METHOD OF FABRI CATI NG OPTI CAL WAVEGUI DE DEVI CES W TH SMOOTH AND FLAT

DI ELECTRI C | NTERFACES This application clainms priority to US Provisional
Pat ent Application serial nunber 60/431340, filed on Dec. 6, 2002, which
is herein incorporated by reference. FIELD OF THE | NVENTI ON The present
invention relates generally to sem conductor fabrication and nore
specifically to optical wavegui de devi ces. BACKGROUND OF THE | NVENTI ON
Optical wavegui des are extrenely sensitive to surface and other interface
i nperfections which can cause scattering. Plasma processing of materials

can cause re5|dual olasna danaoe which results in surface roughness and
scattering. METEHQD , ;QBTIGAWA\AEGMBEBMCE&M £H(1- 20

mcrons thick) to i - Wi Q cal flaer dlnen5|ons with
typical core di rrensﬂg?rﬂ] A Loy I@Méwwp. cal l'y thicker
| ayers cause critical process issues in fabricating wavegui de devices. For
exanpl e, the planarity, flatness and surface snoothness of a wavegui de,

o he ey eq b lietibh  inQpRAPTE LR Prcl Ilnal SIS LA AR LEAANG | 099

of the wavegui feri orat ¢ excessi ve

pl anar i zakhedr a3 e fRUGH Dgc 6 SBCWAMEA ¥ hel BB 1915&%'0%’?&:1 'Bg‘}Q;E‘? erf2par ent
when the device fabrication process requires the inteéegratio nore than
one

FIELD OF THE INVENTION

The present invention relates generally to semiconductor fabrication

and more specifically to optical waveguide devices.




wavegui de core, where the integrated wavegui de cores are of different

di mensions or are not coplanar. In the case where the wavegui de core

di mensions are different, planarization and nechanisns to protect the top
surface of at |east one of the waveguides during etch will be needed. U S.
Patent No. 5,199,092 to Stegnuel |l er describes an optical wavegui de device.
U S. Patent No. 4,954,459 to Avanzino et al. describes a planarization

met hod using a sacrificial layer. 2 U S. Patent No. 5,510,652 to Burke et
al . describes a chemical mechanical polishing (CW) nethod using differing
polish rates. U. S’ Patent hbs 5 863 828 to_Snyder and 5,851,899 to Wi gand
descri be planarization E ROQIEINEWOESTHEINVENTION cvp. U S. Patent No.
6, 258, 711 to Laursen descrlbes a CNP process with a sacrificial |ayer that

polishes at a different rate than the fill Iayer to be planarized The
Christian Laurentd. ndlet ‘ge $rt ge% nt ﬁ e%ln",l_1 p € omn, My d gne Core
Pl anar Wavegui des vﬁfcﬁl EXTY &re ‘if’ Eow TRt 8race " RerFect "o “afd® Lok
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scattering.

Planar optical waveguides often require thick layers (1-20 microns
thick) to be compatible with optical fiber dimensions, with typical core dimensions
of 8-10 microns. However, these typically thicker layers cause critical process issues
in fabricating waveguide devices. For example, the planarity, flatness and surface
smoothness of a waveguide, which are the most critical of parameters that
determine scattering loss of the waveguide, deteriorate with excessive topography
during planarization and over-etching respectively. The problems become apparent
when the device fabrication process requires the integration of more than one
waveguide core, where the integrated waveguide cores are of different dimensions
or are not coplanar. In the case where the waveguide core dimensions are different,
planarization and mechanisms to protect the top surface of at least one of the

waveguides during etch will be needed.

US. Patent No. 5,199,092 to Stegmueller describes an optical

waveguide device.

U.S. Patent No. 4,954,459 to Avanzino et al. describes a planarization

method using a sacrificial layer.




3 SUWARY OF THE | NVENTI ON Accordingly, it is an object of one or nore
enbodi nents of the present invention to provide a nethod to fabricate

opti cal wavegui de devices to create snooth interfaces after plasm
processi ng, which are conpatible with current state of the art nass

manuf acturing fabrication tool sets. OQher objects will appear hereinafter.
It has now been di scovered that the above and ot her objects of the present
i nvention may be acconplished in the follow ng manner. Specifically, in the
first and third enbodi nents, at |east one wavegui de core portion is fornmed

within at |east one cladding portion. The waveguide core portion having an
upper surface. TREScIFRRINYIPoPPIGMOhdvi Byrke ratghkr dessribedna oshemigal | east

t he wavequi,de._.core,, .portj and. a | oner rtion.. A patterned sacrificial
portion §d?%?%€3059§98ﬂt&ﬂ“Fﬁﬂ@PddPEHﬁﬁﬁéﬂﬁﬁﬂFﬂﬁhr%ﬁﬁ-a portion of the

hi gher cl adding portion, leaving a second portion of the higher cladding
portion exposed. At least a portion of the higher cladding exposed portion

I's removed by a sgbgCipye, ﬁ%@.vg'86@;];?53?@8tsﬁgagfgﬂ&]{gv%,écqqasgb.emo%gaﬁﬁd

;
sacrificial portionleaving a refma r di ng exposed

PO t§ 0N 4B ANGH b A D eHIEAN 0 PhotE b gAsH elddi ng exposed  porti on
over the wavegui de core portion; and the |ower cladding portion to: expose

and snoot h the upper surface of the wavegui de core portion; and forma
snoot h '
U.S. Patent No. 6,258,711 to Laursen describes a CMP process with a

sacrificial layer that polishes at a different rate than the fill layer to be planarized.

The Christian Laurent-Lund et gl- article entitled "PECVD Grown
Multiple Core Planar Waveguides with Extremely Low Interface Reflections and
Losses"; IEEE Photonics Technology Letters, Vol. 10, No 10, pages 1431 to 1433;
October, 1998 discloses a method of optical waveguide device fabrication using

planarization by reverse masking and precise etching.




upper surface of the cladding portion coplanar with the snooth upper
surface of the waveguide core portion to formthe substantially planar
surface of an optical waveguide device. The second enbodi nent conprises
the follow ng steps. At |east one waveguide core portion is formed within
at | east one cladding portion. The 4 waveguide core portion having an
upper surface. The cladding portion having a higher portion over at |east
t he wavegui de core portion and a |lower portion. A patterned sacrificial
portion is forned over the | ower cladding portion and a portion of the

hi gher cl adding portion, |leaving a second portion of the higher cladding
portion exposed. The hi ghBWMMadRY QF EREONVENIION and the patterned
sacrificial portion over the higher claddlng exposed portion are renoved by
a planarization process, IeaV|ng exposed: the patterned sacrificial

ti th | d a ti f | addi
Dorti on g\éje;cen'? mgg;e ngban et Ber oL G efs PRROUTRS ok et g ng
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| ower clad |on ion o ion a jacent
the pattgfog lﬁf'é&?fah é&f‘té’%‘ 19%5' 8ce9¥1 ? {EcH SBIom tﬂﬁé"vﬂ&h P&fr&ﬁtoé%at
expose and snoot h the upper ace of the waveguide core portion; “and

forma symeré Brtliﬁ%rmwfﬁé‘t@l@u%ffabﬁéatiﬂrﬁt%! Bgsportion coplanar with the
snoot h upper surface of the wavegui de core portion to formthe
substantially planar surface of an optical wavegui de device.

Other objects will appear hereinafter.

