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[57] ABSTRACT

Disclosed is apparatus comprising an optically pumped
optical gain device that comprises a rare earth (RE)-
doped planar waveguide with non-uniform dopant dis-
tribution in the core of the waveguide. The RE ions are
advantageously distributed such that the ions are con-
centrated in a core region in which the mode intensity
of both signal radiation and pump radiation is relatively
high. In preferred embodiments of a single mode planar
waveguide according to the invention the RE ions are
substantially concentrated in the central core region. A
method of making the disclosed apparatus is also dis-
closed. The method involves implantation of RE ions
into the core region.

12 Claims, 2 Drawing Sheets
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APPARATUS COMPRISING AN OPTICAL GAIN
DEVICE, AND METHOD OF PRODUCING THE
DEVICE

FIELD OF THE INVENTION

This invention pertains to the field of optical gain
devices, e.g., optical amplifiers, comprising rare earth-
doped waveguide means.

BACKGROUND OF THE INVENTION

It ‘has been known for some time that rare earth
doped glasses in fiber form could be used as a lasing
medium. However, it has only been recently that the
possibility of using such fibers as the amplification ne-
dium in an optical fiber communication system has
begun to be explored seriously. Most interest is cur-
rently directed towards fiber that comprises erbium
ions. Among possible pump wavelengths (A,) are those
in the 0.8 to 1.0 um range (e.g., 0.98 um) and those
relatively close to (but below) the anticipated signal
radiation wavelength A;of about 1.5 um (e.g., 1.48 um).
See, for instance, P. Urquhart, LE.E. Proceedings, Vol.
135(part J, No. 6), pp. 385-407, Dec. 1988,

The principles of amplification of an optical signal in
an Er-doped fiber amplifier are known to those skilled
in the art. See, for instance, J. R. Armitage, Applied
Optics, Vol. 27(23), pp. 4831-4836, Dec. 1988. Efforts
have been undertaken to optimize the characteristics of
Er-doped fiber amplifiers. See, for instance, U.S. Pat.
No. 4,923,279, which discloses a single mode optical
fiber having a core whose inner region contains the
dopant and an outer region which is substantially dop-
ant free. The matching of the dopant distribution and
the signal mode field can reduce the pump threshold for
a laser and improve the gain performance for a given
pump power.

.Although optical fiber amplifiers as described above
can advantageously be used in a variety of communica-
tion systems, there are many potential applications for
an optical amplifier to which fiber amplifiers are not
readily or conveniently adapted. For instance, it would
be desirable to be able to integrate an optical amplifier
with electronic devices or circuits, since such integra-
tion can be expected to result in decreased cost, in-
creased ruggedness, and possibly greater speed. Such
integration would be facilitated by the availability of a
planar optical amplifier. Furthermore, the availability
of planar optical amplifiers would significantly advance
progress towards fully integrated optics and, on a some-
what less advanced level, have immediate applications
in such diverse fields as optical signal detection, optical
backplanes of switching equipment, local area optical
fiber networks, and optical fiber cable TV systems.
Finally, planar optical amplifiers can be expected to be
desirable replacements for optical fiber amplifiers, due
to their more compact nature and increased ruggedness,
and are likely to find application in undersea lightwave
communication systems.

Planar optical waveguides are known. Among the
known types of planar waveguides are silica-based glass
waveguides disposed on a silicon substrate, as disclosed,
for instance, in U.S. Pat. No. 4,902,086, incorporated
herein by reference. For a broader discussion of planar
optical waveguides, see, for instance, “Integrated Op-
tics, Physics and Applications”, edited by S. Martel-
lucci et al,, Plenum Press, especially the chapter by G.
Chartier, pp. 49-72. On page 53 of that monograph can
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be found a compilation of materials in which optical
waveguides have been formed, together with a listing of
fabrication techniques used. On pages 63 to 65 of the
monograph can be found a discussion of waveguide
formation by means of ion implantation. As described
there, the technique involves exposing a substrate to a
collimated ion beam, resulting in modification of the
properties of an appropriately shaped region of the
substrate that manifests itself as a change in refractive
index of the region.

