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(57) ABSTRACT 

A process for forming a mode Size converter with an 
out-of-plane taper formed during deposition with a shadow 
mask is disclosed. Mode-size converters according to the 
present invention can have any number of configurations. 
Measured coupling efficiencies for waveguides with mode 
Size converters according to the present invention Show 
marked improvement. 
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MODE SIZE CONVERTER FOR A PLANAR 
WAVEGUIDE 

BACKGROUND 

0001) 1. Field of the Invention 
0002 The present invention relates to optical coupling 
into a planar waveguide and, in particular, to a mode size 
converter for coupling light into and out of a planar 
waveguide and to efficiently transform guided light within 
continuous waveguide Structures. 
0003 2. Discussion of Related Art 
0004. The increasing prevalence of fiber optic commu 
nications Systems has created an unprecedented demand for 
devices for processing optical Signals. Planar devices Such 
as optical waveguides, couplers, Splitters, and amplifiers, 
fabricated on planar Substrates, like those commonly used 
for integrated circuits, and configured to receive and proceSS 
Signals from optical fibers are highly desirable. Such devices 
hold promise for integrated optical and electronic Signal 
processing on a Single Semiconductor-like Substance. 
0005 The basic design of planar optical waveguides and 
amplifiers is well known, as described, for example, in U.S. 
Pat. Nos. 5,119,460 and 5,563,979 to Bruce et al., U.S. Pat. 
No. 5,613,995 to Bhandarkar et al., U.S. Pat. No. 5,900,057 
to Buchal et al., and U.S. Pat. No. 5,107,538 to Benton et al., 
to cite only a few. These devices, very generally, include a 
core region, typically bar shaped, of a certain refractive 
indeX Surrounded by a cladding region of a lower refractive 
indeX. In the case of an optical amplifier, the core region 
includes a certain concentration of a dopant, typically a rare 
earth ion Such as an erbium or praseodymium ion which, 
when pumped by a laser, fluoresces, for example, in the 1550 
nm and 1300 nm wavelength ranges used for optical com 
munication, to amplify the optical Signal passing through the 
COC. 

0006. Many designs have been disclosed for the purpose 
of mode size or spot size conversion in planar optical wave 
guide devices. In general, a change in the core of the wave 
guide, either to its indeX or to its croSS Sectional dimen 
Sions, over a Suitably long distance is utilized to effect a 
change in the mode size or mode order of the guided light 
wave. The requirement for gradual change in the properties 
that govern the mode Size is well understood with regard to 
efficient or “adiabatic transformation, which results in loss 
leSS conversion of the guided light to a mode having 
transformed properties Such as Size, order, shape or propa 
gation constant. 
0007. In practice however, it is difficult to change the 
dimensions of a planar wave guide without loSS due to 
roughness or to non-uniform changes in the wave guide. In 
particular, Sufficiently slowly varying dimensions with a 
Sufficiently Smooth Surface, So that the light is efficiently 
converted in its modal properties, without Scattering or loSS 
due to roughness or to non-uniform changes in the dimen 
Sions or index of the wave guide is very hard to achieve, 
particularly for high contrast or refractory wave guide 
materials. 

0008 In-plane (i.e., in the plane of the substrate) as well 
as out-of-plane (i.e., perpendicular to the plane of the 
Substrate) tapers can be achieved by lithographic and etching 
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means. However, it is difficult to achieve sufficiently uni 
form results for a portion of a film or wave guide tapered 
over a few mm to a few cm regions acroSS, for instance, a 
production silicon wafer having dimensions of 100 to 300 

. 

0009. Therefore, there is a need for tapered waveguides 
with low Surface roughneSS in order to provide mode size 
conversion with low coupling loSS. 

SUMMARY 

0010. In accordance with the present invention, a smooth 
waveguide taper is presented. A Smooth waveguide taper can 
be produced as an out-of-plane taper during deposition of 
the film by a shadow-mask deposition. A shadow mask is 
placed over the substrate in a PVD reactor during deposition. 
The resulting taper can be monotonically variable in thick 
neSS as well as atomic like in Smoothness. 

0011 Further, in some embodiments the length of the 
taper can be controlled by controlling the Shadow mask 
shape and the Separation between the Shadow mask and the 
wafer. In Some embodiments, a long taper may be produced. 
In Some embodiments, a short taper of order less than a 
millimeter can be produced. 
0012 Several mode size coupling devices can be fabri 
cated according to the present invention. In Some embodi 
ments, a tapered core material is deposited on an under 
cladding layer which was deposited on a Substrate. The 
tapered core material can then be patterned to form a 
waveguide core and an uppercladding layer can be formed 
over the waveguide core. The tapered waveguide core can be 
an active or a passive waveguide material. In Some embodi 
ments, another core material can be deposited between the 
tapered waveguide core and the Substrate. In Some embodi 
ments, another core material can be deposited over the 
tapered waveguide core. 
0013 In some embodiments, a first core layer can be 
deposited and then a tapered core layer deposited having the 
Same material properties as the first core layer. In Some 
embodiments, a tapered active core layer can be deposited 
with a passive layer overlying it, or a passive layer Sur 
rounding it, or a passive layer deposited under it. 
0014. These and other embodiments are further discussed 
below with respect to the following figures. 