It has now been discovered that the above and other objects of the
present invention may be accomplished in the following manner. Specifically, in the
first and third embodiments, at least one waveguide core portion is formed within
at least one cladding portion. The waveguide core portion having an upper surface.
The cladding portion having a higher portion over at least the waveguide core
portion and a lower portion. A patterned sacrificial portion is formed over the
lower cladding portioh and a portion of the higher cladding portion, leaving a
second portion of the higher cladding portion exposed. At least a portion of the
higher cladding exposed portion is removed by a selective removal process
selective to the patterned sacrificial portion leaving a remnant of the higher- 7- _
cladding exposed portion. Planarizing: the remnant of the higher cladding exposed
portion over the waveguide core portion; and the lower cladding portion to: expose
and smooth the upper surface of the waveguide core portion; and form a smooth
upper surface of the cladding portion coplanar with the smooth upper surface of
the waveguide core portion to form the substantially planar surface of an optical
waveguide device. The second embodiment comprises the following steps. At least

one waveguide core portion is formed within at least one cladding portion. The



5 BRI EF DESCRI PTI ON OF THE DRAW NGS The present invention will be nore
clearly understood fromthe follow ng description taken in conjunction

wi th the acconpanying drawings in which |ike reference nuneral s designate
simlar or corresponding elenents, regions and portions and in which:
Figures 1-A through 1-D shows a generic problemknown to the inventors
commonl y encountered in wavegui de fabrication. It is desired to planarize
nl and n2, with the resulting structure shown in figures 2-D, 3-D and 4C.
Figure 1-E is a cross-section of a planar dielectric wavegui de t hat may

al so correspond to either Fig. 6 or Fig. 9-F. Figures 2-A through 2-D, 3-A
t hr ough 2Y58HCE 4018 PPRISHGRAVANE ashBRPCR Wré@:eeﬁbédil@ﬂéﬁf‘g Rﬁff19hé1%’iﬂtg:@ss to

fabrlcate t he desired str e. Eventually this structure can_ be
i nt egr at 88 nPHRNBYE o %ﬁ {b s‘f"ra"%‘ﬂﬁ@ COLe PORBORiAREhE 18V eROREN-i & shown

011 gune . & Qessad ALRLoYah Baky showsaam erhodiqent, of, Lhe process

OWs one rc n
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parti al |c]/add3n§®b@ﬂid')1@-lexﬁ\b§ea. TRE o g C‘Htﬂhﬁgregcbéééd/ pORIR! L the patterned
sacrificial portion over the higher cladding exposed portion are removed by a
planarization process, leaving exposed: the patterned sacrificial portion over the .
lower cladding portion; and a portion of the cladding portion adjacent the
patterned sacrificial portion over the lower cladding portion. Planarizing at least:
the patterned sacrificial portion over the lower cladding portion; and the portion of
the cladding portion adjacent the patterned sacrificial portion over the lower
cladding portion; to: expose and smooth the upper surface of the waveguide core
portion; and form a smooth upper surface of the cladding portion coplanar with the
smooth upper surface of the waveguide core portion to form the substantially

planar surface of an optical waveguide device.




with index nl. 6 Figure 7 shows the result of post-processing in one

enbodi nent of this invention. Figures 8-A through 8-D shows the various
wavegui de configurations for one enbodiment of this invention. Figures 9-A
t hrough 9-F shows the process flows for another enbodinment of this
invention. Figures 10-A through 10-C are related to the reverse maski ng and
etching process of Fig 2-Ato 2-D, and simlarly for the reverse nmasking
and etching assisted planarization of upper levels and illustrate that the
region of the feature that is large is reverse etched while the region of
the feature that i's snall enough to be ea5|l olanarlzed is not etched,
with Fig. 10-B bei ng BREERKLX B QF EHEPRAWINGS) A al ong |ine A-A
and Fig. 10-C being a cross- sectlonal V|em10f Fig. 10-A along Iline B-B. 7
DETAI LED DESCRI PTI ON OF THE PREFERRED ENBODINENT OF THE | NVENTI ON Pr obl ent
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following description taken in conjunction with the accompanying drawings in

which like reference numerals designate similar or corresponding elements, regions

and portions and in which:

Figures 1-A through 1-D shows a generic problem known to the
inventors commonly encountered in waveguide fabrication. It is desired to

planarize nl and n2, with the resulting structure shown in figures 2-D, 3-D and 4C.

Figure 1-E is a cross-section of a planar dieleciric waveguide that may

also correspond to either Fig. 6 or Fig. 9-F.

Figures 2-A through 2-D, 3-A through 3-D and 4-A through 4-C show
three embodiments of the process to fabricate the desired structure. Eventually this
structure can be integrated into a more complex structure, an embodiment of which

is shown in figure 6.

Figures 5-A through 5-H shows an embodiment of the process which
allows one to embed dieleciric n3 into a combination of one or more dielectrics

(represented by nl and n2 respectively).

Figure 6 shows the resulting 3-D structure of embedding waveguide
material with index n3 partially in material with index n2 and partially material

with index nl.
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is not to be considered as prior art for the purposes of this invention.
Pl anari zation refers to any nethod of fabrication in which a substrate
with non-flat surfaces is nade flat. See figures 1-Ato 1-D. Figure 1-C has
a non-flat surface topology formed as a result of etching and deposition
of subsequent | ayers (Figures 1-A and 1-B). These non-flat surfaces are
detrinmental to subsequent processing for a variety of reasons. The first
is the limted depth of field of lIithography, i.e. |ithography machi nes are
only able to produce sharp features over a limted range of topology. If
the surfaces have 'too much height variations, the |ithographic features
cannot be sharp eVégyihesbowsHbe readbrfl post-piasasding im tdnenenbediarent oxfol ogy
i s that ﬁubsquent conformal deposition (e.g. with PECVD Plasma Enhanced
Cheni caltM74psF osition) will cause problenms with voids and keyhol es.
This is a well know processing problem The third problemw th non-fl at
surfaces is that optical waveguides require flat surfaces to have | ow
| oss. Any wavegui _ EUAN i ) | 0SS, tical
wavegui de geonetr?§§9§$§f§3§%%§ﬁ¥§ ShOPﬁgﬁgr8§§ﬁ§?“$§%Fﬁ%f%?%g%ﬁﬁwgﬁs to
tens of ) 6hOBSHodni FIhALEVIH ] Pl € wavegui de cores on the same chip,
sone formof planarization such as reflowis required. 8 The probl em of
pl anari zation can be sol ved usi ng BPSG (boro- phospho-silicate glass). In
this method, BPSG is deposited by LPCVD or PECVD

Figures 9-A through 9-F shows the process flows for another

embodiment of this invention.

