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Abstract—We describe the design, fabrication and measurement il f_-'r‘;:u: b L
of an integrated-optical Bragg grating filter, operating at a free- e S i =
space wavelength of 1543 nm, based upon a silicon-on-insulator e g | \“‘C‘?i iy
(SOI) ridge waveguide. The measured spectral response for a4-mm [ {0 R L
long grating has a bandwidth of 15 GHz (0.12 nm), and shows good A N e T
agreement with theoretical predictions. Si0,

Index Terms—Bragg scattering, gratings, optical planar waveg- [a}
uides, ridge waveguides, silicon-on-insulator (SOI) technology,
waveguide components, waveguide filters.

. INTRODUCTION fn=1.0

RAGG grating structures are used in optical communica-

tions systems for many applications, including distributed
feedback (DFB) lasers, distributed Bragg reflector (DBR)
lasers, add—drop filters, gain equalizers, dispersion compen-
sators, grating-assisted couplers, and code division multiple
access (CDMA) encoders—decoders. The most common Bragg
grating filters are fiber Bragg gratings (FBGSs), in which a
periodic index modulation is induced in the core of a photo-
sensitive fiber [1]. Similar techniques have been applied to
form photoinduced Bragg gratings in integrated glass channel
WavegU|des.[2]—[5]. F(_)r_mate”als that d‘? not have a SlgnlflcaEitg. 1. (a) Calculated TE mode profile for the SOI ridge waveguide. The
photorefractive sensitivity, a Bragg grating can be formed Byagnitude of the principal transverse field compondt.|¢) is plotted,
physically corrugating the waveguide’s surface, as is done fand the contour labels are given in decibels, relative to the peak value. The
DFB-DBR lasers and other integrated optical componenf2 T 12, 0 net e FEm o ten, 8 e oot & fabricated SOI
This article describes the fabrication and characterization @fge waveguide, with all of the relevant dimensions labeled.
an integrated Bragg grating on a silicon-on-insulator (SOI)
ridge waveguide. To our knowledge, this represents the fitlicon and oxide or air seems to imply a small mode size,
experimental demonstration of an integrated Bragg grating (@atively large optical modes can be confined in silicon-ridge
this promising new waveguide system. “waveguides without sacrificing single-mode operation [6], [7].

Silicon, although reflective at visible wavelengths, issingle-mode SOI ridge waveguides with propagation losses as

transparent at photon energies below the bandgap (i.e., [ as 0.1 dB/cm and fiber coupling losses as low as 0.17 dB
wavelengths longer than about 1/2m). Because of the perfacet have been reported [8]. Others have demonstrated cou-
availability of inexpensive SOI substrates, the maturity Qfiers [9], interferometers [10], and phased-array demultiplexers
silicon processing techniques, and the potential for integratim] based upon SOI ridge waveguides, but the application of

with mi_croelectronic devices, SOI i_s becom_ing an attracti_v‘gragg gratings to this waveguide system remains relatively
alternative to doped-glass waveguides for integrated 0pt"€ﬁf|explored.

devices. Although the high refractive index contrast between
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modes and,, for quasi-TM modes. In Fig. 1(a)e.|* is plotted _ o
and the contour labels are given in decibels, relative to the pea‘!uj i 3
value. The composition and cross-sectional dimensions of th L
waveguides are indicated in the micrograph shown in Fig. 1(b) =
The full silicon layer thickness is @m, and the ridge is etched
to a depth of 800 nm. The Bragg grating is etched into the top o
the ridge, to a depth of 150 nm. By choosing the ridge height tc
be somewhat less than the full silicon layer height, single-mode )
operation is ensured. For a first-order Bragg grating operating sizi
a free-space wavelength of 1550 nm, the required Bragg gratin -~
period is about 223 nm. For the devices reported here, the dut| -
cycle (the fraction of the period occupied by a grating tooth) was!. m"'fh:u 2
close to 50%. .
The effect of the grating can be modeled using coupled-modt |
theory (CMT), in which the grating coupling strength (usually ;'5'",_-,":;“‘:“ -
denoted by:) is described by a simple overlap integral between S
the optical waveguide mode and the grating region [13], [14]. 5
From a lithography standpoint, it is difficult to form a submi- .~
cron pitch grating with an aspect ratio much larger than 2:1, -
which corresponds to a maximum grating depth of about 200 nn '
for silicon ridge waveguides. Moreover, theoretical models pre-
dict that little is ggmed by making the g_ratmg much deeFJPFFg. 2. Fabrication process used to pattern the fine-period Bragg gratings on
than the exponential decay length (or skin depth) of the elagp of SOl ridge waveguides. Two masking layers are first patterned, one on
tromagnetic mode. With these limitations in mind, we chogep of the other, to define the gratings and the waveguides. The device is then