BRIEF DESCRIPTION OF THE FIGURES 

0015 FIG. 1 shows a table of projected surface rough 
neSS induced loSS associated with a range of roughness for 
the contrast and core size typical of a Step contrast Single 
mode erbium doped buried ridge wave guide amplifier 
(EDWA). 
0016 FIG. 2 shows deposition of material on a substrate 
to form a taper according to the present invention. 
0017 FIG. 3 shows an embodiment of a shadow mask 
that can be utilized to form a taper according to the present 
invention. 

0018 FIG. 4 shows thickness versus distance along a 
taper formed according to the present invention. 
0019 FIG. 5 shows the thickness versus distance for 
Several taperS formed according to the present invention 
with different shadow mask geometries. 
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0020 FIGS. 6A and 6B show deposition of a taper 
according to the present invention and a cross-sectional 
diagram of a waveguide device, respectively. 

0021 FIGS. 7A, 7B, 7C and 7D show deposition of a 
taper according to the present invention and a croSS-Sec 
tional diagram of waveguide devices, respectively. 

0022 FIGS. 8A, 8B and 8C show another embodiment 
of a waveguide device with a taper according to the present 
invention. 

0023 FIGS. 9A and 9B show another embodiment of a 
waveguide Structure with a taper according to the present 
invention. 

0024 FIG. 10 shows the device illustrated in FIG. 6B 
utilized for coupling laser light into an optical fiber. 

0025 FIG. 11 shows the device illustrated in FIG. 7B 
utilized for coupling light into and out of two fibers. 

0026 FIG. 12 shows the device illustrated in FIG. 8B 
coupled to two optical fibers. 

0027 FIG. 13 shows the device illustrated in FIG. 8B 
coupled to an optical fiber and a laser. 

0028 FIGS. 14A and 14B show a waveguide device 
according to the present invention with multiple tapered 
layers. 

0029 FIG. 15 shows the coupling efficiency of an 
embodiment of the device shown in FIG. 6B as a function 
of the thickness of the core for 1550 nm light. 
0030 FIG. 16 shows the coupling efficiency of a 
waveguide having a 2-D taper according to the present 
invention for 1550 nm light. 
0031 FIG. 17 shows the coupling efficiency at 980 nm 
for an embodiment of a taper as shown in FIG. 6A. 
0032 FIG. 18 shows the coupling efficiency of an 
embodiment of a waveguide having a 2-D taper according to 
the present invention at 980 nm. 
0033. In the figures, elements having the same designa 
tion have the same or Similar functions. 

DETAILED DESCRIPTION 

0034 RF sputtering of oxide films is discussed in appli 
cation Ser. No. 09/903,050 (the '050 application) by Dema 
ray et al., entitled “Planar Optical Devices and Methods for 
Their Manufacture,' assigned to the same assignee as is the 
present invention, herein incorporated by reference in its 
entirety. Depositions by biased pulse-DC Sputtering are 
described in U.S. application Ser. No. {M-1224.5 US} (the 
245 application), herein incorporated by reference in its 
entirety. Further, targets that can be utilized in a reactor 
according to the present invention are discussed in U.S. 
application Ser. No. Attorney Docket No. M-12247 US 
(the 247 application), filed concurrently with the present 
disclosure, assigned to the same assignee as is the present 
invention, herein incorporated by reference in its entirety. A 
gain-flattened amplifier formed of films deposited according 
to the present invention are described in U.S. application 
Ser. No. Attorney Docket No. M-12652 US} (the 652 
application), filed concurrently with the present disclosure, 
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assigned to the same assignee as is the present invention, 
herein incorporated by reference in its entirety. 

0035. Three features of etched tapers limit the production 
of low loSS wave guides with mode size transforming 
regions: Sidewall and Surface roughness, the terminal radius 
of the taper and most important, the relative fluctuation of 
the core dimension due to roughness for Small core dimen 
SOS. 

0036) As an etched or polished film approaches the 
termination of the taper or etch, it is difficult to complete the 
taper without a terminal radius of curvature or a terminal 
roughness. This is due as much to initial film roughneSS and 
initial thickness non uniformity as it is to the non unifor 
mities in the etch mask process printing and material and the 
porosity and etch Selectivity of the composition of the film 
material. A film with 5% thickness variation, for example, 
can not be etched to the final 5% of the initial film thickness 
without becoming a discontinuous film, at least in parts. 
Although the 5% initial variation in a 5 micron film, some 
250 nm variation, might vary smoothly and not be a problem 
as a feature of a patterned, constant dimension core of a 
buried channel waveguide (BCW), the same variation, either 
as a periodic structure or a terminal radius of an etched film 
can act as a Scattering center, introducing unwanted loSS or 
polarization to the guided light. 

0037. In the case of a ridge wave guide, the scattering 
loSS induced by the roughness of the Sides or top of the ridge 
is increased by the high index contrast of the ridge to air. In 
the case of buried channel wave guides, BCWs, the cladding 
reduces the contrast to the core found in the air cladded ridge 
wave guide. Reduced contrast reduces the Side wall Scatter 
ing loss for wide width BCWs. However, as the contrast of 
the BCW increases, the Scattering loSS due to roughness is 
increased rapidly in at least two ways: First, Scattering is 
increased in proportion to the contrast of the buried core 
with the cladding index; and Second, it is increased by the 
decrease in the size of the core that is required for Single 
mode propagation at any wavelength with higher contrast. 

