Wide 400 GHZ channel spacing, 
for instance), or it may fall beloW one micron (for a narroW 
channel spacing). 

[0052] When the grating is integrated With the thermally 
compensated Waveguide design described above, an advan 
tageous Wide tuning range results. The tuning range of the 
polymer clad grating 130 or 132 is large both because of the 
large thermo-optic coef?cient and large mode overlap factor 
of the polymer. When the temperature of the grating polymer 
is scanned over a 100° C. range, the grating Wavelength 
tunes over approximately 9 nm for the above case of 
polymer material With —23><10_5° C._1, and 40% overlap 
factor. 

[0053] In operation, the device Will settle to a given 
temperature pro?le along the optical path of the resonator. 
The laser ampli?er generates heat, and Will rise to a tem 
perature above that of the polymer Waveguide. Heaters or 
coolers attached to the device, such as a substrate heater or 
the TE cooler described in reference to FIG. 2, may also 
change the temperatures of the gain section and the intrac 
avity Waveguide. Once the device in operation has reached 
equilibrium, the thermal pro?le Will vary spatially along the 
Waveguide but it Will be constant in time. Changes in 
ambient temperature Will change the entire pro?le approxi 
mately by a constant amount. Particularly if the thermal 
conductivity of the substrate is large, such as is the case for 
the preferred silicon substrate, changes in ambient tempera 
ture Will produce spatially uniform changes in the thermal 
pro?le. Such changes in temperature do not substantially 
change the mode positions or FSR in an athermal cavity as 
described by equation 

[0054] Laser Embodiment 

[0055] FIG. 1 shoWs a preferred embodiment of the 
hybrid tunable laser chip 100. A semiconductor laser chip 
110 is ?ip-chip bonded to the substrate chip 120 producing 
a hybrid of tWo integrated Waveguide chips. The laser chip 
is preferably fabricated from InP so that it emits in the 1550 
nm region or the 1310 nm region. The Waveguides 112 and 
114 provide optical ampli?cation When excited by suf?cient 
injection current, over an operating band of optical frequen 
cies including a desired Wavelength such as 1550 nm or 
1310, 980, 860, 780, 630, or 500 nm, or another useful 
Wavelength region. For a 1550 nm laser, a typical gain 
bandWidth Would be about 50 nm (such as from 1520 to 
1570 nm or from 1560 to 1610 nm), and Would overlap a 
portion of the amplifying bandWidth of the Er-doped ?ber 
ampli?er either in the conventional band or one of the 
extended operating bands. The gain bandWidth may be 
smaller for loWer injection current, or as large as 120 nm or 
more for high injection current and proper quantum Well 
design. The tWo Waveguides 112 and 114 of the laser chip 
are aligned in the X-Z plane to butt couple to tWo passive 
(they provide no gain) Waveguides 122 and 124 fabricated 
on the substrate chip. A substantial fraction of the energy 
emitted from the laser Waveguides 112 and 114 is coupled 
into the planar integrated Waveguides 122 and 124, Where 
the coupling loss is preferably less than 10 dB or even less 
than 4 dB. Vertical alignment (in the y direction) of the laser 
chip 110 is obtained by controlling the thicknesses of the 
process layers in and on the laser chip and the substrate. 
Light emitted from the laser Waveguides 112 and 114 is 
coupled into the Waveguides 122 and 124 at the aligned butt 
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coupled coupling region. Alternative gain regions include 
variations on the active region of semiconductor diode 
lasers, and ?ber lasers, dye lasers, color center lasers, solid 
state lasers generally, or other amplifying media capable of 
providing optical gain over a useful frequency band. 

[0056] Tapered Waveguide segments 126 and 128 may be 
used to improve the coupling ef?ciency betWeen the differ 
ently shaped Waveguides 112 & 114 and 122 & 124. See 
FIGS. 3, 4, 7A, 7B, and 8. 

[0057] The Waveguides 122 and 124 may be integrated on 
the substrate 120 by one of a variety of common fabrication 
techniques. In the preferred approach, as is knoWn in the art, 
silica Waveguides are fabricated With loW loss and good 
reproductability using the ?ame hydrolysis method. In ?ame 
hydrolysis, layers of particles produced in a ?ame (silica 
soot) are deposited onto the surface With a chemical com 
position determined by the inputs to the ?ame. Compaction 
of the particles into a solid ?lm is typically accomplished 
during a subsequent high temperature consolidation process. 
Such Waveguides are commercially available in various 
indeX contrasts using Ge doped core material, including 
0.4%, 0.75% and 2%. Ge doped material has the further 
advantage of being sensitive to UV irradiation as is knoWn 
in the art, alloWing patterned regions of increased indeX of 
refraction (such a grating) to be fabricated by eXposure to 
patterned beams of light. Other dopants are also knoWn to 
have light-sensitive indeX of refraction, Which may occur as 
a result of a change in valence state. Most useful layer 
thicknesses are available, including core thicknesses in the 
range of 1 to 10 microns and beyond, and cladding thick 
nesses in the range of a feW microns to hundreds of microns, 
if desired. Channel Waveguides can be commercially fabri 
cated according to customer design. Channel Waveguides 
are typically fabricated by reactive ion etching (RIE) after 
deposition of the core material on the loWer cladding mate 
rial. The RIE step removes the higher indeX core material 
outside masked regions Where retention is desired to estab 
lish light guiding. Subsequent to the channel Waveguide 
fabrication, a top cladding of silica may or may not be 
applied according to the desires of the customer. If applied, 
the top cladding material is typically identical to the loWer 
cladding material (pure silica) in indeX, surrounding the core 
material on all sides With cladding. In the preferred embodi 
ment, We have selected high contrast, 2% Waveguide core 
material, With a 2x2 micron channel dimension. 

