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Ridge-waveguide sidewall-grating distributed feedback structures

fabricated by x-ray lithography
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A novel distributed feedback structure has been developed in which the grating is patterned onto
the sidewalls of a ridge waveguide. Such a laser structure results in simplified processing in that
the grating fabrication is independent of both the materials growth and the guide formation. The
ridge waveguide is first formed by wet-chemical etching. Then, a poly(methylmethacrylate)
grating (A=230 nm) is patterned onto this ridge waveguide using x-ray lithography. A Ti/Al
etch mask is lifted-off to serve as a mask for subsequent reactive-ion etching. Gratings with
long-range spatial-phase coherence and negligible distortion, characteristics which are necessary
for accurate control of the wavelength and bandwidth, are obtained using a holographically

generated x-ray mask.

I. INTRODUCTION

Distributed feedback (DFB) structures, such as lasers
and channel-dropping filters (CDFs)! are essential com-
ponents in long-haul high-data-rate optical communication
systems. DFB lasers operate in a single-longitudinal mode
arare easily integrable with electronic drive circuitry and
v. Jus passive optical components. CDFs, owing to their
narrow bandwidth (~0.1 nm), are ideal for wavelength-
division-multiplexing systems.! Both of these devices rely
on either uniform or phase-shifted gratings, whose lengths
range from ~0.2 to several millimeters.

Typically, in the fabrication of a DFB laser the forma-
tion of the grating interrupts the epitaxial growth of the
layer structure, thereby requiring an overgrowth step.’™
Such an overgrowth results in increased process complex-
ity. Recently, Miller et al.® proposed a laser structure in
which lateral gratings, patterned with e-beam lithography
(EBL), are reactive-ion etched in the top confining layer of
the laser on either side of the contact stripe. The gratings
serve to provide both optical feedback and lateral optical
confinement, which are dependent on grating depth. This
Process, while requiring only one epitaxial growth step, is
complicated by the fact that extremely deep (~0.7-1.0
Hm) gratings are required. Korn et al.® proposed a laser
SFructure in which the grating is patterned on top of the
Ndge by EBL followed by reactive-ion etching (RIE).

We are developing a novel DFB structure in which the
8ratings are etched into the sidewalls of the ridge wave-
8uide. The gratings are patterned by x-ray lithography
(XRL) with a holographically generated x-ray mask (A
=230 nm). XRL offers good process latitude and a large
d}mh-of-focus, aspects that are esential for sidewall pat-

ng. In addition, the development and exposure param-
%iers are independent of substrate material, making the
?:()Cess equally applicable to InP, GaAs, and silicon. Al-
“"gh exposure times in our research apparatus can be
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hours, it is well known that with production-type x-ray
sources (synchrotron or laser plasmas) exposure times
would be a few seconds.

Il. DEVICE DESCRIPTION AND DESIGN

Figure 1 is a schematic of the ridge-waveguide sidewall-
grating DFB laser. As shown, the grating is patterned on
the sidewalls and both sides of the ridge. Feedback occurs
due to the interaction of the lateral fields and the index
modulation introduced by the grating. Since the mode pro-
file falls off rapidly with distance, it is desirable to pattern
the grating as far up along the sidewall as possible. Grat-
ings are not patterned on top of the ridge to allow for a
metal contact for current injection. Fabrication consists of
materials growth, waveguide formation, and grating for-
mation, with each step independent of the other two.

Figure 2 shows a schematic of a ridge-waveguide
sidewall-grating DFB laser with a typical layer structure
(InAlAs/InP), along with the important design parame-
ters: the ridge width w, the ridge sidewall angle ¢, the
grating depth 6, and the distance from the lateral surface of
the waveguide to the top graded index (GRIN) layer ¢;.
Computer simulations were carried out to calculate the
coupling coefficient « for a range of values of w, ¢, §, and
t,. The operating wavelength was taken to be 1.55 ym and
the distance from the top of the ridge to the top GRIN
layer was fixed at 1.5 um. For a w of 3 um, a ¢ of 60°, a
of 200 nm, and a ¢, of 0.1 um, the coupling coefficient
was calculated to be 54.8 cm™!. To reduce the effects of
spatial-hole burning,” one should target a xL product of
~1.25, where L is the grating length. For k L=1.25, the
grating length is ~225 um. For the parameters given
above and the layer structure shown in Fig. 2, it was found
that 33.5% of the coupling is due to the sidewall gratings,
and the remaining 66.5% to the gratings on the flat sur-
faces.
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FIG. 1. Schematic of ridge-waveguide sidewall-grating DFB laser.