Figures 10-A through 10-C are related to the reverse masking and
etching process of Fig 2-A to 2-D, and similarly for the reverse masking and etching
assisted planarization of upper levels and ‘illustrate that the region of the feature
that is large is reverse etched while the region of the feature that is small enough to
be easily planarized is not etched, with Fig. 10-B being a cross-sectional view of Fig.
10-A along line A-A and Fig. 10-C being a cross-sectional view of Fig. 10-A along
line B-B. -




and is then annealed at relatively high tenperatures (800 C or nore).
Neverthel ess BPSG s nain drawback is the requirenent for substanti al
annealing to achieve a high level of planarity. In Figs. 1A to 1D
dielectric (nl) 10 is cladding material and dielectric (n2) 12 is core
material and corresponds to the outer core depicted as coupling zone 90 in
Fig. 6 Figure 1-E shows a cross section of a typical planar dielectric
wavegui de, which is an exanple of a two-dinensional waveguide. Fig. 1-E may
al so correspond, in structure, to Fig. 6 or Fig. 9F. Low index difference
wavegui des, such as_those used in o-tlcal chi ps and for the optical fiber
wavegui desDEBAILER DESERIRFHON OF kH ERRED EMBORI OF THE

t hr ee- di nensi onal versions of suc dlelectrlc maveQU|des These | ow
i ndex difference wavegui des |ncluﬁg§§3&§£§ﬂ materi al 500 surrounded by a

cl adding material 502. The core material 500 can have an arbitrary
cross-section, including a circular, eIIipticaI square, or rectangul ar
Cross-sgstin i O

refractlo ' '
of refraction n2 of the claddlng mat eri al 502 The |ndex d|fference An for
the index of refraction nl of the core material 500 and the index of
refraction n2 of qm@f@hadﬁ&h%m; A 6ble / iRfd2mbaABnkdblvn t&Be irfrehbss ahar e
generally very small. A use metric is delta (A), which is defined as
An/ n cl dddong beororisidesed up priof andvedd piesposaidofi thisganernwdh.y around 0.01 (1

Planarization refers to any method of fabrication in which a substrate

with non-flat surfaces is made flat. See figures 1-A to 1-D.

Figure 1-C has a non-flat surface topology formed as a result of
etching and deposition of subsequent layers (Figures 1-A and 1-B). These non-flat
surfaces are detrimental to subsequent processing for a variety of reasons. The first
is the limited depth of field of lithography, i.e. lithography machines are only able
to produce sharp features over a limited range of topology. If the surfaces have too
much height variations, the lithographic features cannot be sharp everywhere. The
second difficulty with non-flat topology is that subsequent conformal deposition
(e.g. with PECVD—Plasma Enhanced Chemical Vapor Deposition} will cause
problems with voids and keyholes. This is a well know processing problem. The
third problem with non-flat surfaces is that optical waveguides require flat surfaces

to have low loss. Any waveguide over topology will have increased loss.

Optical waveguide geometries are typically on the order of tenths of
microns to tens of microns. To integrate multiple waveguide cores on the same

chip, some form of planarization such as reflow is required.




percent) to 0.04 (4 percent), and certainly less than 0.1 (10 percent). In
other words: 9 A=(nl-n2)/n2<< 1. Aray of light noving in the z direction
in Figure 1-D (into the paper) 1is guided by total internal reflection
within the core material 500 if the angle of incidence O of the ray with
respect to the interface between the core material 500 and the cladding
material 502 is larger than a critical angle Oc. This critical angle Qc
equal s sin-1(n2/nl). For low index difference wavegui des, due to the
indices of refraction nl, n2, the angle of incidence O nust be large in
order for total internal reflection to guide the light ray through the
wavegui de. The typit€apPrefiemcaf rlanpdzation wgn| bev sohersk whing diSe dbarvegui des

are general l.ar ge, fer-sjized chips., This large size results because
the | ow R%Bl&x-sgf@?%g@ﬁm@e%ﬁ@gaﬁﬁ@gf BbSGatte s#rg RYuLHEVL? GRIPRSAYL) i f
bends in the waveguides have large radii. If small bending radii are used

with t hedd Bohen atsalen pf elaliedy highieginereisires @PgClassvere) rMeverthdessause

light is |oosely confined within the core material 500. Low index
di f f er el naveni dasvhagk e fthe sequireniinfdedpstendia) annpalinguto helrigee kosses
only wth | ati vel] y high bending radii, and it is therefore difficult to
perfornﬂB§%$‘§$°¥H%8?PBhs in small areas using these | ow index difference
wavegui des. The use of higher index difference wavegui des reduces the
m ni mum
In Figs. 1A to 1D, dielectric (n1) 10 is cladding material and dielectric
(n2) 12 is core material and corresponds to the outer core depicted as coupling zone

90 in Fig. 6

Figure 1-E shows a cross section of a typical planar dielectric
waveguide, which is an example of a two-dimensional waveguide. Fig. 1-E may
also correspond, in structure, to Fig. 6 or Fig. 9F. Low index difference waveguides,
such as those used in optical chips and for the optical fiber waveguides for input to
and output from optical chips, are three-dimensional versions of such planar
dielectric waveguides. These low index difference waveguides include a core
Iﬁaterial 500 surrounded by a cladding material 502. The core material 500 can have
an arbitrary cross-section, including a circular, elliptical, square, or rectangular
cross-section embedded in the cladding material 502. The index of refraction nl of

the core material 500 is slightly larger than the index of refraction n2 of the cladding

material 502. The index difference An for the index of refraction nl of the core
material 500 and the index of refraction n2 of the cladding material 502 (An = nl —
n2) is therefore generally very small. A useful metric is delta (A), which is defined

as An/n cladding for this type of waveguide, and is generally around 0.01 (1

percent) to 0.04 (4 percent), and certainly less than 0.1 (10 percent). In other words:




bendi ng radii while maintai ni ng adequate performance (that is, |ow | oss),
and therefore reduces the area required to performthe optical functions.
The index of refraction nl of the core material 500 is significantly
| arger than the index of 10 refraction n2 of the cladding material 502 for
such a higher index difference waveguide. Delta (A) for a high index
di fference waveguide is typically at least as large as 0.1, 0.2, or O0.3.
In other words: A= (nl - n2) / n2 >=0.1. In such a high index difference
wavegui de, total internal reflection of 1ight propagating through the
wavegui de i s achi éved for smaller angles of incidence O for a ray of
light, and the m ni mum bending radii for which perfornmance is adequate is
reduced. One or nore enbodi nents of the instant invention may be briefly
summari zed as follows: 1. Pl anasiabtin@h/a2d<<Shoot hi ng A. Reverse mask and
etching nethod (Fig 2) B. Sacrificial l|ayer and selective CW followed by
non selective CMP (Fig 3) C Sacrificial |ayer and sel ective etching
foll owed by non selective CWM (Fig 4)

A ray of light moving in the z direction in Figure 1-D (into the paper)

is guided by total internal reflection within the core material 500 if the angle of

incidence 0 of the ray with respect to the interface between the core material 500

and the cladding material 502 is larger than a critical angle 6¢c. This critical angle B¢
equals sin-1(n2 / nl). For low index difference waveguides, due to the indices of
refraction nl, n2, the angle of incidence & must be large in order for total internal

reflection to guide the light ray through the waveguide,

The typical optical chips having low index difference waveguides are
generally large, wafer-sized chips. This large size results because the low index
difference waveguides can adequately guide light only if bends in the waveguides
have large radii. If small bending radii are used with these low index difference
waveguides, large losses result because light is loosely confined within the core
material 500. Low index difference waveguides therefore function adequately
without large losses only with relatively high bending radii, and it is therefore -
difficult to perform optical functions in small areas using these low index difference

waveguides.

