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InP—InGaAsP Wafer-Bonded Vertically Coupled
X-Crossing Multiple Channel Optical Add-Drop
Multiplexer

Maura Raburn, Bin Liu, Yae Okuno, and John E. Bowé&wdlow, IEEE

Abstract—A vertically coupled InP—-InGaAsP crossed wave- through
guide optical add—drop multiplexer has been realized through X
the use of wafer bonding. Designed for signals in the 1550-nm
range, this novel device requires only a single epitaxial growth
and illustrates the use of vertical optical interconnects for the

three-dimensional routing of optical signals. To our knowledge, it

is also one of the first optical vertically coupled devices with no
horizontally coupled counterpart.

Index Terms—Optical directional couplers, optical filters, semi- bonded
conductor waveguides, wafer bonding, waveguide couplers, wave- interface
length-division multiplexing (WDM).

Fig. 1. Layout of the OADM.
. INTRODUCTION

PTICAL add-drop multiplexers (OADMs) are key

Ochanne| routing components in Wa\/e|ength-divi- Vertically Coupled Waveguides that cross to form Iong,
sion-multiplexed (WDM) systems. OADM implementationnarrow Xs were fabricated. One wafer was grown using
methods include fiber or polymer gratings with circulametal—organic chemical vapor deposition (MOCVD). On
tors [1], arrayed waveguides [2], and cascaded unbalancd001) InP substrate, a O;@n InGaAs etch stop, 0.8m
Mach-Zehnder structures [3]. INP—InGaAsP OADMs [4] ar®iP layer, 15-nm InGaAsP etch stop, Qu& InP cladding
of particular interest because monolithic integration of othéyer, 1um InGaAsP &, = 1.066 pm) guiding layer,
optoelectronic devices onto the same chip is possible. Vertidabm InP cladding and support layer, 0.2 InGaAsP
coupling enables the creation of simpler, shorter devices thay = 1.359 um) guiding layer, 0.4:m InP cladding layer,
equivalent horizontally coupled structures, and also allow$-nm InGaAsP etch stop, and Q.8 InP layer were grown.
laterally separated inputs and outputs for ease of coupling tolhe bottom waveguides were fabricated first because the
fibers when wafer bonding is employed [5]. bonding and substrate removal steps in effect reverse the

In this letter, a Simp|e multichannel OADM is proposed angpitaXial grOWth order. The device fabrication began with the
demonstrated. The device consists of straight waveguides t@@position of SiN, standard photolithography, and, @Rasma
cross to form Xs. One “in/through” top waveguide is verticallgtching to form a SiN etch mask. Wet etching of the top 8-
coupled to, and crossed at an angle ofQadth, four parallel InP layer (HCl:HO=2:1) defined the position of the bottom
“add—drop” bottom waveguides (Fig. 1). Only one growth wa@yer waveguides. Another set of SiN, photolithography, and
required for the structure because waveguides were etched/\§H etching steps (HCI:#0=2:1, HSO4:H,0,:H,0=1:1:10)
both surfaces of the epitaxial material. The OADM operatioigmoved the etch stop layer, the Q.4 InP layer and the
is based on coherent coupling of light between the top wav@22u:m bottom guiding layer in certain regions (Fig. 1).
guide and a bottom waveguide, which will only take place whethese layers will induce unwanted coupling of light from
their effective refractive indices are nearly identical. The dithe top waveguide to the slab mode of the bottom waveguide
ferent widths of the four add—drop waveguides thus correspo@ididing layer if allowed to remain. After thorough cleaning,

to different channels, as the effective indices are functions ¢ sample was bonded at 63C in a nitrogen atmosphere
both wavelength and waveguide width. for 50 min to a new, blank InP wafer cleaved to the same size.
The substrate and the Ou@n etch stop layer of the grown
wafer were removed via wet etching. The backside of the new
Manuscript received December 14, 2000; revised February 26, 2001. TP wafer was then polished to aide in the subsequent infrared
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Fig. 2. SEM of sample resulting from cleaving of output facet, includindrig- 3. Output of OADM as captured with IR camera and<gfhicroscope
in/through waveguide and four add—drop waveguides. objective lens.