P. J. Chandler et al., Electronics Letters, Vol. 26(5),
pp. 332-334 (March 1990) report on the fabrication of
optical waveguides by implantation of inert ions (He+)
into single crystal LiNbO3; bodies. The LiNbO3 was
uniformly doped with MgQ, or Nd and Cr.

P. J. Chandler, et al., Electronics Letters, Vol. 25(15),
pp. 985-986 (July 1989) report formation of a planar
waveguide laser by implantation of He* ions into a
standard laser crystal (Nd:YAG).

M. Yamaga et al., Japanese Journal of Applied Physics,
Vol. 25(2), pp. 194-199 (February 1986) prepared Nd-
doped garnet films on single crystal YAG substrates by
sputter deposition.

Y. Hibino, LE.E.E. Photonics Technology Letters, Vol.
1(11), pp. 349-350 (November 1989) disclose formation
of a Nd-doped silica optical waveguide laser on a Si
substrate by a technique that involves depositing glass
soot onto the substrate, soaking the soot layer in Nd-
containing alcohol, sintering of the soot layer, pattern-
ing of the sintered layer to form a 20 um wide core
ridge, and overcladding the thus formed core strip with
a glass cladding that was also formed from soot. Fluo-
rescence and lasing were observed. ’

R. Brinkman et al., Proceedings of the Integrated Pho-
tonics Research Conference, Hiltonhead, S.C., Mar.
26-28, 1990, pp. PD-1 to PD-2, report manufacture of
annealed Er-implanted single mode waveguides in sin-
gle crystal LiNbO3;. The manufacturing process com-
prised implanting 10!6 cm—2 Er ions at 200 keV into the
LiNbOj surface. The resulting very shallow Er distribu-
tion (50 nm width, peak at 70 nm depth) was then spread
out by means of an annealing treatment. The anneal also
resulted in epitaxial re-growth of the amorphized sur-
face layer of the LiNbOj substrate. After a 45 hour
anneal the maximum of the Er distribution (6x 109
cm—3) occurred at the substrate surface, with a 1/e
penetration depth of 1.8 um. In thus prepared Er-doped
LiNbOjsamples waveguides were formed by Ti indiffu-
sion, as well as by proton exchange. The resulting
waveguides apparently were about 95 nm deep. Thus,
the Er distribution was essentially constant throughout
the waveguide. Fluorescence was observed in the thus
produced waveguides.

In view of the potentially high commerical signifi-
cance of planar optical gain devices (e.g., amplifiers and
lasers), improved such devices would clearly be of in-
terest. In particular, devices having improved matching
of the dopant atom distribution to the mode field of the
signal radiation in the planar waveguide of the device
would be very desirable, since such improved matching
can, inter alia, result in improved gain performance of
the device. This application discloses a waveguide with
such improved matching, and a technique for making
the waveguide.
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SUMMARY OF THE INVENTION

In a broad aspect the invention is an article that com-
prises an improved optical gain device, and a method of
making the article. More particularly, the gain device
comprises planar waveguide means disposed on a sub-
strate. The waveguide means comprise a core and a
cladding and are adapted for guiding signal radiation of
wavelength A;. The article further comprises means for
coupling pump radiation of wavelength A, <Asinto the
planar waveguide means. Exemplarily, 1:SA;=3 pum,
and 0.4=5A, <3 pum. The planar waveguide means com-
prise silica-based glass that contains at least one species
of rare earth (RE) ions capable of luminescence in re-
sponse to the pump radiation. Significantly, the RE ions
are non-uniformly distributed in the planar waveguide
means. In particular, the RE ions are distributed such
that, in a given core cross section, the maximum con-
centration of RE ions in a first region of the cross sec-
tion is at least twice as high as the maximum concentra-
tion of the RE ions in a second region (typically the
remainder) of the cross section. In preferred embodi-
ments the RE ions are distributed such that the ions are
concentrated in the core region where the mode inten-
sity of both signal radiation and pump radiation is high-
est. Typically this will be the center region of core.