0038. The second effect illustrates the more important 
consideration. The Scattering loSS is proportional to the 
Square of the ratio of the roughness dimension over the half 
width of the BCW core. This is known as the “relative 
fluctuation of the core thickness'. See FRANCOIS 
LADOUCCEUR, JOHN D. LOVE, SILICA-BASED BUR 
IED CHANNEL WAVEGUIDES AND DEVICES, p. 98 
(Chapman & Hall, 1996). 
0039 Consequently, as the wave guide width is 
decreased, the Scattering due to Side wall roughness 
increaseS rapidly. AS an example, a low refractive index 
contrast step BCW with a half width of 4.44 microns and a 
0.2% contrast must have a relative fluctuation of the core 
thickness of less than 1% to achieve a loSS not greater than 
0.01 dB/cm for light of 1.3 microns. Id. 
0040. The scattering of c-band light near 1550 nm would 
be similar to that for 1.3 micron light. FIG. 1 shows a table 
of the roughness induced loSS associated with a range of 
roughness for the contrast and core size typical of a Single 
mode BCW. As the refractive index contrast goes up, the 
pump light becomes more concentrated in the core of the 
amplifier. As illustrated in FIG. 1, the mode field diameter 
decreases as the core half width decreases, demonstrating 
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the dramatic concentration of the propagating light with 
increasing contrast and decreasing core size. 
0041. For the same range of BCD index contrast, mode 
field diameter and core half width, the relative fluctuation of 
the core thickness and the loSS in dB/cm are correlated for 
a range of roughness dimension from 0.001 to 0.256 microns 
(1 to 256 nm) in steps of 2X. FIG. 1 illustrates that the loss 
increases with Surface roughness. 
0042. The core half widths (half the size of the core 
width) chosen in FIG. 1 are the largest values for which light 
at 980 nm, having the indicated mode field diameter, will be 
Single mode at the tabulated indeX contrast. The loSS that is 
correlated with the respective roughneSS is an estimate for 
the loss in the range between 1.3 nm and 1.5 nm. This loss 
is representative of the scattering loss of a c band Signal (i.e., 
a signal in the range 1528 to 1562 nm) co-propagating in the 
Same wave guide with 980 nm pump light. 
0043. The gain of a doped BCW amplifier is proportional 
to the number of dopant ions, for instance erbium ions, in the 
excited State. The fraction of excited active ions is propor 
tional to the intensity of the light. Consequently, it is of great 
utility to provide an adiabatic mode size transition from a 
Small contrast, large mode wave guide, Suitable for low loSS 
coupling to fiber, to a high contrast, Small mode wave guide. 
The mode field diameter in the range of between about 0.2% 
to 0.4% is similar to that of an SMF-28 fiber. Consequently 
a wave guide with this mode size will couple efficiently to 
light propagating from the fiber. 
0044 As shown in the table of FIG. 1, such a wave guide 
can have a side wall roughness between about 0.032 and 
about 0.064 microns for a loss of about 0.01 dB/cm. This is 
attainable for Silica based materials by dry etching pro 
cesses. However, this represents the lower limit of as etched 
Sidewall roughness that can be achieved by lithography and 
dry etch for an eight to nine micron high etched Sidewall. 
0.045. If the light in such a large passive wave guide were 
coupled efficiently by a mode size conversion device into a 
high contrast wave guide, the intensity of the pump light 
could be increased very substantially. AS shown in table 1, 
in the case of the 6% contrast wave guide, the mode field 
diameter is 2.4 microns. The increase in optical intensity of 
the pump light is proportional to the Square of the ratio of the 
respective mode field diameters which is approximately 
-(10/2.4)-17. 
0.046 FIG. 1 clearly shows that the roughness required 
for a 6% contrast, 1 micron width wave guide is about 2 nm 
for the scattering loss to be less than about 0.01 dB/cm. 
Although the tabulated data shown in FIG. 1 is an approxi 
mation, it is clear for higher indeX wave guides, tenths of 
nanometer or AngStrom roughness is required for low loSS 
wave guide Structures. In the case of refractory oxide based 
wave guides Such as pure Silica or alumina or alloys of these 
and others, the roughness of 1 micron high etched Sidewall 
is difficult to reduce below about 0.032 microns. FIG. 1 
shows that the loSS due to Such a roughness is more than 3 
dB/cm which is equivalent to the gain per centimeter of the 
very best erbium doped wave guide amplifiers, EDWAS. 
0047. It is also clear that the roughness that governs the 
loss in a BCW is due to the mode limiting dimension of the 
core. That is, if the width is tapered to a Smaller value, it is 
the roughness associated with the Side wall roughness asso 
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ciated with the relative variation in the width that determines 
the scattering loss. Likewise, if the thickness of the BCW is 
varied So as to limit the mode field of the guided light, it is 
the relative variation of the roughness associated with the 
thickness that is most important in governing the loSS of the 
resulting BCW. 
0048 Many processes have been developed to provide 
tapered planar wave guide Structures for the purpose of Spot 
Size or mode size conversion. Some of these utilize an etch 
Step in at least one dimension of the core or cladding or both. 
In the case of polymer or other low temperature glassy 
material which can be re-flowed or smoothed by partial 
melting, Subject to Surface tension, post etch improvement in 
the Surface quality can be achieved. Dry etching of low 
contrast wide core BCW's can achieve this result. However, 
it is not possible for higher contrast, Smaller dimension 
BCWs to be produced by these methods because the rough 
neSS induced increases rapidly as the contrast increases and 
the core Size decreases. This is particularly true in refractory 
materials that can not be raised to the melting point. 
0049. Although the in-plane dimension or width of a core 
wave guide Structure is easily modified by lithographic 
means, either by directly patterning a deposited film and 
etching or by filling an etched trench, the required degree of 
change in width over the necessary distance, it is very 
difficult to achieve a sufficiently smooth etched ridge side 
wall to avoid high Scattering losses for a narrow, high 
contrast core. U.S. Pat. No. 5,563,979 to Bruce, et. al. 
discusses tapering of the core of a light wave guiding 
Structure having a high indeX contrast of 11%. Bruce et al. 
Suggest that the taper needs to be gradual, at least a hundred 
times the croSS Sectional dimension of the core which is on 
the order of a micron thick. They also Suggest that the means 
of achieving Such a taper in both the width and the thickness 
of an aluminosilicate are known. 

