Broadband Bragg filter in microfabricated AlIGaAs waveguides
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We report on the fabrication and characterization of broadband Bragg filters in microfabricated
AlGaAs waveguides. Electron-beam lithography and chemically assisted ion-beam etching were
used to fabricate first-order gratings with 250 nm period. Bragg filters with rejection bandwidth
~15 nm and centered at1.6 um are demonstrated. @996 American Institute of Physics.
[S0003-695(96)03602-3

Broadband Bragg filtefscan be useful for both linear fabricated by etching down to the cladding layer. As shown,
and nonlinear optical applications. In the linear case, for exthe Bragg filter structure is designed to have a bandwidth of
ample, they can be used as rejection filters for picosecond or 15 nm centered at a wavelength of Juén.
femtosecond pulses, while in the nonlinear case they can be Fabrication of the AlGaAs Bragg filter waveguides was
used for all-optical switching® Recently, broadband Bragg done using a two-step process in which the gratings were
filters fabricated in polymeric channel waveguitiaad silica  fabricated first and then the waveguides were patterned. The
on silicon waveguidéshave been reported with reflection gratings were fabricated using electron-beam lithography
bandwidths of 8 nm and 22 nm, respectively. In this letter weand chemically-assisted ion-beam etchiGAIBE). The de-
report the fabrication and characterization of broadbandails of the procedure are as follows: first the AlGaAs wafer
Bragg filters in microfabricated AlGaAs optical waveguides.was coated with polymethylmethacrylaeMMA) photore-

Bragg filters in general are characterized by a centepist and then baked fd h at 170 °C. A 0.8 mntong grating
wavelength and the bandwidth of the stop or rejection bandPattern was then exposed using the JEOL JBX 5DIIU elec-
The center wavelength of the filtexg, is given by\g = tron beam lithography system. The exposure conditions were
2nesA, whereny is the effective refractive index of the 300 pA current, 50-keV accelerator potential, X880 um
guided mode and\ is the period of the Bragg gratings. In field, and 11 mm working distance. The equivalent exposure
the preceding relation, the assumptions of first-order Brag§osage for the 250 nm gratings was 3.3 nC/em. This set of
gratings and guided-mode propagation in the direction peréonditions were chosen to give the optimum grating duty

pendicular to the gratings have been made. The bandwidth G/C!€ of approximately 125 nm line and 125 nm space. The
the Bragg filterA v, is proportional to the effective refractive PMMAwas then developed in a 1:3 solution of methylisobu-
index modulationAn. and can be shovirto be given ap- tylketone and isopropyl alcohol for 40 s. The res!st image
proximately by Av/v~Ang/neg. This relation is strictly ~Was transferred to the AlGaAs wafer by CAIBE using chlo-
valid only whenAn,4<<n, which is the case here. As rine gas in conjunc_t|on W|th_a 500 V argon ion beam. The
can be seen from this last relation, broadband Bragg fiterE MMA was then stripped using a three step rinse of methyl-
require a large\ngg, which can be obtained by fabricating "€ chlqude, acetone, and isopropyl alcohol, respectively.
relatively deep gratings in the guiding layer. For example, al N€ 9rating depth was measured to be aboutung After
Bragg filter with a 10 nm bandwidth at the wavelength of 1.6'[,he grating fabrlcgtlon,_ the sample was cIean_ed with a solu-
m requires about 0.6% refractive index modulation. tion of hydrofluoric acid and watefvolume ratio 1:10 for
Figure 1 shows a diagram of the AlGaAs grating and®ne minute. Afterwards, 1 cm long waveguides oriented per-

waveguide structure used in this work. The grating structure

was composed of first-order Bragg gratings with grating pe- grating

riod of A~250 nm and depth of 300 nm. The waveguide \ ::* 0.3um
layer structure was comprised ofum thick Aly »4Ga, 77AS 3 t
guiding layer on top of a 3:m thick Aly dG&.4dAS cladding

layer grown on a semi-insulating GaAs substrate. Strongly- 1.0 me 1.5pm| Al 55Gag77A8
guided optical waveguides with a width of 1/5m were bl

