Fabrication techniques for grating-based optical devices
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We describe a novel, versatile process for fabricating integrated Bragg-grating devices. Our process
addresses many of the critical challenges presented by such devices, including period selection,
alignment, spatial coherence, and nanolithography. Using a combination of e-beam, x-ray, optical,
and interference lithographies, we have successfully employed this process to construct 244 nm
period, quarter-wave-shifted Bragg gratings on top qfrh-tall waveguide structures in InP.
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[. INTRODUCTION Il. FABRICATION CHALLENGES

The term “Bragg grating” refers to an optical device in  The first challenge presented by the channel-dropping fil-
which a periodic index modulation or structural corrugationter depicted in Fig. 1 is that the grating period~i244 nm,
reflects light in a narrow wavelength range. The principle ofwhich is beyond the capability of most conventional lithog-
operation is similar to that of a dielectric mirror, in which a raphy techniques. Moreover, the presence of an abrupt
periodic sequence of films, of alternating index, is used tajuarter-wave shift in the grating rules out the use of interfer-
achieve high reflectivity over a narrow bandwidth. ence lithography, which otherwise could be used to produce

Because of their ability to selectively reflect certain wave-such gratings. In order to fabricate grating filters that include
lengths, Bragg gratings find widespread application in theone or more quarter-wave shifts, a more flexible lithography
rapidly growing field of optical telecommunications, espe-tool, such as electron-beam lithography, must be employed.
cially in wavelength-division multiplexing@WDM). For ex- A second requirement of the Bragg grating, which is not
ample, in distributed-feedback lasers, Bragg gratings arapparent from Fig. 1, is that the grating must be spatially
used in place of mirrors or facets to provide wavelength-coherent over its entire length; the Bragg grating is several
dependent feedback into the lasing mediuiber Bragg hundred microns in extent, and therefore must be written by
gratings, in which a periodic index modulation is induced institching together several e-beam fields. Any appreciable
the core of a photosensitive optical fiber, are now employedield-stitching errors at the boundaries between these adja-
for a variety of applications, including dispersion compensa-cent e-beam fields results in a phase error in the Bragg grat-
tion and wavelength add/drop filtefs. ing. Stochastic modeling has shown that one must hold the

Relatively sophisticated optical filters can be constructedield-stitching error to<<5 nm or else the resulting phase
using Bragg gratings. By changing the pitch and/or modulaerrors cause several deleterious effects in filter function.
tion depth of the grating across the length of the device, itis For the channel-dropping filter, and more generally for all
possible to tailor the spectral response of the device. Also, bBragg-grating-based filters, the operating frequency is deter-
introducing one or more quarter-wave shifts into the gratingmined by the grating period. Therefore, in order to build a
it is possible to construct a rich variety of resonator-basedarrowband filter for a WDM system, we must maintain pre-
filters, from simple Lorentzian bandpass filters to higher-cise control of the Bragg-grating period. To illustrate this
order Butterworth filter$:* requirement, consider two consecutive wavelength channels

Despite the flexibility afforded by Bragg gratings, their in a dense WDM system, separated in optical frequency by
application in integrated-optical devices has been limited tdl00 GHz. If our filter is to operate on one of these channels
relatively simple components, in part because of the techniwithout affecting the other, the period of the Bragg grating
cal challenges in fabricating such structures. In this work, wenust be controlled to within 0.1 nm. In the following section,
call attention to these unique challenges and present a prave describe a technique for reliably measuring and selecting
cess sequence which solves some of the critical problems.the Bragg period to within 0.1 nm.

The device we are building to demonstrate these tech- Two levels of lithography are required for fabricating the
nigues is the channel-dropping filteEDF), depicted in Fig. channel-dropping filter shown in Fig. 1: one that defines the
1.5 The function of the CDF is to drofor add one wave- waveguide features and a second that defines the fine-pitch
length channel from a multichannel bus. The filtering takeggratings on top of the waveguide. Naturally, these two levels
place in the quarter-wave-shifted Bragg gratings locateaf lithography must be aligned relative to one another. In
above and below the bus waveguide. Because of thaddition to the normal requirements of pattern overlay, the
wavelength-selective nature of the Bragg gratings, they adBragg grating must be oriented such that its features are pre-
as narrowband resonators, which are only excited by oneisely perpendicular to the direction of the waveguides, i.e.,

resonant wavelength channel. the k-vector of the grating must be precisely aligned to the
waveguide axis. Any angular misalignment between the grat-
3Electronic mail: mhi@nano.mit.edu ing and the waveguide axes will cause an effective lengthen-
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Single-Channel write the quarter-wave-shifted patterns required by the de-
Signal: A, . . . . . .
V4 — vice. During the e-beam writing, the existing interferometric
Multichannel ‘. pattern on the mask is sampled in order to determine the