0050. However, in high temperature material, such as 
pure Silica, or alumina or other refractory oxide material, it 
is difficult to achieve a side wall roughness less than 50-100 
nano meters using reactive or other dry plasma etch pro 
CCSSCS. 

0051 Taper of the thickness of a deposited film or core is 
more difficult. Although tapering can be achieved by etching 
using a gray Scale mask techniqueS or a shadow mask. See, 
e.g., M. Itob, et. al., “Large Reduction of Single Fiber 
Coupling Loss in 1.5% Delta Planar Lightwave Circuits 
using Spot-size Converters”, Electronic Letters 17" January 
2002 Vol. 38 No. 2. Uniform etching of a film of tenths of 
microns to Several microns over hundreds of microns of 
length is, however, Very difficult. In particular the roughness 
of the Surface of the core having the highest intensity of 
guided light is the most important. Re-melting can be used 
to Smooth low temperature materials but not for materials 
that can not be raised to their melting point, for example 
erbium doped aluminasilicates. 
0052. In the case of the BCW, the thickness dimension is 
often the Smallest or mode limiting dimension. In this case, 
the roughness of the lateral edges is of leSS importance Since 
the mode size is confined proportionally more by the thick 
neSS dimension. However, dry etching of a Surface is prone 
to roughness due to build up of non volatile components of 
the film as well as differential erosion due to density 
variation or differential etch selectivity of the component 
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elements of the film. Moreover, the use of an etch shadow 
mask is limited to a range of taper lengths due to the limited 
mean free path of the etching process. The mean free path in 
a gas is a measure of the average distance between collisions 
of the gas. It is also a measure of the line of Sight distance 
a Shaddow can be projected in a gas. It is also a measure of 
the distance over which a directionality can be preserved in 
a gaseous flux without the randomization effect of the 
background Scattering gas. Typical dry etch processes are 
performed at a proceSS pressure of Several Torr. At one Torr 
the mean free path or average distance traveled in the 
Vacuum by a gas atom at room temperature without a 
collision is about 0.1 mm or 100 microns. This distance 
complies with the (100xcore width) taper length require 
ment for the adiabatic taper of a 1 micron dimension. See 
LADOUCCEUR et al. Because some portion of a shaddow 
persists for Several mean free path lengths, this can be 
extended for reduction of thickneSS by masked etching to 
Several microns. However, for higher contrast wave guides 
or for transformation between wave guides of larger core 
differences, a taper length of Several millimeters to a cen 
timeter may be necessary. A 1 cm mean free path requires an 
etch pressure less than 10 mTorr. Reactive etch rates, how 
ever, are impractically slow or a reactor can not be induced 
to Sustain plasma at this proceSS pressure. 

0.053 FIG. 2 illustrates fabrication of a taper according 
to the present invention. Substrate 205 is positioned opposite 
a target 204 in a PVD deposition chamber 200. Power can 
be applied to target 204 from power supply 201 Such as is 
described in the 245 application and in the '050 application. 
In Some embodiments, bias power can be applied to Sub 
strate 205 from bias power supply 202. Sputtering gasses 
can be introduced to PVD chamber 200. PVD chamber 200 
can be an RF Sputtering chamber Such as that described in 
the 050 application or a biased pulsed-DC sputtering cham 
ber such as that described in the 245 application. 

0054) A shadow mask 209 is positioned over substrate 
205. In some embodiments, mask 209 may be fitted over a 
wafer substrate 205. In some embodiments, mask 209 may 
be positioned on Substrate 205 or be a structure previously 
formed on Substrate 205. Core film 206 is then deposited, but 
with shadow mask 209 in place a smooth taper 207 is 
formed. 

0055. In the deposition process illustrated in FIG. 2, the 
deposited film thickness decrease of taper 207 can be 
achieved in a gradual, adiabatic taper rate over a distance of 
millimeters to Several centimeters with high lateral taper 
uniformity. At the Same time the Surface roughness of the 
tapered film can be as good as about 0.2 nm or 2 Angstroms 
average roughness, providing an optical quality, low loSS 
surface Suitable for efficient mode transformation of high or 
low contrast Structures and devices with very low Scattering 
loSS. 