In preferred embodiments at least a part of the second
region is disposed between the first region and the
“top” surface of the core, i.e., the part of the core sur-
face that is not adjacent to the substrate. In particularly
preferred embodiments the second region substantially
surrounds the first region.

In a particular embodiment the substrate is a single
crystal Si body, e.g., a wafer, with at least a part of a
major surface of the body covered by a SiO; layer. The
core of the planar waveguide means consists of silica-
based glass (e.g., phosphosilicate). The core material is
disposed on the SiO; layer, and is substantially covered
by a silica-based glass that serves, together with the
SiO; layer, as cladding. The refractive index of all of the
cladding material is lower than that of the core material.
In this particular case the RE ions are Er ions.

Gain devices according to the invention typically are
amplifiers but could be lasers, and typically are disposed
on a substrate in or on which there is at least one other
optical or electro-optical device that is in optical com-
municationrelationship with the gain device. The other
device exemplarily is a pump laser or a photodetector.
Optionally there is also one or more electronic device
(e.g., a transistor) or IC in or on the substrate.

The method of making an article according to the
invention exemplarily comprises providing the sub-
strate (typically a Si wafer with a SiO; layer thereon)
with a layer of silica-based core material thereon, expos-
ing at least a portion of said layer to RE ions such that
at least a major portion of said ions is caused to be im-
planted into the core material, patterning, either before
or after the implantation, the layer of core material such
that the core of the planar waveguide means results, and
depositing a layer of cladding material. The method is
practiced such that in the finished article the RE distri-
bution in the core is non-uniform, as described above.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1 and 2 schematically show cross sectional
views of exemplary RE-containing planar waveguide
means according to the invention;
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FIG. 3 depicts schematically an exemplary optical
amplifier according to the invention;

FIG. 4 shows schematically a photodetector with an
amplifier according to the invention; and

FIGS. 5, 5A and 5B schematically depicts a passive
planar waveguide coupled to planar waveguide means
according to the invention by means of an adiabatic
transition section.

DETAILED DESCRIPTION OF SOME
PREFERRED EMBODIMENTS

FIG. 1 schematically depicts the cross section of
waveguide means of a gain device according to the
invention. Numeral 10 refers to a substrate body, prefer-
ably a Si body, and numeral 11 refers to first cladding
material, preferably SiO; formed by oxidation of the Si
body. Core 12 is disposed on 11, with second cladding
material 13 surrounding the core. The core comprises a
first region 122 having a relatively high RE (exemplar-
ily Er) concentration, and a second region 121 having a
relatively low RE concentration. The maximum RE
concentration in 122 is at least twice (preferably at least
5 times or even 10 times) the maximum concentration in
121. The second cladding can be SiO; but could be any
other appropriate transparent (at A;) medium, provided
the refractive index of the core glass is sufficiently
higher than that of the second cladding material (and, of
course, also than that of the first cladding material) such
that radiation of wavelength A¢(and also of wavelength
Ap) is guided in the structure.

FIG. 2 schematically depicts the cross section of
another waveguide means according to the invention
that differs from that of FIG. 1 in that, inter alia, the
first core region 22 is surrounded by the second core
region 21. This results in particularly efficient coupling
between the dopant atoms and the mode field of the
signal radiation if the waveguide is a single mode guide
at A,

RE-implanted waveguides of the type shown in FIG.
1 exemplarily can be made by first forming a relatively
thick cladding layer on a substrate surface, depositing
on the cladding layer a silica-based core glass layer of
appropriate thickness (e.g., about 2 um), optionally
depositing a relatively thin (e.g., 0.1 um) conducting
layer atop of the core glass layer in order to avoid
charge build-up during ion implantation, and exposing
the described multilayer structure to a beam of ener-
getic (exemplarily 1-5 MeV) RE ions. Advantageously
the ion energy is selected such that the maximum of the
resulting RE distribution in the core glass layer is sub-
stantially centered in the layer. The ion dose generally
is selected such that the desired gain can be achieved in
a predetermined length of waveguide. Exemplarily the
dose is in the range 1016-10!7 ions/cm2. The substrate
temperature during implantation advantageously is be-
tween room temperature (about 22° C.) and about 500°
C., preferably between 150° C. and 300° C. '