[0058] As an alternative the Waveguides may be fabricated 
from spun-on polymer layers chemically selected With a 
raised indeX for the core layer, and patterned by RIE. 
Alternative substrates include InP, GaAs, glass, silica, 
lithium niobate, lithium tantalate, etc. Alternative Waveguide 
materials include oXides such as Ta2O5, Nb2O5, TiO2, HfO2, 
and SiO2, semiconductors such as silicon, GaAs, InP, poly 
mers, and doped or miXed versions of all of the above 
materials With various dopants including phosphorus, hydro 
gen, titanium, boron, nitrogen, and others. Alternative fab 
rication methods include indiffusion, sputtering, evapora 
tion, Wet and dry etching, laser ablation, bleaching, and 
others. Many different Waveguide structures are also avail 
able including planar, rectangular, elliptical, ridge, buried 
ridge, inverted ridge, diffused, air clad, holloW, coated, 
cladding stripped, 3-layer, 4-layer, S-layer, etc. Combina 
tions of the above materials, methods, and structures may be 
used as long as the process ?oWs are compatible (i.e. do not 
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result in decomposition, delamination, or unacceptable 
chemical change or physical modi?cation of the materials of 
the semi-processed article), the optical losses are reasonably 
loW (i.e. beloW 10 dB/cm for very short chips and beloW 
about 1 dB/cm for longer Waveguides), and the transverse 
indeX of refraction pro?le of the ?nished structure has a 
locally higher indeX of refraction compared to adjacent 
materials in at least one dimension, creating at least a planar 
Waveguide that guides light in one dimension or a channel 
Waveguide that guides light in tWo dimensions. 

[0059] FIG. 11A shoWs the preferred cross sectional 
embodiment of the Waveguides 122 and 124 of FIG. 1. The 
Waveguides have a polymer structure, fabricated With a 
silica under cladding, a patterned Ge-doped silica core, and 
an over cladding of a polymer material Whose indeX of 
refraction has been selected to approximately equal (Within 
a tolerance of less than about 1.5%) the indeX of the silica 
under cladding. The preferred polymer material is a deuter 
ated and halogenated polysiloXane such as is described in M. 
Amano, US. Pat. No. 5,672,672, Sep. 30, 1997, as Com 
positions (G), (H), (13), (14), (18), (20), (23), or (24). Other 
polymer materials can also be used, including polysiloXanes, 
acrylates, polyimides, polycarbonates, etc., With optional 
deuteration or halogenation to reduce optical losses in the 
infrared, adjust the indeX of refraction, and adjust adhesion 
to other layers. Depending on the layer thicknesses, 
Waveguide stripe Width, and refractive indices, a substantial 
fraction of the mode energy propagates in the polymer 
cladding. This fraction may vary from a very small fraction 
of a percent up to many tens of percent. The cross section of 
the Waveguide 1100 shoWs the optical mode 1180 repre 
sented by intensity contour levels propagating along a 
channel Waveguide emerging from the page. The channel 
Waveguide is fabricated on a silicon substrate 1170 With a 
silica loWer cladding 1144, and an initially-uniform Ge 
doped layer has been etched into a square ridge 1140 that 
forms the core of the Waveguide. Spun on top of the ridge 
layer is the polymer upper cladding 1142, Which shoWs a 
small bump above the ridge due to incomplete planariZation 
in the spin and cure process. 

[0060] The structure 1120 is an electrode. Depending on 
the nature of the materials used, its usage and properties are 
slightly different. For the preferred thermo-optic polymer 
device, layer 1142 is a thermo optic polymer, and the 
electrode 1120 is a resistive stripe for heating the structure 
of the Waveguide in a controllable Way. If the material 1142 
is electro-optic such as a poled nonlinear polymer or for 
instance, the structure 1120 is an electrode for applying an 
electric ?eld across the material 1142 toWards another 
electrode Which may be remote such as on the rear surface 
of the substrate or a package Wall, or on the top surface 
shoWn but laterally displaced from the electrode 1120. 

[0061] FIG. 11B shoWs an alternative Waveguide embodi 
ment With split top electrodes 1122 and 1124, a loWer 
electrode 1126 provided beloW the loWer cladding, and 
additional upper cladding material 1141. With loWer elec 
trodes as shoWn, the actuating voltage of an electrooptic 
device is loWered since the separation betWeen electrodes so 
disposed is small. If the material 1142 is a polymer dispersed 
liquid crystal (PDLC) for eXample, a split electrode structure 
may be used to enable application of vertically and laterally 
oriented ?elds. This enables rotation of the applied electric 
?eld direction as Well as changes in its strength, producing 










