The use of higher index difference waveguides reduces the minimum
bending radii while maintaining adequate performance (that is, low loss), and
therefore reduces the area required to perform the optical functions. The index of

refraction n1 of the core material 500 is significantly larger than the index of

10



1. Buffer Layer to Protect Wave CGuide A Wavegui de formation foll owed by
buffer | ayer deposition (Fig 5) B. Buffer deposition over wavegui de | ayer
foll owed by waveguide formation (Fig 9). This invention is particularly
useful for mnimzing |losses in wavegui des that have high index difference
or have |low m ni mum bending radius. It is also particularly useful when
there are multiple cores which have different index difference or on
different planes. As a matter of conveni ence, cladding dielectric,

wavegui de core 2 and waveguide core 3 are described as (nl), (n2), and
(n3) res 1(grcti,vell_%;,!;; A Ber on skilled in the art of optical waveguides w ||
r ecogni Z8MRAER™ tHe Ofiter ededding materid 274 fors sugle ey highterhimdex udiffessmive ndi ces
t hroughout their structure. These dielectrics may have a continuumor a
seri es dfaysgnde LeltmiAy fppodigh dndetrediéfarence wrvegiide retypoddiy o leastatse
snmooth interfaces for optical wavegui des. Snooth surfaces are required in
wavegui desgetas Och 8 er OFi hi othier wioads:eri ng | osses. Creating snooth surfaces
and interfaces are particularly challenging when there are at |east two
wavegui de core regions on the same chip which are either non-copl anar

and/ or when there are at |east two wavegui de cores fabricated from
dissimlar materials. These sérsdnh-f2at wir$¥8des are particularly

important to mnimze high scattering | oss.

In such a high index difference waveguide, total internal reflection of

light propagating through the waveguide is achieved for smaller angles of
incidence 6 for a ray of light, and the minimum bending radii for which

performance is adequate is reduced.

One or more embodiments of the instant invention may be briefly
summarized as follows:
L Planarization and Smoothing
A. Reverse mask and etching method (Fig 2)
B. Sacrificial layer and selective CMP followed by non selective CMP
(Fig 3)
C. Sacrificial layer and selective etching followed by non selective
CMP (Fig 4)
IL. Buffer Layer to Protect Wave Guide
A. Waveguide formation followed by buffer layer deposition (Fig 5)
B. Buffer deposition over waveguide layer followed by waveguide

formation (Fig 9).
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Figure 1-E shows the desired cross section for a typical channel waveguide
conprising a core 12 and a cladding 14. If the core is formed by

phot ol i t hography and etching, the top surface of the core, could be rough.
The roughness or nonfl atness on surface can be induced in variety of
process steps. For exanple, roughness can be induced by plasma danmage
during the core etch and stripping of photoresist after the core etch. Non
flat surfaces are created by the 12 patterning and etching of |ayers,
resulting in "step heights". Figures 1-Ato 1-C illustrate this problem
Cheno- mechani cal %p[ishing_((ﬁ&ﬁ is a good choice for planarization and
smoot hi ng of st eplhé ghventien iis ipsriéadpdyi bpefuli a7 eomi@iRnEMISSeSr dBess.

ARG TN T S O e
i nt . tipl ' th hi f (
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require The..pr e f .. narization can be sol ved usi ng BPSG
( bor o- pﬁ%%%’ﬂgl-%r‘?‘g@é’t@é’%gﬁhggg e o ethod, BPSG is deposited by LPOVD

(Low Pressure Chem cal Vapor Deposition) or PECVD (Pl asma Enhanced
Chem cal Vapor deposition) and is then annealed at relatively high

tenperat ures (800G maBer bf gcﬁf’v%ﬁi&c_@?élﬁ'ddi&%%@ﬁ&tﬂéV\ial%;@iguirc@%éiré ggpat for
substantial annealing to achieve a high levél of planarity.

waveguide core 3 are described as (n1), (n2), and (n3) respectively. A person skilled

in the art of optical waveguides will recognize that the dielectrics n1, n2 and n3

need not have uniform indices throughout their structure. These dielectrics may

have a continuum or a series of indices.

This invention describes process methods to create smooth interfaces
for optical waveguides. Smooth surfaces are required in waveguides to ensure
minimal scattering losses. Creating smooth surfaces and interfaces are particularly
‘challenging when there are at least two waveguide core regions on the same chip
which are either non-coplanar and/or when there are at least two waveguide cores
fabricated from dissimilar materials. These smooth flat surfaces are particularly

important to minimize high scattering loss.

Figure 1-E shows the desired cross section for a typical channel
waveguide comprising a core 12 and a cladding 14. If the core is formed by
photolithography and etching, the top surface of the core, could be rough. The
roughness or nonflatness on surface can be induced in variety of process steps. For
example, roughness can be induced by plasma damage during the core etch and

stripping of photoresist after the core etch. Non flat surfaces are created by the

12



Wth conventional planarization nmethod al one such as CMP, planarizing a
step height of 1 um generally requires the renoval or redistribution of a
much thicker film(-2-4 um. The |limtations of CMP are that even though

pl anari zation can be achi eved by depositing and renoving excess filns,
severe post-CMP thickness variation within wafer is inevitable if the step
hei ghts are excessive. For step heights thicker than - 2 um it is
practically inpossible for CMVP alone to neet the good planarity and within
waf er dielectric thickness uniformty. Another issue involved with the
thick coupling layer is that wavegui de top surface 13 is damaged during

et chi ng PattﬁfﬁémStw Gihirg obderesrerBitings &t (“elgR heightst hBigures ddfsdo drC
coupllnq §¥er thch%ess Pl anari zati on Method One - Figs. 2-A through 2-D
Fi gur es "SURAR RIS FROBICE show t he series of steps for produci ng
substantially planar surface of optical wavegui de device structures, by
patterning and etching of selected areas to reduce polishing burden and

terning and .
portant i den | TRTA it FREALISUGID SSRANIE bkl a1

thin strwatsh&sthis & h&eas‘%ﬁ%'cbﬁq tﬁﬂ‘@wﬂ%ecqlrpéﬁtc@fas -;B@esgt ch mask is
therefore the reverse e pattern the dielectric |ayer A person
skilled in the art wll appreC|ate that this reverse pattern can di ffer by

a bias, that is, the pattern may slightly bigger or smaller than the
pattern of diel ecOptkal waveguide geometries may be typically on the order of

several microns to tens of microns, generating much larger step heights. To
integrate multiple waveguide cores on the same chip, some form of planarization
such as reflow or CMP (chemo-mechanical polishing) is required. The problem of
planarization can be solved using BPSG (boro-phospho-silicate glass). In this
method, BPSG is deposited by LPCVD (Low Pressure Chemical Vapor Deposition}

or PECVD (Plasma Enhanced Chemical Vapor deposition) and is then annealed at
relatively high temperatures (800°C or more). BPSG’s main drawback is the

requirement for substantial annealing to achieve a high level of planarity.

With conventional planarization method alone such as CMP,
planarizing a step height of 1 um, generally requires the removal or redistribution
of a much thicker film (~2-4 um). The limitations of CMP are that even though
planarization can be achieved by depositing and removing excess films, severe
post-CMP thickness variation within wafer is inevitable if the step heights are
excessive. For step heights thicker than ~ 2 um, it is practically impossible for CMP
alone to meet the good planarity and within wafer dielectric thickness uniformity.