After completion of the implantation the optional
conductive layer is removed and the waveguide is de-
fined by removing unwanted core material by a known
technique, exemplarily including lithography and etch-
ing. Subsequently the upper cladding layer (exemplarily
SiOy) is formed by a known technique, e.g., by low
pressure chemical vapor deposition (LPCVD).

Waveguides of the type shown in FIG. 2 can exem-
plarily be produced by a process similar to the above
described one, except that the core material is implanted
through a mask that limits the laterial extent of the
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implanted region. The implantation can be carried out
prior or subsequent to patterning of the core layer, as
those skilled in the art will recognize. It can also be
made by a téchnique similar to that described in Exam-
ple 2 below.

FIG. 3 schematically depicts an optical amplifier 30
according to the invention. The exemplary amplifier
comprises four pump lasers (311-314), of which two
(e.g., 312 and 314) are “spares”. Lasers 311 and 313
inject co-propagating and counter-propagating radia-
tion, respectively. Of course, all pump lasers in excess of
one are optional. Signal radiation propagates through
passive waveguide section 321 to amplifier waveguide
34, is amplified therein through stimulated emission,
with the amplified signal radiation propagating through
passive waveguide section 322. Pump radiation from
311 is guided by passive waveguide 324 to polarization
splitter 33, and from there by passive guide 325 to direc-
tional coupler 38. These components can be conven-
tional, and can be either discrete or integrated. Coupler
38 serves to couple the pump radiation into 321 such
that it propagates in the direction of signal flow. The
counter-propagating pump radiation is similarly cou-
pled into the signal path. Optional known grating filter
35 serves to suppress spontaneous emission. Optical
fiber can be coupled to such an amplifier assembly,
exemplarily in a manner substantially as disclosed in
U.S. Pat. No. 4,904,036, incorporated herein by refer-
ence.

FIG. 4 schematically depicts a further exemplary
article according to the invention, namely, a detector
assembly. Signal radiation propagates through passive
guide 401 to amplifier section 42, and further through
passive guide 403 to photodetector 43, exemplarily a
PIN diode disposed over a waveguide turning mirror.
Pump radiation from pump laser 41 is coupled by means
of directional coupler 44 into 403. A detector assembly
of the type shown in FIG. 4 can have the high sensitiv-
ity typically associated with avalanche photodiodes
(APDs) and the low noise typically associated with
PINs.

In articles according to the invention there will typi-
cally be found junctions between passive waveguide
sections and amplifier sections. FIG. 5 exemplarily
shows, in top view, a section of passive waveguide 50,
a section of amplifier guide 51, and transition section 52
therebetween. FIG. SA shows section A—A of FIG. §,
with substrate §5, lower cladding 56, core 58, and upper
cladding 57. FIG. 5B shows section B—B of FIG. §
wherein the core of the amplifier section comprises
outer region 59 that is substantially free of RE, and
center region 60 that contains substantially all of the
RE. As those skilled in the art will appreciate, it will
frequently be advantageous if the amplifier guide is
somewhat narrower than the passive guide, so as to
achieve improved amplification efficiency. In such a

case it will typically be advantageous to provide for an

adiabatic transition between the two waveguide sec-
tions, as shown schematically in FIG. 5.