the grating depth to be 150 nm. For a fixed grating depth, tffgmed through a sequence of selective etching steps.
grating strength«) depends upon the waveguide dimensions.
The waveguide structure shown in Fig. 1 was selected as a com-
promise between two extremes. For ridge waveguides designed Bragg grating  J
to match well to an optical fiber (i.e., when the silicon thick- (A=2X3nm)
ness is about 5-7m), a relatively shallow grating atop the
ridge would constitute a very weak perturbation, and would
not be suitable for most integrated filter applications. At the
other extreme, for single-mode channel waveguides in silicon
(e.g., when the silicon layer is only 100-200 nm thick), the
grating is strong enough to be considered a one-dimensional
photonic bandgap structure [15]. However, such submicron sil-
icon waveguides often have unacceptably high propagation loss
and inefficient coupling to an optical fiber. The intermediate
structure shown in Fig. 1 offers reasonable grating strength with
a relatively large mode size.

The raw materials used for this work were commerciall ig. 3. _Sca_nning-electron rr_]icrograph sh(_)wing a silicon-on-insulator ridge
available ELTRAN SOI wafers (Canon, Inc.. Hiratsuka-shi aveguide with a 223-nm period Bragg grating patterned on the top surface.
Kanagawa, Japan). The supplier used a sequence of silicon
epitaxy, flip bonding, and selective back etching to generafiermed by a sequence of selective etching steps as shown in
SOl wafers with an oxide thickness of Am and a silicon Fig. 2(c)—(f). The excess grating is first removed using RIE in
thickness of 3:m [16], [17]. a CHF; plasma. Next, the waveguide is formed using RIE in a

Fig. 2 outlines the lithographic sequence we implemented &,—0. plasma. After stripping the nickel waveguide mask, the
pattern the fine-period Bragg gratings on top of silicon ridggratings are etched to a depth of 150 nm in @ @hsma. The
waveguides. We earlier reported using a similar process faxide-masking layer is then removed, completing the process.
InP waveguide fabrication [18]. First, a uniform layer of id~ig. 3 is a micrograph showing a completed device with a
deposited over the silicon core layer wisbeam evaporation 223-nm period Bragg grating patterned on a ridge waveguide.
of Si0,, and patterned using interference lithography and The first benefit of this process is that the most critical nano-
reactive ion etching (RIE) in CH¥ This oxide grating pattern lithography step (that in which the Bragg gratings are formed) is
will later serve as a mask for etching the Bragg gratingperformed over a planar surface. Because the initial grating pat-
The comparatively coarse waveguide features are patteriech can be made relatively thin, the second level of lithography,
in nickel directly on top of the oxide grating using scanningkewise, has very little surface topography to contend with. A
electron-beam lithography and a liftoff process. After theecond benefit is that the gratings can be made wider than the
gratings and waveguides have been patterned, the devicevészeguides, allowing for relaxed tolerance when placing the
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three dips in transmission are identified with coupling to leaky modes, whereas
the final dip at 1543 nm is the anticipated coupling into the backward-traveling
bound mode.

” @ Wavelength (nm)
I Fig. 5. Measured TE transmission spectrum for the Bragg gratings. The first

the detected power decreased by 12.3 dB for the TE polariza-

(b) tion and 13.6 dB for the TM polarization. These insertion loss
figures include mode mismatch at the input facet, waveguide

Fig. 4. (a) Top-down diagram illustrating the layout of the Bragg gratin%ropagation loss, possible grating-induced loss, Fresnel reflec-

devices. The grating length was 4 mm, and the full chip length was 17 mm. ! . T

The waveguides were bent to an angle ef the chip facets to eliminate tION at both facets, and bending loss. The theoretically calcu-

unwanted reflections. (b) lllustration of the system used to measure the devidgged Fresnel reflection loss is 2.9 dB for TE and 3.5 dB for

Light was coupled into the waveguides using a lensed fiber and collected at fﬁ/l When the same procedure is applied to a similar waveguide

output with a microscope objective. Notice that the sample must be rotated by * . . . .