Another issue involved with the thick coupling layer is that waveguide top surface

13




| ayer n2. Further a person skilled in the art wll appreciate that not al
features need to be reversed. If the features are small enough, there is
no need to create this reverse feature since these features will be easily
pl anarized by CMP. Further for features in which parts of the features are
small and parts of the features are big, the reverse mask features can be
"clipped" in size. In this situation the reverse nmask only allows the
areas of the features that are large to be etched to relief polishing
burden while areas of features that are small need not be etched. This
ensures that the'region of the feature that is large is reverse etched

whi | e t At desggse dnripgectchingt Jhés et dpmaggebdcompsuniore sepeus agith ythe

pl anarized is not etched, see Figures 10-A through 10-C. 14 Figure 2-A
shows sdRFeass \FSPEEH%EWTé@Fchh isinthis enbodiment is
photo-lithographically printed on the structure. The etch is then applied
selectively (Figure 2-B) in the areas which are on a high pl ateau, |eaving

behi nd tRl L. Pl.bLaniehodFhIVES s 2.9 il ahe easily removed by CVP-(Figure
2-D). i j - s achieved by using an reverse

mask 36. Pl anarization Methods Two and Three - Figs. 3A Through 3-D and
Figs. 4A Through 4-C Figures 3-A through 3-D and 4-A through 4-C

iITustrate methodgigh@es 2-A through 2-D show the series of steps for producing
substantially planar surface of optical waveguide device structures, by patterning
and etching of selected areas to reduce polishing burden and applying chemical
mechanical polishing for the planarization. The important idea is to etch the regions
that are high, leaving behind tall thin structures 38 than can be easily planarized by |
CMP. The etch mask is therefore the reverse of the pattern of the dielectric layer n2.
A person skilled in the art will appreciate that this reverse pattern can differ by a
bias, that is, the pattern may slightly bigger or smaller than the pattern of dielectric

layer n2.

Further a person skilled in the art will appreciate that not all features
need to be reversed. If the features are small enough, there is no need to create this
reverse feature since these features will be easily planarized by CMP. Further for
features in which parts of the features are small and parts of the features are big, the |
reverse mask features can be .”clipped” in size. In this situation the reverse mask
only allows the areas of the features that are large to be etched to relief polishing
burden while areas of features that are small need not be etched. This ensures that
the region of the feature that is large is reverse etched while the region of the
feature that is small enough to be easily planarized is not eiched, see Figures 10-A

through 10-C.
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produci ng substantially planar surface of optical wavegui de device
structures. Figures 3-A through 3-Dillustrates a nmethod conprising of
depositing a sacrificial |ayer 46 (Figure 3-A) which shows different

chem cal behavior fromthe cladding dielectric 44; preferentially renoving
the sacrificial film 46 on higher areas 45 by chem cal nechani cal
polishing by using slurry chemcally active to the sacrificial |ayer 46
and 56 (figure 3-B and 4-A); planarizing the areas 45 which are higher by
chem cal nmechani cal polishing using slurry of high renoval selectivity,
that is high cladding dielectric 44 removal rate and | ow sacrificial
material 46 renovaigyrat &-AFishars sud) orreverie §Je¢9é<ct36veWiMCﬁ1I aﬁjdi;]lnghls
dielectric 54' wusing chem stry only active, or having high etcl '

sel ect i \ﬁl?c@?dl{ft?nf He ROkt rahigple rinted o1y they giractyre) The ety isrigen

i ficial. 46" ar .d fi . iZi ., th
Carget dErgt ey s T i B afes Y Rkh ase e lénﬁ‘%ﬂa&é@?ﬁa%ﬁntgﬂﬁ 56
i } th i gh -t i
(10ar o pinhand baihs o 0P e nh 0% ReRoBLERS Ay a0
| ayer 46hduedctlBetdAl # figdr2 zar:s?&&hg&eagggcaﬁnglagf}ef&@‘g'ﬂaa@fa sl el ectric 44)

is/are renoved by CwP shown 1 n Fig. as”a selective etch is used to
stop on 46". The sacrificial layer 56 nmaterial can be, but not limted to,
one or nore of photoresist or photoresist stacking on one of the foll ow ng
films: Sanadationtveteds Tsvd asdThexyHigs. i3deThicghi TDsddd Figs.ergl ass, di amond
| i ke carbon, silicon dioxide,

Through 4-C

Figures 3-A through 3-D and 4-A through 4-C illustrate methods for

producing substantially planar surface of optical waveguide device structures.

Figures 3-A through 3-D illustrates a method comprising of
depositing a sacrificial layer 46 (Figure 3-A) which shows different chemical
behavior from the cladding dielectric 44; preferentially removing the sacrificial film
46 on higher areas 45 by chemical mechanical polishing by using slurry chemically
active to the sacrificial layer 46 and 56 (figure 3-B and 4-A); planarizing the areas 45
which are higher by chemical mechanical polishing using slurry of high removal
selectivity, that is high cladding dielectric 44 removal rate and low sacrificial
material 46 removal rate (Figure 3-C) or etch selectively cladding dielectric 54°
using chemistry only active, or having high etch selectivity, to the cladding
dielectric 54 (Figure 4-B); removing sacrificial layer 46" and 56 on down area and
fine planarizing to the target using slurry chemically active to the sacrificial layer 46
and 56 (figure 3-D and 4-C). The entirety of the higher areas 45 of the high cladding

dielectric 44 (with the portion of the patterned sacrificial layer 46’ over the higher
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polyi m de, PMMA, tantalum tungsten and nol ybdenum The cladding dielectric
can be but is not limted to silicon dioxide, silicon nitride, organic
silicate glass, polyimde and PMWA. The sacrificial |ayer 46 for the

pl anari zation nethod two may be SiN, organo-silicate glass (0SG,

di anond-1i ke carbon (DLC) or refractory nmetals (W Ta, M...). Etch Danage
Free Wavegui de Fornmation Method Wth Buffer Layer 66 - Figs. 5A Through
5-H Figures 5-A through 5-H show a nmethod for producing etch-danmage free
opti cal wavegui de structures, which conprises: depositing etch buffer |ayer
68 after waveguide 66' formation (Figures 5-A, 5-B and 5-C); etching of

buf f er |aagas4568 th@%é@pcladdirtghréiekegbictﬂﬁl?mgmxnev%byQMB@sé gwp)in Fig.
depositing extra dielectric n2 69 (Figure 5-E); optionally planarizing
coupl i ng-Hiasaaetachire vishdgppedo P g0 5-F) (with 69 and 70 being the same
material); form ng upper part of coupling zone by patterning and etching
with buffer |ayer 68 being etched also but not fully to protect the
wavegui de 66' (figure 5-0)..,,de i ting. ¢l addi di elkectric 72 (figure 5-
(06 A person suifractiil HEEOR maftet BRI F RN o SR S riCen ar e

equal |y AMldSRBLE oPRBL-BSs U EIGTE bhhe VU MBToGWAELAHAS AT Al | a1

materi a
silicon oxynitride organic silicate glass, diamond like carbon, silicon dioxide,

polyimide, PMMA, tantalum, tungsten and molybdenum. The cladding dielectric
can be but is not limited to silicon dioxide, silicon nitride, organic silicate glass,

polyimide and PMMA.
The sacrificial layer 46 for the planarization method two may be SiN,
organo-silicate glass (OSG), diamond-like carbon (DLC) or refractory metals (W, Ta,

Mo...).