3.0 pm | Al,gGagghs
A4
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FIG. 4. Experimentally measured transmissivity spectrum of the AlGaAs
Bragg filter with a FWHM bandwidth of about 15 nm.
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FIG. 2. SEM picture of the top-side views of the microfabricated strongly- (maximum resolution of 0.3 nmtogether with a liquid-
guided AlGaAs Bragg filter waveguide. nitrogen-cooled germanium detector and a lock-in amplifier.
In our measurements the pulse center wavelength was tuned
pendicular to the gratings were patterned using conventionallose to 1.6um using an intracavity birefringent plate, al-
photolithography. The waveguide pattern was then etchetbwing the pulse spectral bandwidth to overlap with the
down to the cladding layer using CAIBE, resulting in 1.5 Bragg filter rejection band. Since the femtosecond pulses had
wm wide strongly guided optical waveguides. Some of thea spectral bandwidth slightly larger than that of the Bragg
waveguides were also patterned so that they did not overlafiiter, the transmitted pulse spectrum had missing spectral
with the gratings, resulting in waveguides without Bragg fil- components corresponding to the rejection band of the Bragg
ters. After the fabrication was completed the waveguidedilter.
were cut to a length of 1 mm, leaving about 0.1 mm between  Figure 4 shows the transmissivity spectrum for the
the input of the waveguides and the beginning of the Brag®ragg filter waveguide. The transmissivity spectrum was ob-
gratings. Figure 2 shows a SEM picture of the highly mag-tained by normalizing the transmitted pulse spectrum
nified top-side view of the strongly-guided AlGaAs wave- through a waveguide with gratings with the transmitted pulse
guide with the etched gratings on top of the guiding layer. spectrum through an identical waveguide without gratings.
The bandwidth of the Bragg filters was determined by|n all measurements the peak power coupled into the wave-
transmission measurements. Figure 3 shows a schematic gfiide was kept sufficiently low to minimize the effects of
the experimental setup. The laser source used was an addelf-phase modulatiofSPM) on the transmitted pulse spec-
tive pulse mode-locke@PM) color center lasefNaCl:OH  trum. As can be seen from the figure, the Bragg filter has a
generating nearly transform-limited 150 fs pulses at 82 MHzZ=\wWHM bandwidth of about 15 nm which is centered
repetition rate, with a full-width at half-maximut®WHM)  —1594 nm and shows minimum transmissivity of about
spectral bandwidth of 18.2 nm. An optical isolator was useh_504. This minimum transmissivity is limited by leakage
to prevent unwanted feedback into the laser. The pulses wejgtg higher order modes, which are not rejected by the Bragg
coupled in and out of the waveguide usingXd@nicroscope fiiter. We also performed numerical calculations of the reflec-
objective lenses with a 0.6 numerical aperture. By carefuljyity for the Bragg filters. In this calculation, the Bragg fil-
alignment of the input beam, only the lowest order mode Ofers were modeled using an efficient matrix method for com-
the waveguide was excited. To minimize losses, both thgjicated DFB laser structurésAlthough this method applies
front and back facets of the waveguide were zamtireflectiorbmy to plane-wave propagation in the grating structures, it
coated. The transmitted pulse spectrum was measured usiggp, give a good estimate of the bandwidth of the Bragg
a computer-controlled Spex 270M scanning spectrometefijiers. In this matrix method, the Bragg filter can be de-

scribed by four complex 2 2 matrices representing field re-

Bragg Filter flections at the grating interfaces and propagation through
150 s pulses Wa:/eg‘"de the grating region. The computation of the matrices requires
Mode-locked | A chopper the values for the effective refractive indices of the guided-
lor-cente: —-—.-b . — Spect; 17 R K . . .
aser ir | peme mode in the grating region, which are calculated using the
Objl Obj2

Cooled-Ge
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_____ Lock-in
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effective index methodEIM).2 The refractive indices used
in the EIM calculations ah =1.6 um for the top, guiding,
and cladding layers weren;=1.0, ny=3.26214, and
n.=3.08689, respectively. The calculated effective refractive
indices for the lowest order TE guided-mode in the grating
region wereng;=3.20697 andh,,=3.17234, where; and

Ne, correspond to the Lm and 0.7um guiding layer thick-
FIG. 3. Experimental setup to measure the bandwidth of the Bragg filter.ness, respectively. The calculated reflectivity spectrum for

Computer
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were obtained by fabricating relatively deep gratings using
electron-beam lithography and chemically assisted ion-beam
etching. Transmission measurements show that the Bragg fil-
ters have a FWHM bandwidth of about 15 nm centered at
A~1.6 um. To the best of our knowledge, the Bragg filters
reported here have the largest bandwidth in AlGaAs
waveguides.
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FIG. 5. Theoretically calculated transmissivity spectrum for a Bragg filter. affiliates.

The refractive indices used in the EIM calculationshat 1.6 um for the
top, guiding, and cladding layers were;=1.0, ny=3.26214, and
n.=3.08689,

respectively.
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