0056 FIG. 2 shows a side view of shadow mask 209 in 
PVD deposition chamber 200. Shadow mask 209 is posi 
tioned above substrate 205 and adjacent to a region of 
Substrate 205 which is to be coated with a core film 206. 
Tapered portion 207 of layer 206 will result by the line of 
sight shadow provided by mask 209. The vapor distribution 
from the Sputter source of target 204 is cosine like. That is, 
the intensity of the angular distribution of the atoms from 
target 204 goes to Zero as the angle of departure of the 
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Sputtered atom from the Surface of target 204 goes to Zero. 
Sputtered vapor impinges on mask 209 and the region below 
mask 209 is substantially free of film. The region away from 
mask 209 receives a flux of vapor from all directions, 
substantially independent of mask 209. Vapor arriving at a 
surface of mask 209 is collected on mask 209. An upper 
surface of mask 209 will project a shadow of collected 
material that will not arrive at the Surface of Substrate 205, 
forming a tapered region 207 in layer 206 far from mask 
209. If the out of plane edge of mask 209 is a straight edge, 
and the distribution of incoming vapor is uniform, the taper 
of layer 206 will have a gradient that is perpendicular to the 
mask edge. 
0057 FIG.3 shows the thickness profile for a deposition 
of about 1.8 microns thick, 0.8% Er/0.8% Yb doped (50/ 
50)% aluminosilicate by PVD deposition using a reactive 
pulsed DC PVD process as described in the 245 application. 
The mask was formed with a 100 mm Square open region in 
a full coverage quartz disk that Supported itself all around on 
table 203, overlaying a 150 mm silicon wafer substrate 205 
as shown in FIG. 2. The resulting upper portion of shaddow 
mask 209 was approximately 0.5 mm thick, the underside 
was supported about 0.5 mm from the top surface of 
substrate 205. The resulting film thickness taper 207 and 
Surface roughness as measured by atomic force microScopy 
(AFM) is shown in FIG.3 as a function of distance in mm. 
0058. The edge of the cutout of shaddow mask 204 was 
positioned approximately at the 25 mm position, above the 
position of film taper 207 at approximately half the full 
thickness of the film. Layer 206 was deposited at a pulsed 
DC Sputtering power of about 5 kWatts, at a rate of about 
500 nm/hour, with substrate radio frequency power bias of 
about 300 Watts at 2 MHz. The film has an index contrast of 
about 4% to thermal oxide, as has been described in the 245 
application. 
0059) The first and last 10% of the film taper of taper 
region 207 occurs over about 20 mm each. The remaining 
80% of the taper in taper region 207 occurs over about 10 
mm or 10,000 microns. Consequently, over the steep portion 
of the film taper, the rate of taper in this example is about 
1.400 microns/10,000 microns or 0.14 parts per thousand. 
Other embodiments will result in other geometries of taper 
region 207. The surface roughness of the Er/Yb doped 
aluminosilicate film 206 of this example at the full thickness 
region was about 0.2 nm. A Similar Surface roughneSS was 
found at the half height region of the film taper 207 for this 
example. FIG. 3 shows the maximum as-deposited rough 
neSS to be less than about 3 nm, which occurred in a region 
under shadow mask 209. This roughness was interpreted as 
being due to weakly adherent film material which was 
Subsequently removed from the surface of layer 206 by a 
cleaning processes to provide a Surface roughness not 
greater than about 1 mm in this example. 
0060) If the mask is supported at a distance from the 
Surface to be coated, Some portion of the vapor will be 
deposited under the mask, forming a continuous portion of 
the film taper. FIG. 4 shows another embodiment of shadow 
mask 209 that was formed of quartz parts having a top piece 
304 with a thickness T supported by a washer or spacer 302 
with a thickness Won a base frame which was thicker by an 
amount D (e.g., about 0.3 nm) than substrate 205. The 
bottom of shadow mask 209, then, is supported a distance 
G=WD. 
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0061 The taper 207 can be a positive or negative taper in 
the thickness of layer 206. The tapered film can be deposited 
over a planar film of the same composition without an 
interface between the two layers. In this way the taper can 
reduce the thickness of the combined film to a precisely 
determined continuing thickness, that of the initial film. This 
taper configuration can be referred to as the YC taper. A 
region of no deposition can be disposed under a shadow 
mask So that a positive taper is obtained on either Side of 
mask 209. Likewise, mask 209 can be utilized to form a 
well-like region in a layer of otherwise precise thickness. 

0062) Mask 209 and substrate 205 to be coated are 
introduced to a Sputter target 204 having a Substantially 
uniform area of target erosion as described in the '050 
application and in the 245 application. Such a Sputter target 
has an area of erosion that is larger than the Substrate to be 
coated. The Sputter Source can be a planar magnetron but it 
should advantageously demonstrate an area of erosion adja 
cent to the article to be coated which is diode like in Sputter 
erosion uniformity. It is preferred that Such a Sputter target 
Sputter more than 20% of its weight as Sputtered material 
before the non-uniformity of the film is more than about 
10% of the film thickness and preferably as much as 50% of 
the target weight. Such a Sputter Source provides a uniform 
distribution of sputtered vapor at Substrate 205. The Sputter 
proceSS should have a mean free path at least as long as the 
length of tapered region 207 to be coated or longer. A Sputter 
preSSure of 1 milliTorr is estimated to have a mean free path 
of about 10 cm. Consequently, a Sputter pressure of 2 to 5 
milliTorr will enable the mask to intercept vapor with a line 
of Sight trajectory as far as Several centimeters from the 
mask. In this case a layer 206 is deposited on the wafer 
having a film thickness which is Smoothly increasing from 
Zero thickness in the region under mask 209 to the region 
away from mask 209 which has a thickness similar to the 
thickness of layer 206 deposited with shaddow mask 209. 
The region of film having an increasing thickness, region 
207, is said to be in the line of sight shaddow of the physical 
Vapor. The formation of tapered thickness optical films by 
means of Such a process lead directly to low loSS, efficient 
mode size converting wave guides and amplifiers. See Tao 
Pan et al., “Gain Flattened, High Index Contrast Planar 
Er"-doped Waveguide Amplifier with an Integrated Mode 
Size Converter,” Submitted to Optical Fiber Conference, 
March 19-21, Anneheim, Calif., 2002. 