Etch Damage Free Waveguide Formation Method With Buffer Layer 66 - Figs. 5A

Through 5-H

Figures 5-A through 5-H show a method for producing etch-damage
free optical waveguide structures, which comprises: depositing etch buffer layer 68
after waveguide 66' formation (Figures 5-A, 5-B and 5-C); etching of buffer layer 68
except on the top of waveguide 66" (Figure 5-D); depositing extra dielectric n2 69
(Figure 5-E); optionally planarizing coupling dielectric 70 surface (Figure 5-F) (with
69 and 70 being the same material); forming upper part of coupling zone by
patterning and etching with buffer layer 68 being etched also but not fully to
protect the waveguide 66' (figure 5-G); depositing cladding dielectric 72 (figure 5-
H). |
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17 An Enbodi nent of a Wavegui de Structure for Which the Invention is Useful
- Fig. 6 Figure 6 shows a particular enbodi nent that was denonstrated by
the inventors. In this enbodinent, a high index difference waveguide 89 is
partially (as shown in Figure 6) or wholly enbedded (not shown) in the | ow
i ndex wavegui de (coupling zone 90) and are in any event w thin cladding

| ayer 82 that is over cladding |ayer 80. The sequence of steps as
illustrated in Figures 2-A through 4-C can be applied to the processing of
t he conbi nation of the coupling zone 90 and the high index difference
wavegui de 89. Resllts of Post CMP Processing - Fig. 7 Figure 7 shows that a
very high degree of planarization can be obtained by chem cal nechanical

polishing. This planarizatiQn,is re than sufficjent for optical '

appl i cations even’t BFRPGHeH & tﬁ?@f‘é?”éﬁcrﬁc?ﬁ}}%‘@ %feé‘.ese E‘iﬁ%‘lﬂi“@lﬁﬁsaﬁrﬁons of
Ml tipl ' f L.ch Thi nyentjon is Particularly Useful -
Figs. o SAUHF AHb G TERERS B kIR Sng ARG Il pr RltoE M.

addi tional configurations and enbodinments for which this invention is
particularly useful. In these figures, light fromone core 85, is coupled

to anot her wavegui de core 86. Light may travel fromleft to right, i.e.
fromthe wavegui de core

17



85 to wavegui de core 86 or conversely light may travel fromright to left
from 18 wavegui de core 86 to wavegui de core 85. A person skilled in the
art will recoginize that if region around 85 and 86 provides for a

reci procal system the systemw |l be bi-directional, i.e. |ight may
travel fromleft toright in the device as well as from right to left. As
expl ai ned below, CWP is very useful for fabricating such structures shown
in Figures 8-A through 8-D. Figure 8-A is an enbodi nent of the two cores

85, 86 being coplanar. 1In this case cores 85 and 86 are fabricated from
dissimlar _materiadls or_have  dissinmilar shapes, For illustration purposes,
there menB& mwniof yWapeguide Fiructury fog Whchigthe [pvengionds e ot her materi al
bet ween th cores 85, 86. Neverthless, the presence of gap 87 is not
necessaﬂéﬁg%gwgéég not materially change the operation of this device. In

the application of the invention to the enbodi nent shown in figure 8-A
the process steps in figures 2-A through 5-H can be applied to the

fabrication of bafyueyeauds GAREAIH%ARSHn: Fhtles i Al BaCrsnow

ot her enbodi nent two cores 8 ei ng copl anar. ese case; the-

snal | er MeYReEHSR. FoMhes 88bbginkal! 4 AldrindEk A& eReBlaPbeuith @bliygéﬁaazr e 8-Q
enbedded in the | arger wavegui de core 85. In the application f th

i nvent i qas tshotie iRNBIRUEEES)t oS ReNGIlY Renfibddlded] Bndd Showhuhetit Cowt fiRldRr ocess
steps in figures 2-Athrough 5-H can be applied to the fabrication of both
waveguide (coupling zone 90) and are in any event within cladding layer 82 that is.
over cladding layer 80. The sequence of steps as illustrated in Figures 2-A through

4-C can be applied to the processing of the combination of the coupling zone 90 and

the high index difference waveguide 89.

Results of Post CMP Processing - Fig. 7

Figure 7 shows that a very high degree of planarization can be
obtained by chemical mechanical polishing. This planarization is more than

sufficient for optical applications even for high index difference waveguides.

Configurations _of Multiple Waveguide Cores for Which This Invention is

Particularly Useful - Figs. 8-A Through 8-D

Figures 8-A, 8-B, 8-C, 8-D show the various additional configurations

and embodiments for which this invention is particularly useful.

In these figures, light from one core 85, is coupled to another
waveguide core 86. Light may travel from left to right, i.e. from the waveguide core

85 to waveguide core 86 or conversely light may travel from right to left from

18
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wavegui de cores 85 and 86. Figure 8-D shows enbodi nents of two cores 85 and
86 being non co- planar. The relative height position of cores 85 to 86 can
be reversed. Core 86 is shown to be above core 85 for illustration

pur poses. Neverthel ess, the positions of cores 86 and 85 can be reversed.
In addition, the relative positions of cores 86 and 19 85 with each other
are determ ned by optical efficiency and ease of fabrication concerns. The
invention is equally applicable in situations in which core 85 is
partially/wholly enbedded in core 86 or vice versa. In addition, in this
enbodi ment, the device is applicable useful even if the cores 85 and 86 are
made f r'éfYIededht Ferg|Sotarerveguide eareBReAdpispore deilled inthe wg wikhaenegioizet o t he

enbodi nept. .,shown in fiqure 8D, th rocess steps in figures 2-A through
5-H can tB@’f %55%1%@%“03 35 aflé%ﬁ&&f’wﬁsg@r P SEHPIRSGETHYR, RGrstems withpegs. " The

foll i | ol . 9A -F, h di t t.hi

o HLARUER 8, B Bl T o 2
i . i . . . t etc

AR I B e O A e s

t he cor ehofdn inBHLRLRLAGH h&bching is done first for the buffer |ayer or
for the buffer layer and partially for the core layer. Then conplete

etching of core layer is done using this buffer layer as hard mask. The
top part of this buffer layer will have a refractive index
Figure 8-A is an embodiment of the two cores 85, 86 being coplanar.

In this case cores 85 and 86 are fabricated from dissimilar materials or have
dissimilar shapes. For illustration purposes, there may be a gap 87 of vacuum or
filted with air, or some other material between the two cores 85, 86. Neverthless, the
presence of gap 87 is not necessary and does not materially change the operation of
this device. In the application of the invention to the embodiment shown in figure
8-A, the process steps in figures 2-A through 5-H can be applied to the fabrication

of both waveguide cores 85 and 86.

Figure 8-B and 8-C show other embodiment of two cores 85, 86 being
coplanar. In these case, the smaller waveguide core 86 is partially (Figure 8-B) or
wholly (Figure 8-C) embedded in the larger waveguide core 85. In the application
of the invention to the embodiment shown in Figure 8-B or Figure 8-C, the process |
steps in figures 2-A through 5-H can be applied to the fabrication of both

waveguide cores 85 and 86.

Figure 8-1 shows embodiments of two cores 85 and 86 being non co-
planar. The relative height position of cores 85 to 86 can be reversed. Core 86 is
shown to be above core 85 for illustration purposes. Nevertheless, the positions of

cores 86 and 85 can be reversed. In addition, the relative positions of cores 86 and
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substantially close to the index of |layer 201 and smaller than the
refractive index of said waveguide and will be deposited before etching of
the core. Snmooth surfaces are required in wavegui des to ensure m ni mal
scattering | osses. Creating snooth surfaces and interfaces are
particularly challenging when there are at |east two wavegui de core
regions on the sanme chip which are either non-coplanar or when there are
at | east two wavegui de cores fabricated fromdissimlar nmaterials. The
wavegui de devi ce design and the met hodol ogy descri bed bel ow provides for a
mechani sns to protect the top surface of at |east one of the wavegui des
during 9 ssthaepdoedysiag. deermingdrley optisak Rifsiggiey il shgswoh debrigation
invention allo one to. fabricate wayequj de cores with snmooth tog o

sur f aces@on??%‘srﬁbﬂﬁr’é%’e%%lé gl a&%&? N7y AIVSRAENS: He WG Jipreéodir i ng

[ . Fi 9-A.th 202 of th i de,is. deposifed
bot - om ot talhgvrar e3BRataT ol 191 B 20 Wl rdeenc] BadhEo, Tt
t ident] - W tha that ' | 0} .4 [ f th
Cor e, repratinticl e Aol EIRRRN RN R I 1hE SRRIDAERER PR oy or”

203. T%&npmm&asﬁ%ierf‘a@ﬁ Iﬁaﬂwebgp]ala?&aﬁ%ﬁnﬁdth%oﬁl\@ﬁtieﬁ%l ’EHehQI%@Bﬂﬁ(exﬁfs in

figure 9-C. Figure 9-D shows th vegui de core 502 after etching o

buf fer | #0Bs@REB-DNERE peREd &b ihdiduedPiAehdghls-EBaRsi bt dgidicdftoet ched
buffer |ayer 503"on top of etched core
the fabrcation of both waveguide cores 85 and 86.