2 A1, A2, Ag, .. . . .
W%: absolute beam position. This technique allows us to generate

o/ v M, hs, . quarter-wave-shifted gratings that span several e-beam writ-
Multichannel Bus N4 . . . . . .
ing fields, yet are free of the interfield stitching errors that

1.5 pm— 1.3 pm—1 would otherwise be preseft.
20nm 2 : 11T Because of the phase locking method used to write the
g— =t . a Bragg gratings, the period of the Bragg gratings is propor-

s tional to that of the interferometrically generated fiducial

7/ N4 Fo o gratings on the x-ray mask. Therefore, in order to control the
e period of the Bragg gratings, it is necessary to control the

period of the fiducial gratings to the same relative tolerance,

typically to better than one part per thousand. For simplicity

of implementation, we have chosen the period of the e-beam

Fic. 1. Schematic of the channel-dropping filter in InP. The quarter-wave-grating to be the same as that of the fiducial, although this is
shifted Bragg gratings act as wavelength-selective resonators which separzﬁ%t a fundamental requirement.

one wavelength channel from a multiwavelength bus waveguide. The lower . . . .
portion of this figure illustrates the structure and dimensions of the device. A In interference “thOgraphy! the grating peHOd depends

final layer of InP claddingnot depictedlis deposited over the entire struc- Upon the wavelength of exposure and the angle between the
ture to complete the device. two beams that form the standing wave, according to

5
T
o

A
ing of the grating period. Thus, in order to precisely control p= >sng’

the operating frequency of the filter, not only must we pre-

cisely control the Bragg period as described above, but we .\ is the wavelength and is the half-angle between

must also maintain angular alignment between the gratinghe two beams. Although the wavelength is quite accurately

anithctahundirl)lllmg wavegwdte dp%ttetrhns. h Id . f.lcontrolled, the interference anglecan only be adjusted to
nother challénge presented by the channel-dropping il accuracy of a few milliradians, which is a factor of 5-10

teris that the f_ine—period grating structures must be pqtterne@orse than needed. To overcome this difficulty, we measure
on top of rglatlvely. tall Wavegwde structures. Attempting tothe period of a test grating using the interferometer-
spin a coating of high-resolution photoresist onto a substratgOntrolled stage of our electron-beam lithography system,

with 1.1-,um-ta_1l| features_ invariably resul_ts in uneven_resstand we then fine tune the interference lithography setup to
coverage, which leads in turn to unreliable patterning. In

der id this t h bl h develoned eliminate any period errors. After the test grating is recorded
oraer to avoid this topography probiem, we have develope By interference lithography onto a silicon wafer, the sample
technique that we call the dual-layer-hardmask proces

(DLHP) which we detail in the following sections B electroplated with gold to provide contrast for backscat-

Finall the struct is fabricated. a final | ftered electron imaging in the e-beam system. The wafer is
inally, once the structure 1S fabricated, a tinal 1ayer Ol hiaq on the e-beam stage and the direction of the grating

InP gladdmg must be deposlted, while maintaining the "Mines with respect to the stage’s axes of translation is mea-
derlying structure of the device. sured, to eliminate cosine errors. We measure the distance
across a large number of perio®50-500 by translating
lIl. MASK FABRICATION the stage. This distance divided by the number of periods
In constructing the channel-dropping filter, we use a comgives the grating period. Figure 2 is a histogram illustrating
bination of several lithographies. We use optical-contacthe high precision achieved with this technique. This gold
photolithography to print the relatively coarse-{ um) grating on the Si wafer serves as a reference standard which
waveguide features, and we use x-ray nanolithography twe use to set up the interference lithography, ensuring that
pattern the fine-period Bragg gratings. The optical photothe fiducial grating that we next expose on the x-ray mask
masks which define the waveguide features were written by has an accurately known period.
commercial mask shop using a MEBES tool, and the x-ray When printing gratings onto an x-ray mask using interfer-
masks used for the grating features were written with ouence lithography, it is not possible to achieve sufficient an-
customized VS2A electron-beam-lithography system. gular alignment between the standing-wave pattern and a
In generating the x-ray masks required for the channelreference direction on the mask. To solve this problem, after
dropping filter, we use a technique called spatial-phasethe interference lithography is done, we use e-beam lithog-
locked e-beam lithographySPLEBL),*”® which combines raphy to add alignment marks to the x-ray mask which are
the long-range spatial coherence of interference lithographyeferenced to the interferometric gratings. After recording the
with the flexibility of electron-beam lithography. In the interferometric grating on the x-ray mask, the grating is
segmented-grid mode of SPLEBL, interference lithographycleared in selected areas. The mask is then placed in the
is first used to generate a coherent “fiducial” grating patterne-beam lithography tool and the rotation of the grating with
on the x-ray mask. Electron-beam lithography is then used toespect to the stage axes is measured by recordingxfie
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oped a technique that we call the DLHP, which is outlined in
A =244.84 nm Fig. 3. In this process, the Bragg grating patterns are defined

c =0.03 nm first in a thin hard-mask layer on the substriffég. 3a)].
Before the gratings are etched, however, the waveguide fea-
tures are patterned in a second hard mask on top of the grat-
ing hard masKFig. 3b)]. By patterning both hard masks
before the waveguide or grating features are etched into the
optical substrate, we ensure that all lithography steps are
performed over essentially planar surfaces.