21° in order to account for refraction at the input and output facets. without Bragg gratings, the measured insertion loss remains un-

changed, indicating that the grating-induced excess loss is not

waveguides. When the excess grating to either side of the Waeg_preuable. The remaining 10 dB of loss is thought to be due

uide is stripped, the remaining grating lines are automatica”1OStly to waveguide propagation loss, with a small component
guic pped, g grating attributable to input mode mismatch. We believe that the propa-
confined to the tops of the waveguides.

Fig. 4(a) is a top-down diagram illustrating the layout of th atlorl loss is primarily causgd by rO.Uth?SS anq |rre.gular|t|es.|n
) . side walls of the waveguide which arise during lithographic
devices that we measured. The gratings were 4-mm long an

the full chip length was 17 mm. The waveguides were bent rocessing, and we anticipate that |mproyements to the fabrica-
10n sequence will lead to lower propagation loss [19].

an angle of 6 at the edges of the chip to eliminate internal re- Fig. 5 depicts the measured transmission spectrum for a 4-mm
flections from the facets. The bending radius was 15 mm, whi?h i . S :
ong Bragg grating. A similar spectrum is seen for the TM po-

was predicted to yield negligible bending loss for the waved: > .0 “=0 o con spectrum shows four distinct dips,

uides considered. and more might be present at shorter wavelengths that our laser
could not reach. The first three dips at 1510 nm, 1525 nm, and
1537 nm can be identified with grating-assisted coupling be-
Light from a tunable external-cavity diode laser was couween the forward-traveling bound mode and backward-trav-
pled into the device using a conical lensed fiber and collecteting leaky modes, whereas the final dip at 1543 nm corresponds
from the output facet using a microscope objective, as showntinthe anticipated coupling from the forward to the backward
Fig. 4(b). Notice that the entire chip must be rotated by abogtided mode.
21° to account for refraction of the light as it enters and exits the Even though the waveguide under consideration only sup-
device. The laser output was connected through a polarizatiperts one bound mode per polarization state, there are several
controller (not depicted) before entering the chip, and a lineleaky modes associated with higher order slab modes of the
polarizer was inserted after the microscope objective to analysteucture. The physical mechanism of the leaky mode coupling
the polarization of the light emerging from the chip. For eactan be understood by considering a simplified model of the
measurement, the polarization controller was adjusted until tsggstem consisting of a three-layer slab waveguide, depicted
emerging light was linearly polarized in either the TE or TMn Fig. 6(a). The dimensions of the slab waveguide have been
state. chosen to correspond to the full height of the silicon guiding
Prior to measuring the devices, the output of the lensed fidayer in the real devices. Even though the ridge structure has
was focused through the objective lens directly onto the detectorly one bound mode, the slab waveguide has multiple modes.
in order to quantify the relative amount of light entering the deéAlthough the ridge structure provides confinement in the
vice. After the device was inserted and all the elements alignéxhnsverse direction for the fundamental mode, the higher-order

I1l. M EASUREMENT



MURPHY et al. NARROW-BAND BRAGG-REFLECTION FILTERS 1941

air L | Relative Frequency (GHz)
— . o [=3 (=4 (=4 [~ (=4
7 8 8 3 88 2 o 2 &8 8 % 8 8
i 3 m n=35 ! S '
' A 40
T\ A
=1 al] n=1.46 ‘ |
0 s o B : 2
: 5 Ava Voo A
Loy oA N | -
: -~/ b 5
o -2 -4 g
g N b z
£ ™ @
f (x 10% em1) 2 Ll E } 6 =
8 E
g " 2
R i - b <
al [ 6 -8
— It FfF—e . _. ]
. =35 B Measurement \
als T —____:_ I 8 _E' abo - Theory 10
n —JTda T : T T TE
1.3 r\. 1 L L i i
- ~ a © <« ®mw e ~ ® o o =
3 —] g ¢ % 8 8 ¢ ¢ ¢ g 3 3
= '55-:-'- = = = = =) o = i h (] g g 24 v w g w 24 ] w0 10
1.3 - - - - = — ~ ~ - - Wavelength (nm)
—— |3k | -
| _[ Bz Fig. 7. Enlarged plot of the measured transmission spectrum of the Bragg
i e 1 1" a grating around 1543 nm, showing both polarizations. The TM spectrum has
e e been offset by-2 dB to differentiate the two. The dashed lines represent the
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—2 dB to more clearly differentiate the two. CMT predicts that

. . _ the peak reflectivity of a Bragg grating is
Fig. 6. (a) A simple three-layer slab waveguide model can be used to

understand the observed Bragg transmission spectrum. As shown here, the 9
dimensions of the slab waveguide were chosen to be similar to the ridge Rpax = tanh (I‘EL) 2
waveguide which we actually measured. (b) The calculated dispersion relation

(2 vs A) for the first four modes of the slab waveguide depicted in (a). T : ; - :
corresponding backward-traveling modes (with negatiyeare also plotted. h\‘fvhereL is the grating length ane is the grating strength.