0.063 FIG. 4 shows the height G which is the spacing of 
the under side of mask 209 to the top of substrate 206. If this 
distance is more than about 1 mm, the Substrate bias plasma, 
which is responsible for the densification and Smoothing of 
the film, will be maintained under at least a portion of 
shaddow mask 209. This has the advantage of smoothing 
and providing optical transparency to the thin portion of the 
tapered film. 

0064 FIG. 5 shows the taper profile for a series of 
depositions of varying gap and total height values for 
Shadow deposition according to the present invention. 

0065 FIGS. 6A and 6B illustrate an embodiment of a 
tapered waveguide Structure according to the present inven 
tion. FIG. 6A shows a waveguide structure 601 having core 
layer 206 deposited over a substrate 205. Shadow mask 209 
is positioned during deposition to form tapered region 207. 
In some embodiments another layer 607 is formed under 
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core layer 206. Layer 607 can, for example, be an under 
cladding layer or another core (either active or passive) 
layer. In some embodiments, for example, Substrate 205 can 
be a silicon wafer which is thermally oxidized to form an 
undercladding layer 607. As shown in FIG. 6B, waveguide 
608 is formed from deposited layer 206 by patterning layer 
206. Deposited layer 206 can be patterned by well known 
Standard techniques. 
0.066 FIG. 6B shows a cross section of a device 610 with 
core 608 formed from core layer 206. An upper cladding 
layer 609 is then formed over layer 607 and core 608. 
Waveguide 608 can be formed from a passive layer, an 
active layer, or a combination of active and passive layers. 
A passive core layer can, for example, be a layer of alumi 
nasilicate material with no optically active dopants. An 
active layer can, for example, be a layer of rare-earth doped 
aluminasilicate material. For example, erbium doped alumi 
nasilicate can be deposited as layer 206 and patterned to 
form an amplifying waveguide 608. Depositions of passive 
layers, active layers and cladding layers of varying material 
properties has been described the 245 application, the 247 
application, and the 652 application. 
0067. In FIG. 6B, for example, core 608 may be formed 
from an active core material in layer 206. Device 610, then, 
can be an optical amplifier with mode-size converter cou 
pling of light into and out of core 608. Taper 207 in layer 206 
forms the mode-size converter. 

0068 FIGS. 7A, 7B and 7C illustrate another embodi 
ment of tapered waveguide Structures according to the 
present invention. In FIG. 7A, structure 701 includes 
tapered regions 207 formed on both sides of core layer 206 
by shadow masks 209. Therefore, when core layer 206 is 
patterned into waveguide 608 as shown in FIG. 7B, the 
resulting waveguide have tapered regions 207 on both Sides. 
As shown in the cross-sectional view of device 710 formed 
from structure 701 in FIG. 7B. Core layer 206 is patterned 
to form waveguide 608 and upper cladding layer 609 is 
deposited over core layer 206 and undercladding layer 607. 
0069 Device 710 can couple light into and out of both 
sides of waveguide 608. In some embodiments, core layer 
206 may be active core material and device 710 can function 
as an amplifier device. 
0070 FIG. 7C shows another waveguide device 720. In 
device 720, core layer 206 is patterned. A core layer 604 is 
then deposited and patterned to form core 608. Upper 
cladding layer 609 is then deposited over core 608. In some 
embodiments, core layer 206 may be an active core layer 
and core layer 604 can be a passive core layer. Device 720, 
then, can function as an amplifier. 
0071 FIG. 7D illustrates device 720 and a calculation of 
coupling efficiency in device 720. The passive layer to active 
layer coupling (i.e., layer 604 into layer 206) is projected to 
be about 0.06 dB and the passive core to passive core loss 
is expected to be about 0.12 dB of modal loss. The index 
contrast between the active core and the cladding was 7%. 
Passive core 604 has a contrast of 0.5% with cladding layers. 
The taper length is about 1 mm. 
0072 FIGS. 8A, 8B and 8C show another embodiment 
of a waveguide device with taperS according to the present 
invention. In structure 801 shown in FIG. 8A, another core 
layer 604 is deposited over undercladding layer 604 and core 
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layer 206 is deposited according to the present invention 
over core layer 604. Core layer 604 can, for example, be an 
active or passive core layer. 

0073 FIG. 8B shows a cross-sectional view of 
waveguide device 810. In FIG. 8B, core layer 206 is 
patterned and then core layer 604 is patterned to form core 
608. Uppercladding layer 609 is then deposited over under 
cladding layer 607 and core 608. In some embodiments, core 
layer 604 may be a passive core material and core layer 206 
may be an active core material, for example erbium doped 
aluminasilicate, to form an amplifier Structure. 

0074 FIG. 8C shows a cross-sectional view of 
waveguide device 820. In waveguide device 820, core layer 
206 is patterned and then core layer 604 is patterned. A 
second core layer 605 is deposited over core layer 206 and 
patterned to form core 608. Uppercladding layer 609 is then 
deposited over core 608. In some embodiments, core layers 
604 and 605 are passive core layers and core layer 206 is an 
active core layer. Device 820, then, can function as an 
amplifier. 