The process begins with an optical substrate of InP with a
1.1-um-thick layer of InGaAsP quaternary core. Onto the
Fie. 2. Histogram demonstrating the precision with which we can measuréubstrate we deposit 50 nm of oxide via e-beam evaporation
the period of an interferometrically generated grating. The histogram wasgo serve as the grating hard mask. Then we Spin on a 300 nm
obtained by repeatedly measuring the period of the same grating. The accléyer of PMMA and expose it in our X-ray Iithography sys-
racy of the measurement is limited by the wavelength of the laser, which is . . h .
known to 1 part in 18, and the cosine error due to misalignment of the tem using the Br:_;tgg-gr_atlng mask described earlier. We de-
stage’s interferometer optics and its axes of motion, which we estimate to b¥elop the PMMA in a mixture of MIBK:IPA:MEK 21:63:16.
less than 1 part in 10 After development, we transfer the grating patterns into the
oxide using reactive ion etching in a CElplasma biased to
300 V. Having patterned the grating hard mask, the PMMA

locations of several points along a single grating line, over 35 removed.

distance of approximately 1 cm. Once this calibration has Because of the method used to generate the x-ray mask,

been done, a"gnme”t marks—designed t_o ove_rlay with thos ere are auxiliary patterns on the x-ray mask in addition to
from the waveguide photomask—are written in the cleare . . . o

: . he quarter-wave-shifted Bragg gratings, i.e., the fiducial
areas. By means of this technique, we guarantee that the

alignment marks placed on the x-ray mask are aligned to thgr.atmgs. o prevent these patterns from bem.g prllnted along
with the Bragg gratings, we use a second optical lithography

corresponding marks on the waveguide mask to within o5 to remove the extraneous features
angle of 10urad. When the x-ray mask is aligned to the P .

. . Next, we spin on a layer of AZ-5206 photoresist, and
waveguide level, the maximum overlay erfareasured after . : . .
) . . expose the waveguide patterns using optical contact photoli-
exposurg is ~500 nm, corresponding to a maximum total

angular misalignment of under 5@rad thography. In this step, we reference to the alignment marks

' left by the grating mask to ensure angular alignment between

the waveguide and Bragg-grating axes. After development,
IV. FABRICATION PROCESS we lift off the waveguide pattern in 200 nm of Ni. Figure
After the masks are generated, there remains the probled{a) is a scanning electron micrograph depicting the pat-
of forming submicron grating patterns over relatively tall terned Ni hard mask layer, with the underlying grating in

surface topography. To address this problem, we have devebxide. We then use the Ni waveguide layer as an etch mask

Counts

244.70 244.75 244.80 244.85 244.90 244.95
period (nm)

(a) Pattern grating hard-mask(GHM) (b) Pattern waveguide hard-mask(WHM)

(c) Remove excess
GHM, exposi

Fic. 3. Outline of the dual-layer-hardmask process
(DLHP), which allows us to pattern fine-period gratings
over relatively tall waveguide structures. By first pat-
terning two hard-mask layers before forming the struc-
ture, we ensure that all lithography steps are performed
over essentially planar surfaces.

(f) Etch gratings &
remove GHM
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Fic. 4. (a) Scanning electron micrograph showing both the grating hard

mask (GHM) and the waveguide hard magW/HM) used in the process. FiG. 5. Scanning electron micrographs show{apthe etched waveguides;
The waveguide features are patterned with optical photolithography and Nib) final structure after etching of the gratings and removal of hard masks.
liftoff, and the underlying gratings are patterned in oxide via x-ray nano-(The three parallel gratings shown here are portions of a higher-ordeyfilter.
lithography and reactive-ion etchin@) After patterning both hard masks,
the excess grating patterns are removed using the waveguide pattern a:

mask Y8lecommunications. The fabrication challenges presented by

Bragg grating devices are quite different from the challenges

traditionally confronted by the semiconductor industry. We
to clear away any residual grating mask, as shown in Fighave developed a process for constructing integrated Bragg
4(b). gratings which specifically addresses these unique chal-

The waveguide features are then etched into the InGaAsf@nges, and demonstrated this process by constructing inte-
core material, using the Ni layer as hard mask. The InGaAs@rated quarter-wave-shifted Bragg grating devices in InP. Fi-
is reactive ion etched in a hydrocarbon plasma ofnally, we point out that the techniques described here can
0,/H,/CH, at flow rates of 2.5/19/19 sccm. We maintain a €asily be applied to other material systems, and other grating
DC bias of 300 V and chamber pressure of 4 mTorr. Thisgeometries.
etch results in straight sidewalls and smooth etch surfaces, as
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