An important advantage of articles according to the
invention is the relatively low loss coupling that is pos-
sible between the planar waveguides and standard sili-
ca-based optical fiber. Thus, in articles according to the
invention, the refractive index of the core of the planar
waveguide will typically differ by at most 5% from the
effective refractive index of the core of the optical fiber
that is to be coupled to the planar waveguide.
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Although the discussion has been primarily in terms
of a planar waveguide optical amplifier, those skilled in
the art will realize substantially the same principles can
be embodied in a planar waveguide laser, provided that
the structure is modified to provide an appropriate opti-
cal cavity. Workers in this field will be readily able to
do this.

Furthermore, silica cladding and phosphosilicate
glass are not the only possible waveguide materials. For
instance, the core can be RE-doped Si3Nj and the clad-
ding can be silica-based glass. Er is not the only RE
species useful in the practice of the invention. For in-
stance, Nd can be used and is of considerable interest
because of its transition at A~ 1.3 um, coinciding with
the minimum dispersion window of conventional silica
fiber. Other RE species have different transitions that
may be of interest for particular applications.

Still furthermore, gain devices according to the in-
vention do not necessarily have to be produced by a
technique that includes ion implantation. We currently
believe that at least planar guides of the type shown in
FIG. 1 can be produced by CVD, by appropriate intro-
duction of a RE-containing precursor into the reactor,
or by sputtering from a sequence of targets.

EXAMPLE 1

On a conventional Si wafer was formed a 15 um thick
silica layer by conventional high-pressure thermal oxi-
dation of the Si (HIPOX). On the thus formed silica
surface was deposited a 2 um thick layer of phosphosili-
cate glass (8 weight % P in SiO;) by conventional low-
pressure chemical vapor deposition (LPCVD) using
silane, oxygen, and phosphine. This was followed by
conventional deposition of a 0.11 um thick layer of Al
on top of the P-glass (core) layer. Into the thus prepared
multilayer structure were implanted 2.9 MeV Er++
ions in a vacuum at a base pressure below 10—6 Torr.
The implantation fluence was 3.4 X 1016 jons/cm?. Dur-
ing implantation the wafer was kept at 200° C. The
resulting Er distribution had approximately Gaussian
shape, with the peak at about 1 um depth from the
glass/Al interface, and with a full width at half maxi-
mum of about 0.6 um. Subsequently the Al layer was
removed by conventional means, and the core material
layer was patterned by conventional lithography and
etching such that a 5 um wide and 5.5 cm long strip of
core material remained on the substrate. The planar
waveguide was completed by deposition of a 5 um thick
layer of silica by LPCVD from silane and oxygen, fol-
lowed by densification of the layer in a nitrogen ambi-
ent at 1000° C. The planar waveguide was designed to
support only a single mode at A=1.54 um and, when
pumped at A=0.9729 um, exhibited a luminescent tran-
sition centered around A=1.54 um. A lifetime of about
4 ms was observed. When the waveguide was pumped
at A=0.9729 um, signal radiation at A;=1.536 pm that
was transmitted through the 5.5 cm length of wave-
guide showed significantly increased amplitude, as
compared to transmission in the absence of pumping.

EXAMPLE 2

A Er-doped planar waveguide is made substantially
as described in Example 1, except that the Er-doped
guide is disposed between two conventional passive
waveguide sections, that a further section of passive
waveguide is coupled to the Er-doped guide by means
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of a conventional directional coupler, and in that the
core material is deposited in two steps, with Er implan-
tation between the steps. In particular, a 3 um thick
layer of 8% P-glass is deposited, Er is implanted as
described in Example 1, the P-glass layer is patterned
such that a 3 pm wide and 5.5 cm long strip of im-
planted core material remains on the substrate. Subse-
quently, a 1 um thick layer of 8% P-glass is deposited
and patterned such that the Er-implanted region is cov-
ered by the later deposited P-glass, and the resulting
core width is 5 um. As described in Example 1, an
appropriate cladding layer is subsequently deposited.