When a Bragg grating is introduced, coupling can occur wherever the differerlé§iNg this relation, it is possible to infer the grating strength

in propagation constants matches the spatial frequeneggtor) of the Bragg  from the depth of the measured transmission spectrum and the
grating. The four vertical arrows in _thls figure indicate the four wavelengths Rhown grating Iength. Forthe TE transmission spectrum, we ob-
which light from the forward-traveling fundamental mode can couple to one . . .

of the four backward-traveling modes. serve a peak reflectivity of 90%, and infer a grating strength of

x = 4.5 cm~!. This figure agrees well with that predicted by

modes leak out of the waveguide to either side of the ridgt(ge overlip mttlagral ;nzethFod |tr;]coTn'{/l|Jnctllor? W'tt.h aiﬁmwg ctona(lj
Thus, we can associate the higher order slab modes with Ieglgenmo € solver [ 0] or the polarization, he 0 _serve
modes. peak reflectivity is 50% and the grating strength is 2.17¢ém

Fig. 6(b) plots the calculated dispersion relatishversusy) which is about 40% lower than that predicted by the overlap

for the first four TE modes of the slab waveguide depicted 'Htegral method. A more complete full-vector treatment might

Fig. 6(a). Notice that we have also plotted the negative pro g needed 1o accur.ately. quel the Bragg reflection for the TM
agation constants, which correspond to the lowest four ba 1se. The dashed lines in Fig. 7 plot the calculated spectral re-

ward-traveling modes. The Bragg grating creates a coupling pEonse from CMT, showing the gOOd. agreement betyveen theory
nd measurements. The spectral width at half maximum of the

tween the modes wherever the difference between their propa-". " ™ o

gation constants is equal to theector of the grating as follows: gg":ﬁ dISTEI:LIO(;)l:atSS (;gz'sgggr';égrE’yfgrfgt:rﬁOgirézf‘;g)?ﬁéy;i_
cally predicted modal birefringence of the structure is 0.35 nm.
These results suggest that modal birefringence (and not intrinsic

. . . ial birefri is th i f birefri
where A is the period of the Bragg grating. The four arrow%?iﬁrelad:\llrii:ngence) Is the dominant source of birefringence

drawn in Fig. 6(b) all of have the same length, and they illustrate
the four wavelengths at which light from the forward-traveling
fundamental mode can couple to one of the backward-traveling
modes. The position and relative spacing of these four wave-n this paper, we describe a fabrication process for building
lengths agrees qualitatively with the measured data presentethiegrated Bragg gratings on SOI ridge waveguides, and we
Fig. 5, in spite of the simplifying approximations made (i.e., rearesent our initial measurements of these devices. Our observa-
placing the ridge with a slab). tions show that a nominally single-mode ridge waveguide can
Fig. 7 shows an enlarged plot of the Bragg transmission spéave higher-order leaky modes, which lead to loss on the blue
trum around 1543 nm. Both TE and TM measurements are side of the spectrum when the grating is measured in transmis-
cluded in this plot, and the TM spectrum has been offset lsyon. This effect is similar to the coupling to cladding modes that

27
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occurs in FBGs [20]. It should be possible to increase the speg¢ts]
tral separation of these leaky modes by shrinking the waveguide
dimensions, at the expense of reduced fiber coupling efﬁcienq{m
Further study is needed to quantify the leaky mode spectrum for
this class of waveguide. (18]

The primary Bragg transmission spectrum for a 4-mm
long grating showed a spectral width of 15 GHz (0.12 nm) at19]
1543 nm, and peak reflectivity of 50% and 90% for TM and
TE polarizations, respectively. Higher reflectivities could be
achieved by increasing the grating length. The measuremenz]
show good agreement with theoretical models based on CMT.
Although the devices here were designed for operation near
1550 nm, the technology could be used at wavelengths down to
about 1.2:m by changing the grating pitch.
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