11l. FABRICATION PROCESS

Our fabrication process consisted of the following steps.
First, a contact metal is defined by lifting-off Ti/Pt/Au.
This metal serves two purposes: as an electrode for current
injection, and to prevent gratings from being patterned on
top of the ridge. Next, a ridge waveguide is etched chem-
ically into the substrate of choice. We used two materials
systems: InAlAs lattice matched to InP and GaAs. After
etching, 100 nm of SiO,, which serves as a dry-etch mask
for the RIE of the semiconductor, is sputtered. The sub-
strate is then coated with poly(methylmethacrylate)
(PMMA) resist (950 K molecular weight) and baked at
180°C for 1 h. A first-order grating with a period of 230
nm is then patterned into the PMMA using XRL. We
utilize an electron-bombardment source at the Cu, line
(A=1.32 nm).%’

Present-day EBL systems suffer from field distortion,
drift, and stitching errors,'®2 which prevent one from
having DFB gratings with long-range spatial-phase-
coherence. Such coherence is necessary for single-mode op-
eration and accurate control of the lasing wavelength, both
of which are essential to high-performance optical commu-
nication systems [e.g., wavelength-division multiplexed
(WDM) systems]. It was for these reasons that we used
holographic lithography to make the x-ray mask.'>!* How-
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1.5 pm ¢
4
f p-cladding n=3.2
0.15 um GRIN n=32 - 34
18 nm —>
0.15 pm active region A = 3.5 GRIN n=34 = 32
ncladding n=3.2
substrate n=3.17

FIG. 2. Schematic of a ridge-waveguide sidewall-grating DFB laser show-
ing a typical layer structure (InAlAs/InP) and the relevant design pa-
rameters.
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holographic lithography.

ever, a major advantage of using EBL is the ease with
which a quarter-wave-shifted grating section can be in.|
cluded. It is well known that such a quarter-wave shifl
improves mode discrimination and decreases the laser
linewidth.'*!® To overcome the traditional difficulties of
EBL, we are developing spatial-phase-locked EBL for fab. |
ricating x-ray masks for optoelectronic devices.'® |

The holographic lithography process is illustrated in |
Fig. 3. After cleaning the mask blank, a plating base |
(NiCr:Au; 5:20 nm) is evaporated. It is then immediately
coated with 350 nm of antireflection coating (ARC)'" and
195 nm of photoresist. A 230 nm-period grating is then
holographically exposed (A=351 nm) and developed. The
photoresist is then shadowed at 435" and —35° with 8.5
nm of e-beam evaporated Si0,. The oxide serves as an etch =
mask during oxygen RIE through the ARC layer. A min-
imum of 20 nm of Au plating base is desirable to allow for
some slight overetching. The x-ray mask is then gold-
electroplated to a thickness of —200 nm, which corre-
sponds to 10 dB attenuation. The oxide is etched in dilute
HF and the remaining resist and ARC stripped in an 0%
ygen plasma. _

After x-ray exposure the sample was immersion
developed in a mixture of [:2 methyl-isabutyl-ketone
(MIBK): isopropyl alcohol (TPA) at 21°C, followed by 8
rinse in ethyl alcohcl and 1 min in an UV ozone cleaning
system. A Ti/Al (30 nm/20 nm) etch mask was thet
lifted-off, followed by RIE in CHF; to etch through the
oxide. RIE is then used to transfer the grating into the
semiconductor. For ¢iching InAlAs, a mixture of CH./H:
gas is used, whereas for efching GaAs, SiCl,.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

For the ridge waveguides on InAlAs lattice ”“"”h?d m.
InP, an epitaxial layer grown by molecular-beam epita®!
was used, whereas for the ridge waveguides on ﬁﬂ"“:'f
bare substrate was used. Ridge waveguides 4-8 pm Wi
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were formed by wet-chemical etching with lithographically
defined photoresist masks. A mixture of water, hydrogen
peroxide, and phosphoric acid (1:10:1) was used for the
wet-chemical etching. This particular combination was
thosen so that the resulting ridges are crystallographically
defined in the (110) direction.!® The ridge heights were
varied from 1.0 um for InAlAs/InP to 1.8 um for GaAs
since a typical ridge-stripe laser diode has a ridge height in
this range

Fizure 4 shows a 230 nm-period grating in PMMA pat-
lmed over a 1.0 um high InAlAs/InP ridge waveguide
‘{ith a sidewall angle of 60°. The PMMA lines ride up the
Sdewalls and tends to be thinner on top than elsewhere due
1 planarization, as expected. The lift-off was straightfor-
Yard, as shown in Fig. 5. It is worth noting that patterning
PMMA lines onto the ridge sidewalls would be difficult
Yith other lithographic techniques due to scattering from

Ee ridge topography and the widely varying resist thick-
Ty,

MR
=

To investigate if this process worked well with taller
e, more strongly confined) ridge waveguides, we pur-
8%d the resnlt shown in Fig. 6: a 230 nm-period PMMA
Tting on a GaAs ridge waveguide with a height of 1.8 pum
- sidewall angle of 457, It is clear from the figure that
T":_Tuﬂisl near the top of the sidewall is thinner than the
l“‘St towards the bottom and over the bulk of the sub-
:_fate, The high process latitude offered by XRL along
M the high contrast offered by PMMA resist allows one
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F1G. 5. SEM of Ti/Al (30/20 nm) grating lines (A=230 nm) on ridge
waveguide on InAlAs/InP after lift-off.

FIG. 6. SEM of PMMA grating (A =230 nm) lines defined using XRL
on a GaAs ridge waveguide. The ridge height is 1.8 um, the sidewall angle
is 45°, and the resist thickness 500 nm.
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to “over develop” the PMMA near the top of the sidewall
without compromising the overall structure.

V. CONCLUSIONS

We have described progress in developing a novel ridge-
waveguide DFB structure in which the grating is defined
after both the materials growth and the guide formation.
Such a structure avoids epitaxial regrowth and also permits
independent control of the degree of lateral optical confine-
ment. XRL was used to pattern 230 nm-period uniform
gratings in PMMA onto ridge waveguides with heights up
to 1.8 um.
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