0075 Coupling of light between a core of a core layer 
604 and a core of core layer 206 is determined by the index 
difference between core layer 604 and core layer 206. Light 
will preferentially transition to the region of higher index. 
Therefore, in an active core region 206 of higher index over 
a passive core region 604 of lower index, light will transition 
from passive core region 604 to active core region 206. If the 
vertical taper 207 of core layer 206 is long enough (for 
example greater than about 200 um) and Smooth enough, 
then the transition will be substantially adiabatic. 

0076 FIGS. 9A and 9B show another embodiment of a 
waveguide Structure with a taper according to the present 
invention. Instructure 901 shown in FIG. 9A, shadow mask 
209 is positioned such that tapered regions 207 are formed 
in the center of layer 206. Layer 206 can, in some embodi 
ments, be deposited over another core layer 604. Under 
cladding layer 607 may be deposited between cladding layer 
206 and Substrate 205. Structure 901 can function as a 
waveguide converter to couple light into and out of two 
fibers formed in layer 206. In some embodiments, a light 
Source may be placed in the region between tapers 207 and 
light may be coupled into both sides of layer 206. 

0077 FIG. 9B shows a cross-sectional view of a 
waveguide device 910 formed from structure 901. Layer 206 
may be patterned and then layer 604 may be patterned to 
form a core 608. In some embodiments, layer 604 may be 
absent and core 608 then includes only layer 206. Further, in 
Some embodiments core 608 may include another core layer 
deposited over layer 206 and patterned to form core 608. 
Uppercladding layer 609 is deposited over core 608. Device 
910, as was discussed above, may be utilized to couple light 
from photodiodes or light to photodetectors that can be 
mounted in Substrate 205. 

0078 FIG. 10 shows device 610 shown in FIG. 6B 
utilized to optically couple a laser 1003 with a fiber 1002. 
Tapered region 207 provides mode-size conversion for cou 
pling light out of device 610 into fiber 1002 efficiently. Such 
a reverse taper mode Size expander can be referred to as a 
“TP taper”. As shown in FIG. 10, in some embodiments, 
device 610 is polished such that layer 206 does not taper to 
Zero. In Some embodiments, layer 206 can have a high indeX 
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of refraction so that the mode size of core 608 matches the 
mode size at the facet of laser 1003 and a high index contrast 
with cladding layers 607 and 609 Such that the numerical 
aperature (NA) of laser 1003 and device 610 can be closely 
matched, causing light from laser 1003 to be efficiently 
coupled into device 610. 
007.9 FIG. 11 shows device 710 as shown in FIG. 7B 
coupled to optical fibers 1102 and 1002. Tapered regions 207 
in both sides of device 710 providing mode-size conversion 
which can be utilized to efficiently couple light between fiber 
1002 and device 710 and between fiber 1102 and device 710. 
In some embodiments, device 710 can function as an ampli 
fier. 

0080 FIG. 12 shows device 810 as shown in FIG. 8B 
coupled to optical fibers 1102 and 1002. Again, tapered 
regions 207 provide mode-size conversion which can effi 
ciently couple light between fibers 1002 and 1102 and 
device 810. Further, device 810 may be an amplifier device. 
In some embodiments, layer 607 can be a low index passive 
COC. 

0081 FIG. 13 shows device 810 as shown in FIG. 8B 
having a single tapered region 207 coupled between laser 
1003 and fiber 1002. Laser 1003 can be efficiently coupled 
into device 810 when core 608 formed of layers 206 and 604 
is constructed Such that the mode size of core 608 matches 
the mode size at the facet of laser 1003 and the numerical 
aperature (NA) of laser 1003 and device 610 can be closely 
matched. 

0082 FIGS. 14A and 14B illustrate an embodiment of a 
waveguide device having multiple tapered core layers. AS 
shown in FIG. 14A, under cladding layer 607 is formed on 
substrate 205. Optionally, a core layer 604 can be deposited 
over under cladding layer 604. Tapered core layer 1402 is 
then deposited over core layer 604. Tapered core layer 206 
is then deposited over tapered core layer 1402. In general, 
any number of tapered core layers can be deposited. In Some 
embodiments, another core layer may be deposited over core 
layer 206. Core layers 604, 1402 and 206 are then patterned 
to form core 608. Upper cladding layer 609 is then deposited 
over core layer 206 to form device 1401. FIG. 14B shows 
a cross section of device 1401. AS is shown in FIG. 1401, 
core 608 includes cores 604, 1402, and 206. 
0.083 FIG. 15 shows the coupling efficiency of an 
embodiment of device 610 shown in FIG. 6B. Each curve in 
FIG. 15 illustrates the projected coupling efficiency for a 
waveguide having a taper length of more than about 200 um. 
Further, the calculation was done at a wavelength of 1550 
nm. The mode in device 610 depends on the wavelength of 
light and the index of the material of core 608. 
0084. The rightmost data points in each curve assume a 
Square, untapered, waveguide. The thickness of the thinnest 
portion of tapered region 207 is then reduced and the 
coupling efficiency is calculated. Each individual curve in 
FIG. 15 represents a calculation performed for a different 
value of index contrast between cladding layer 607 and core 
layer 206, for example An/n varying between about 1% and 
about 7%. FIG. 15 shows that the coupling efficiency can be 
optimized for each indeX contrast with particular taper 
end-point thickness. 