The following appliés to Figs. 9A to 9-F. In another embodiment of
this invention, a buffer layer 203 is deposited on top of the waveguide core 202
prior to etching of the core to ensure that the top surface of the etch core is smooth.
In this case the despoited layer is etched together with the core. Or, patterning and
-etching is done first for the buffer layer or for the buffer layer and partially for the
core layer. Then complete etching of core layer is done using this buffer layer as
hard mask. The top part of this buffer layer will have a refractive index
substantially close to the index of layer 201 and smaller than the refractive index of
said waveguide and will be deposited before etching of the core. Smooth surfaces
are required in waveguides to ensure minimal scattering losses. Creating smooth
surfaces and interfaces are particularly challenging when there are at least two. 7
waveguide core regions on the same chip which are either non-coplanar or when
there are at least two waveguide cores fabricated from dissimilar materials, The
waveguide device design and the methodology described below provides for a
mechanisms to protect the top surface of at least one of the waveguides during

plasma processing.
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502. The advantage of this process sequence is that the etched buffer |ayer
503, protects the etched core 502 fromplasm attack during etch. Figure
9-E shows the etched core 502 on top of the cladding 201, with the etched
buffer l|ayer 503 still intact after photoresist 404 strip. In this case,
the buffer layer 203/ etched buffer |ayer 503 has served its purpose of
protecting the top surface of the core 202/ etched core 502 from pl asma
processing fromthe etch, photoresist 404 strip, any associated cl eaning
steps or other subsequent process steps including but not Iin}teddto

chem cal mechani cal polishin CWP). Figure 9-F shows the conpleted core
502 enbedded in c% § PR rggtpgah f ﬁmvﬁ b E'P%H@Hefﬂﬁﬁff aflopesy epe 503 st |

.Cl addi ion 701.was forned b ing a_lowindex
C addi 'né*gﬁ’ T B Ce{ﬁsewsfélzsmef’%hé%r’ Surbers "S5 BRRehioP ot AtPP01 1 n

exenpl ar r Iad 701 wi.l rial fractive

i ndex eéﬁéﬁg?%g8§§§&ﬁ$ egus%herﬁl ro“ﬁﬁ%ﬁgﬁﬁyg$¥a hgfgﬂﬂi%%%t reﬁion
701 mat , there
will beqﬁo B Ekgeeirsnﬁ%égﬁig%%’g tEH}ﬁgﬁ%ﬁgiﬁﬂeﬁggi b%?’#%‘gfretf lg’{} Edﬁ‘ﬁg%ﬁ

under cl a8d20diosd &, Emwlaeﬁﬁ@@wiﬂg thAYFQMhd ahRY0Y neh ge d%%ft@d W op e ur t her
anneal ing step may be optionally be used to fTuse the region 503 and 201

t oget hertht eofeor m 701. A person-skilled in the art will recoginze that the

steps outlined in figures 9-A through 9-F may be interl eaved with other
process

In Figure 9-B, a layer of photoresist 304 is coated on buffer layer 203.
This photoresist 304 can be patterned 404 by photlithography as in figure 9-C.
Figure 9-D shows the waveguide core 502 after etching of buffer layer 203 and then
core 202 to form the stack consisting of etched buffer layer 503 on top of etched core
502. The advantage of this process sequence is that the etched buffer layer 503,

protects the etched core 502 from plasma attack during etch.

Figure 9-E shows the etched core 502 on top of the cladding 201, with
the etched buffer layer 503 still intact after photoresist 404 strip. In this case, the
buffer layer 203/etched buffer layer 503 has served its purpose of protecting the top
surface of the core 202/etched core 502 from plasma processing from the etch,
photoresist 404 strip, any associated cleaning steps or other subsequent process-

steps including but not limited to chemical mechanical polishing (CMP).

Figure 9-F shows the completed core 502 embedded in cladding
region 701 with the etched buffer layer 503 still remaining. Cladding region 701 was
formed by depositing a lIow index cladding layer over the core 502, etched buffer
503 and underclad 201. In exemplary embodiments the over clad 701 will have a

materials refractive index equal to or similar to the under clad 201. If the cladding
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steps wi thout changing the overall process flow and the invention. The
buffer | ayer 203 and etched buffer |ayer 503 can be used as at least a
part of an etch nmask for etching of said core 202. In addition, it may be
used as a sacrificial region to accommodate resist erosion. The buffer

| ayer 203 could optionally have a graded index distribution to reduce
optical losses in the core 202. Using this nethod we have proved that it is
possi ble to generate snooth wavegui de cores that have a surface roughness
of equivalent to that of the deposited |ayer. The process steps in Figures
9-A through 9-F are applicable to situations_ in which there are nultiple

wavegui degiosr 28l matdies\the iinde gfitesetghed bues dyrerd0B, then ppticallyadleeret he
steps out]ljned in Figures 9-A through 9-F be us to fabricat '
wavegui dells Be srerna Hﬁ%@%cqi?eg*me%% eﬁfﬁd{[ﬁﬁfﬁﬁgwe&- .anﬁénwnﬁ?%fﬂ@a@ﬁges to
front and ,back, .right and lLeft, top,and b om upper and | ower, and

hor i zon?‘ﬁlfoﬁﬂ& C\l/aecicgpgé?glgpg,si ﬁngE%hﬁc?Pé%g@ herwi se, intended for

conveni ence of description, not to limt the present invention or its
conponents to any one positional or spatial orientation. Al dinensions:of

o ; : : . desi
the conponents 1n Eﬁtﬁ&%ﬁ%ﬁxﬁ%ﬁcﬁ%ﬁ%é%ﬁ%i@é’ uddd fﬁsé’ﬂ{eel%gicﬁ‘{s esign

and the intended use of an nt™ w t'hout parting fromthe scope of

the i nveguBieu 20Mbkerhehes RIraSROIL A p¥RBhisRNledas thean Was escofRteWhiththe
reference to several enbodinents thereof, those skilled in the art wll
recogni zgepsavuibineddhafige®s 9-A through 9-F may be interleaved with other process

steps without changing the overall process flow and the invention.

The buffer layer 203 and etched buffer layer 503 can be used as at least
a part of an etch mask for etching of said core 202. In addition, it may be used as a
sacrificial region to accommodate resist erosion. The buffer layer 203 could

optionally have a graded index distribution to reduce optical losses in the core 202.

Using this method we have proved that it is possible to generate
smooth waveguide cores that have a surface roughness of equivalent to that of the
deposited layer. The process steps in Figures 9-A through 9-F are applicable to
situations in which there are multiple waveguide cores as shown in Figures 8-A
through 8-D. In this case, the steps outlined in Figures 9-A through 9-F may be used
to fabricated waveguide cores 85 or 86 (see Figures 8-A through 8-D).