We claim:

1. An article comprising an optical gain device that
comprises optical waveguide means comprising a core
and a cladding, associated with each of said core and
cladding being a refractive index, the refractive index of
the cladding being lower than the refractive index of
the core, such that the waveguide means are adapted for
guiding signal radiation of wavelength A, and the gain
device further comprises coupling means adapted for
coupling pump radiation of wavelength A, <Xsinto said
optical waveguide means; the optical waveguide means
comprising core material containing at least one species
of rare earth ions capable of luminescence in response to
the pump radiation, wherein associated with the rare
earth ions in the core is a concentration of the rare earth
ions, including a maximum concentration in a given
region of the waveguide means;

Characterized in that

(a) the waveguide means are planar waveguide means

disposed on a substrate; and

(b) associated with the planar waveguide means is a

core cross section and a core surface that is not
adjacent to the substrate, and the rare earth ions are
distributed in the planar waveguide means such
that, in a given cross section, the maximum concen-
tration of rare earth ions in a first region of the
cross section is at least twice as high as the maxi-
mum concentration of the rare earth ions in a sec-
ond region of the cross section.

2. The article of claim 1, wherein at least a part of the
second region is disposed between the first region and a
part of the core surface that is not adjacent to the sub-
strate.

3. Article of claim 2, wherein the second region of the
given cross section substantially surrounds the first
region.

4. Article of claim 1, wherein the rare earth ions
comprise Er ions.

5. Article of claim 1, wherein 1SA;=3 pum and"

6. The article of claim 2, wherein the substrate is a Si
body having a major surface, with at least a part of the
major surface covered by a SiO; layer, wherein the core
of the waveguide means consists of silica-based glass
and is disposed on said SiO; layer, wherein the part of
the core surface that is not adjacent to the substrate is
contacted by a second silica-based glass of a composi-
tion such that the refractive index of the core glass is
higher than the refractive index of the second silica
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based glass, and wherein the rare earth ions consist
essentially of the second silica based glass, and wherein
the rare earth ions consist essentially of Er ions.

7. The article of claim 1, wherein the gain device is an
optical amplifier. :

8. The article of claim 7, wherein in or on the sub-
strate there is at least one other optical or electro-opti-
cal device that is in optical communication-relationship
with the optical amplifier.

9. The article of claim 8, wherein the at least one
other device is a photodetector disposed such that it
receives radiation that has propagated through the opti-
cal amplifier.

10. The article of claim 8, wherein the at least one
other device is a laser adapted for emitting the pump
radiation.

11. The article of claim 1, further comprising an opti-
cal fiber signal-transmissively coupled to the planar
optical waveguide means, coupled to the planar optical
waveguide means, associated with each of the fiber and
the planar waveguide means being a core effective re-
fractive index, wherein the core effective refractive
index of the fiber differs from that of the planar wave-
guide means by at most 5%.

12. Method of making an article that comprises an
optical gain device that comprises optical waveguide
means comprising a core and a cladding, associated
with each of said core and cladding being a refractive
index, the refractive index of the cladding being lower
that the refractive index of the core, such that the wave-
guide means are adapted for guiding signal radiation of
wavelength A;, and the gain device further comprises
coupling means for coupling pump radiation of wave-
length A, < Asinto the optical waveguide means,

Characterized in that the method comprises

(a) providing a substrate having a major surface, with
a layer comprising core material on the major sur-
face;

(b) exposing at least a portion of said layer to rare
earth ions such that at least a major portion of said
ions is caused to be implanted into said core mate-
rial; associated with the rare earth ions implanted
into the core material is a concentration of rare
earth ions, including a maximum concentration in a
given region of the core material;

(c) patterning, either before or after step (b), said
layer such that the core of said optical waveguide
means results; associated with the core is a cross
section and a core surface that is not adjacent to the
substrate surface; and wherein the method is prac-
ticed such that the rare earth ions are distributed in
the core such that, in a given cross section of the
core, the maximum concentration of rare earth ions
in a first region is at least twice as high as the maxi-
mum concentration of the rare earth ions in a sec-

. ond region of the cross section, with at least a part
of the second region disposed between the first
region and a part of the core surface that is not
adjacent to the substrate surface; and

(d) depositing cladding material.
* * * * *
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