0085 FIG. 16 shows a similar calculation for a 
waveguide structure such as device 610 which is also 
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tapered in the plane of substrate 205 as well as out-of-plane 
taper region 207. In the calculation, core 608 is square. 
Again, the dimensions of core 608 can be optimized for 
efficient coupling of light with device 610 for particular 
dimensions for each curve. The calculation is also under 
taken at 1550 nm, as was done in the calculations shown in 
FIG. 15. 

0.086 FIG. 17 shows the same calculation as was illus 
trated with FIG. 15 except for 980 nm light instead of for 
1550 nm light. Again, the coupling efficiency for 980 nm. 
light can be optimized with tapered thickness. However, the 
optimized taper for 980 nm light is not the same as the 
optimization projected for 1550 nm light. 

0087 FIG. 18 shows the same calculation as was illus 
trated with FIG. 16 except for 980 nm light instead of 1550 
nm light. Again, the coupling efficiency for 980 nm light can 
be optimized with taper, but the optimization for 980 nm 
light is not the same as the optimization projected for 1550 
nm light. 
0088. In one example, a YC taper was formed by reduc 
ing the thickness of a core layer 206 as is shown in FIG. 8A. 
Layer 604 is a thin layer of active core material with 
composition 1.5 cat. 76 erbium target deposited, for 
example, as described in the 245 application. Mask 209 was 
positioned on the order of 0.5 mm above substrate 205, 
resulting in a taper length of about 500 lum. Layer 206 
having the same composition is deposited over layer 604. AS 
shown in FIG. 8B, core 608 is then formed from layers 604 
and 206. The indices of active core 608 cladding layers 607 
and 609 are 1.511 and 1.4565, respectively. The film thick 
ness in mode expander region (i.e., the region where layer 
206 has completely disappeared) is about 0.3 um and the 
total thickness in the middle of waveguide is about 1 lum. 
The width of core 608 is about 2.5 um. The total insertion 
loss at 1310 nm was measured to be only about 1.2 dB for 
12 cm long waveguide, compared to 8 dB of insertion loSS 
for about a 10 cm long waveguide without Such a mode 
expander. 

0089. In another example of a mode size converter, as 
shown in FIGS. 8A and 8B, where layer 604 is a passive 
core layer and layer 206 is an active core layer with 
composition 1.0 cat. 76 of erbium deposited, for example, as 
described in the '050 application. Mask 209 was configured 
as discussed above in the previous example. The index of 
refraction of passive core 604 relative to cladding layers 607 
and 609 is about 0.9%. The active core index is about 1.508. 
The insertion loss at 1310 for 12 cm long waveguide is about 
2 dB compared to 5 dB insertion loss for 7 cm long 
waveguide without the mode size converter. This double 
core device coupler is a wide-band coupler for 980 nm as 
well as 1.5 um light. 
0090. In an example of coupling a laser to a high-index 
waveguide as is shown in FIGS. 10 and 13. Core 608 is a 
high indeX core with high indeX contrast with cladding 
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layers 607 and 609. The high index passive core index and 
cladding are 1.55 and 1.4565, respectively, resulting in about 
a 6.4% contrast. The passive core 604 has thickness of 0.5 
micron and width of about 5 micron with 28 mm in length. 
The laser diode was an ADC S/N 2412. The vertical and 
horizontal angular width (about 13% of the peak power) of 
this laser diode is 65 degree and 11.6 degree, respectively. 
The coupling efficiency from this laser diode to waveguide 
is more than 65%. Therefore, the present invention also 
relates to the integration of adiabatic mode size conversion 
in continuous waveguide Structures having large change in 
indeX contrast. Utilizing the present invention, this coupling 
efficiency can be advantageously increased to between 80 
and 90% between Single laser die and Single waveguides as 
well as arrays of laser dies and arrays of wavelengths. 
0091. In general, any combination of active and passive 
core layers with cladding layers of any relative dimensions 
can be deposited. Any number of tapered core layers can be 
utilized, having any index variation achievable. For 
example, Symmetrical cladding (i.e., undercladding layer 
and uppercladding layers) can be utilized. Additionally, 
asSymetric cladding layers can also be utilized. 
0092. The examples and embodiments discussed above 
are exemplary only and are not intended to be limiting. One 
skilled in the art can vary the processes Specifically 
described here in various ways. Further, the theories and 
discussions of mechanisms presented above are for discus 
Sion only. The invention disclosed herein is not intended to 
be bound by any particular theory set forth by the inventors 
to explain the results obtained. AS Such, the invention is 
limited only by the following claims. 

We claim: 
1. A method of forming a tapered waveguide, comprising: 

depositing a core layer over a Substrate with a shadow 
mask, and 

patterning the core layer to form a tapered waveguide. 
2. The method of claim 1, wherein depositing the core 

layer includes depositing an active core layer. 
3. The method of claim 1, wherein depositing the core 

layer includes depositing a passive core layer. 
4. The method of claim 1, further including depositing an 

uncercladding layer between the Substrate and the core layer. 
5. The method of claim 1, further including depositing 

another core layer between the core layer and the Substrate. 
6. The method of claim 1, wherein the shadow mask is 

positioned to adjust the taper of the tapered waveguide. 
7. The method of claim 1, wherein depositing a core layer 

includes depositing a core layer with physical vapor depo 
Sition. 

8. The method of claim 1, wherein depositing a core layer 
includes depositing a core layer by Sputtering. 
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