Any references to front and back, right and left, top and bottom,
upper and lower, and horizontal and vertical are, unless noted otherwise, intended
for convenience of description, not to limit the present invention or its components

to any one positional or spatial orientation. All dimensions of the components in
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that may be nmade wi thout departing fromthe spirit and scope of the clained
i nvention. While particular enbodi nents of the present invention have been
illustrated and described, it is not intended to Iimt the invention,

except as defined by the following clains. 23 CLAIMS 1. A nethod of
formng a substantially planar surface of an optical wavegui de devi ce,
conprising the steps: formng at | east one wavegui de core portion wthin at
| east one cladding portion; the wavegui de core portion having an upper
surface; the cladding portion having a higher portion over at |east the

wavegui de core gfftion and a lower portion; fornin%gg_patterned
sacrifi dglatisshed SigBeeFan Nary Wiy a dosertial glestan: sash theintandesbuse 6h apf t he

hi gher cl addi.n or.,ion,, | eaving a second portion of the higher cladding
portion eéﬁ%%%‘@%f#% tﬂﬁpﬁﬁthgefgglfﬂ tgeﬁfﬁﬂq ‘%r’fi’%fn‘f%o@xposed second portion
of the higher «cladding portion by a selective renoval process selective to
the patterned sacrificial portion |eaving a remmant of the exposed second

portion of the highgfie Qhéqueglglt BOEAEAN has been described with reference to

several embodiments thereof, those skilled in the art will recognize various changes

that may be made without departing from the spirit and scope of the claimed

invention.

While particular embodiments of the present invention have been
illustrated and described, it is not intended to limit the invention, except as defined

by the following claims.
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pl anari zing: the remmant of the exposed second portion of the higher
cladding portion over the wavegui de core portion; and the | ower cladding
portion; to forma planarized claddi ng portion coplanar with the upper
surface of the waveguide core portion; to formthe substantially planar
surface of an optical wavegui de device. 2. The nethod of claim1l1, wherein
the planarized cl addi ng portion has a thickness of between about 0 and 200
nm above the upper surface of the waveguide core portion. 24 3. The nethod
of claim1, wherein the cladding portion has a first index of refraction;

t he wavegui de coré portion has a second index of refraction; and the
wavegui de core portion second i ndeXCloAIM&f raction is greater than the
cladding portion first index of refraction. 4. The nethod of claim1,
wherein the planarization is a chem cal nechanical polishing process. 5.

The net hod of, clajm1, .wherein the wayegui de core partion_conprises_ at
| east on vva\/ééliﬁ‘?% Bdgéf@r@ﬁﬂ&ﬂ?h?&%4Wi El’ia%‘t‘r FERGe oA ey Rifca g&wigle core.

6. The 10d laim1l, wherein the patterned sacrificial portion is
conpri s errc?cg\@(%, c&fnp%s%g%e steps:

forming at least one waveguide core portion within at least one cladding
portion; the waveguide core portion having an upper surface; the cladding portion
having a higher portion over at least the waveguide core portion and a lower

portion;

forming a patterned sacrificial portion over the lower cladding portion and a
portion of the higher cladding portion, leaving a second portion of the higher

cladding portion exposed;

removing at least a portion of the exposed second portion of the higher

cladding portion by a selective removal process selective to the patterned sacrificial
portion leaving a remnant of the exposed second portion of the higher cladding
portion;
planarizing:
the remnant of the exposed second portion of the higher cladding
portion over the waveguide core portion; and
the lower cladding portion; -
to form a planarized cladding portion coplanar with the upper surface of the
waveguide core portion;

to form the substantially planar surface of an optical waveguide device.

2. The method of claim 1, wherein the planarized cladding portion has a
thickness of between about 0 and 200 nm above the upper surface of the waveguide

core portion.

24




of : photoresist: or photoresist stacked upon a filmconprised of: silicon
nitride, silicon oxynitride organic silicate glass, dianond |ike carbon,
silicon dioxide, polyinmde, PMA, tantalum tungsten or nolybdenum 7. The
met hod of claim11, wherein the cladding portion is conprised of silicon
nitride, organic silicate glass, silicon dioxide, polyimde or PMVA 8. The
met hod of claim 1, wherein the selective renoval process selective to the
patterned sacrificial portion is a dry and/or wet etching process. 9. The
met hod of claim11, wherein the patterned sacrificial portion is renmoved
before the planari'zation. 25 10. The nethod of claim 1, wherein the
sacrifid.al pldret irethad oplbtior Esiviierandhe hdaddiagtpomied Isaca iffrsciralex of

phot oresi st portion is renoved before the planarization by a stripping

pr ocess . refractiqethgevavguide ebed prttionnhas @i second indeoe ghirdsadtme apdr theon i s
formed using .a first mask; and the patterned sacrificial portion. is

pat t er netaY§2Hie Q5 PPFI é?cqr‘éiﬂ/é?dexugft ryractiopcisnaresigtkthenathe daddimg ever se

of the first sk. ,12. . The thod of claim1, wherein the planarization
al so rerﬁﬁfggngﬁﬁt Mg Of TR R%t t er ned sacrificial portion. |

4, The method of claim 1, wherein the planarization is a chemical mechanical

polishing process.

5. The method of claim 1, wherein the waveguide core portion comprises at

least one waveguide core embedding within at least another waveguide core.

6. The method of claim 1, wherein the patterned sacrificial portion is comprised
of:

photoresist: or

photoresist stacked upon a film comprised of: silicon nitride, silicon
oxynitride organic silicate glass, diamond like carbon, silicon dioxide, polyimide,

PMMA, tantalum, tungsten or molybdenum.

7. The method of claim 1, wherein the cladding portion is comprised of silicon

nitride, organic silicate glass, silicon dioxide, polyimide or PMMA,

8. The method of claim 1, wherein the selective removal process selective to the

patterned sacrificial portion is a dry and/or wet etching process.

9. The method of claim 1, wherein the patterned sacrificial portion is removed

before the planarization.
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13. The method of claim 1, wherein wavegui de core portion is forned using a
first mask; and not all the sacrificial portion area is needed to be
patterned using a second mask that is the reverse of the first mask. 14.
The nethod of claim1, wherein the patterned sacrificial portion is also
renoved during the planarization. 15. The nethod of claim1, wherein the

pl anari zation includes a fine planarization process. 16. The nethod of
claim1l1, wherein the planarization of the remmant of the exposed second
portion of-the higher cladding portion over the waveguide core portion and
e egor e, o) AR AR 8 Gint!? % Bin PSS pRRSH i phoG i and e

patterned sacrificial photoresist portion is removed before the planarization by a

stripping process.

11. The method of claim 1, wherein the waveguide core portion is formed using

a first mask; and the patterned sacrificial portion is patterned from a sacrificial layer

using a second mask that is the reverse of the first mask.

12. The method of claim 1, wherein the planarization also removes any

remaining patterned sacrificial portion.

13. The method of claim 1, wherein waveguide core portion is formed using a
first mask; and not all the sacrificial portion area is needed to be patterned using a

second mask that is the reverse of the first mask.

14.  The method of claim 1, wherein the patterned sacrificial portion is also

removed during the planarization.

15. The method of claim 1, wherein the planarization includes a fine

planarization process.

16.  The method of claim 1, wherein the planarization of the remnant of the
exposed second portion of the higher cladding portion over the waveguide core
portion and the lower cladding portion does not expose the upper surface of the

waveguide core portion.
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