I1l. DEVICE DESIGN s Through

- ) 1.0_,.,.|,-—Channel1..,I...n,....
The finished OADMs were 6@:m wide and 1.2 cm long. g _'_-_'.-gx::z:g .

Each device has one top in/through waveguide of widjin8

and four parallel bottom add—drop waveguides of width 2, 3
4, and 5:m, separated laterally by 10m for coupling into . 3
lensed fibers (Fig. 2). Since growth variations cause changes € 051 - ; g
the fraction of light coupled, crossing angles between the tOm =
waveguide and the four bottom waveguides ranging fromi 0.2% 5 a2
to 0.45 were used. The x-crossing arrangement allowed by th F
bonding also provides lateral separation of the top waveguic Z i _._______‘H-..(,I TP L
from the four bottom waveguides. Support regions were place  Jo 1490 160, e 1K1 20 1530 1540
10 xm away from all waveguides to ensure that neither defor aveL Bl o

mation of the structure nor unwanted coupling to the suppogs
would occur.

If the difference between the propagation constants of two
crossed waveguides is very small, after a given length, light en-
tering one waveguide will couple completely to the other wave- A tunable semiconductor laser with a polarization con-
guide. Dissimilar indexes and dimensions for the top and bottdmoller was used to investigate the behavior of the devices.
waveguides were chosen because the difference in material @hé bandgaps of the InGaAsP regions of the actual growth
waveguide dispersion allows complete coupling over a mu¢h, = 1.066 um, A, = 1.359 pm) deviated slightly from
narrower wavelength range than with identical coupled wavetpat of the desired growth\{ = 1.068 um, A\, = 1.370 pm)
uides. Away from the center wavelength, the coupling will beeeded for room temperature operation. This offset necessitated
very small due to the phase mismatch. The x-crossing geometrg heating of the sample to 1043 to shift the indices of the
reduces coherent coupling of sidelobes as well [4]. material to allow coupling within the range of the tunable laser.

The effective index and transfer matrix methods [6], [7] wer&€he temperature-induced shift in the center wavelengths of the
used to calculate the effective refractive indexes at differeditop channels was 0.39 nt.
wavelengths, material compositions, and waveguide widths.The center wavelength of the device has a strong dependence
The material compositions were altered slightly from then the InGaAsP bandgaps due to the large dispersion difference
previous single channel OADM design [4] because it wdsetween the top and bottom waveguides. Increasing the bandgap
found that [8] while the formerly used Henmt al. approach wavelength of the top waveguide InGaAsP by 1 nm decreases
[9] gave a satisfactory relationship between bandgap atitk center wavelength of the device by 4.1 nm; the ratio of wave-
index of refraction of INnGaAsP for smaller bandgaps (1.3—1.3eéngth shifts for the bottom InGaAsP is 2.5:1. The growth vari-
1m), the expression derived by Weber [10] provided a bettation of InGaAsP bandgaps was 10 nm.
approximation for higher bandgaps 1.1 m). The near-field output is shown in Fig. 3 at the peak wave-

This four-channel OADM does not have a horizontally codength of each channel. The four channels lie at 1482, 1498,
pled equivalent, as the waveguides cannot be rearranged or Hé&it7, and 1527 nm. Fig. 4 shows a wavelength scan of the
in such a manner that they yield an in-plane device with the sa@®@ADM throughput and the first three channels. Unfortunately,
capabilities without excessive losses or crosstalk. The dissirtiie fourth channel was damaged before the data for Fig. 4 was
larity between the top and bottom waveguides further comptaken. The high temperature required for operation of the device
cates any approach to reduce the number of dimensions. Thaggravated air drafts around the lensed fibers, resulting in noise
this device illustrates the wonderful flexibility in layout affordeddespite attempts to shield the setup; smoothed data is hence
by wafer bonding to form vertically coupled structures. plotted.

arbitrary units)

.4. Smoothed (wavelength averaged) wavelength scan of OADM.

IV. RESULTS
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o Lz’ ! ! A R S of wafer bonding to fabricate three-dimensional photonic inte-
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