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Abstract—Vertically coupled, wafer-bonded IlI-V semi- Despite the need for 3-D PIC development, relatively few
conductor waveguide devices provide a means to obtain more approaches to this goal have been published so far. Other tech-
powerful, compact photonic integrated circuits and allow for the nologies include that of bonded vertically coupled micro-ring

combination of different materials onto a single chip. Various t 11 12 . toelectroni hanical t
switching, filtering, multiplexing, and beam splitting devices resonators [1], [2], micro-optoelectronic mechanical systems

in the InP—InGaAsP and GaAs-AlGaAs systems for signals (MOEMS) devices [3], [4], photonic crystals [5], and three-di-
in the 1550-nm range have been realized. An investigation of mensionally integrated optical polymer waveguides [6].

optimal optical add-drop multiplexer waveguide layout shapes  \We have chosen a direct-contact wafer bonded vertically cou-
has been performed through integration of the coupled-mode pled InP-InGaAsP and GaAs—AlGaAs waveguide arrangement

Ricatti equation, providing potential sidelobe levels of less than - . .
—39 dB and filter bandwidths over 20% narrower than those (O &llow device operation over a broad range for wavelength-di-

of previous devices. Effects of nonideal processing conditions on Vision-multiplexing (WDM) applications and compatibility with
filter performance are analyzed as well. other material systems and devices operated around 1550 nm.

Index Terms—Fourier transforms, Optical directional couplers, This choic_e of mater_ials_ z_ilso_ allows for syvitching through the
optical switches, optical waveguide theory, Ricatti equations, semi- €lectrooptic and carrier injection effects with reasonable losses.
conductor waveguides, wafer bonding, wavelength-division multi- Our initial effort began with the development of symmetric
plexing. parallel waveguide couplers with laterally separated inputs and

outputs [7] that evolved to have better filtering through the use
I. INTRODUCTION of asymmetric design [8], [9] and x-crossed waveguide layouts
) ) [10], and easier fabrication through the use of double-sided pro-
T HE DEVELOPMENT of three-dimensional (3-D) cessing [11]. Four-port devices were cascaded to make devices
photonic integrated circuits (PICs) is critical for th&gor more than two channels [12], [13]. Push—pull configuration

optoelectronic IC industry to match the advances witnessggjcal switches [14] and devices of more than two layers [15]
by the electronic IC industry. There are many advantages{@re also fabricated.

shifting from in-plane circuits to those capable of routing in
three dimensions. Traditional two-dimensional (2-D) PICs
are limited by substrate size and the number of electrical and
optical connections that can be made to the chip. This is aSeveral variations on multiplexers and optical add—drop mul-
problem for the increasingly dense, complicated circuits devéiplexers (OADMs) have been developed. These consist of both
oped today. By making the leap to multilayer interconnect@,eVices with parallel waveguides and devices with guides that
more compact devices can be obtained and further creatiVigym x-crossings. Couplers created in a single epitaxial growth,
in circuit design is afforded. Vertical integration to avoid th@S Well as those made by bonding between different material
crossing of physical beam paths can lead to lower crosstalks¥§tems, are included.

well. Also, because different types of devices (lasers, detectors] e initial fused vertical coupler effort [7] was satisfactory
switches, etc.) are often best made with different materiaf@r obtaining laterally separated inputs and outputs and demon-
methods of integrating different materials onto a single chigrating coupling from input to output with a coupling length of
must be addressed. Finally, some devices can be made sm&fy 62 xm and waveguide loss of only 1.1 dB/cm. Improve-
when vertical integration, rather than lateral integration, €nts to the structure and material compositions were made to
employed. Three-dimensional routing of signals will thus pahable the creation of multichannel, narrower bandwidth, low-

photonic ICs, such as the one shown in Fig. 1. in the waveguide shapes and indices lead to improved extinc-
tion ratios [8]. Devices fabricated using double-sided processing
. . . . _ were created to allow further design flexibility and reduce the
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Fig. 1. lllustration of potential use of 3-D PIC technology.
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Fig. 2. Layout of the four-channel OADM.

Fig. 3. SEM of cleaved facet of four-channel x-crossing OADM, including

. . . in/through [ fi ides.
For further improvements, it was found that alterations to tHne/t rough waveguide and four add\drop waveguides

waveguide dimensions and indices as well as the waveguide

layout were beneficial. Narrower filter bandwidths and a po«crossed waveguides have much narrower bandwidths and
larization sensitivity reduction by a factor of 12 were obtainesidelobes than parallel waveguide couplers [10]. The device
through bonding InP to GaAs to create waveguides with greatayout is shown in Fig. 2 and an SEM of a cleaved facet is
waveguide dispersion differences [9]. Improved filtering ishown in Fig. 3. OADMs with sidelobe levels 626 dB
obtained because the top and bottom waveguide effectaed coupling efficiencies of 97% at a central wavelength of
indices have different slopes as a function of wavelength ahB860 nm were realized at a crossing angle of 9.ZEhese
thus the indices differ greatly away from the center wavelengtlevices had waveguide cores ofufn-thick A, = 1100 nm
where they are equal. These bandwidth and polarizatibtmGaAsP and 0.2}:m-thick 1400-nm InP to provide a suffi-
sensitivity improvements were adapted for the single epitaxigient waveguide dispersion difference for narrow filtering [10].
growth technique by using guiding InGaAsP layers of differeftour-channel x-crossing OADMs were then fabricated using a
bandgaps and thicknesses and different cladding layer thiskmilar design to illustrate the potential of vertically coupled
nesses. It was also found that OADMs composed of straigbgvices with no horizontally coupled counterpart of similar
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interface

..... line) waveguides of antiphase and in-phase fused vertical coupler push—pull
switch as a function of reverse bias voltage.

(b)

Fig. 4. SEM images and crystal orientations of cleaved antiphase a
in-phase bonded vertical coupler switches. (a) Antiphase bonded verti
coupler: crystal symmetry has been inverted macroscopically. (b) In-phe
bonded vertical coupler: Crystal symmetry is the same as grown material.

] |
Sl
characteristics [13]. Work is currently underway to realize [ = View
shorter, narrower-bandwidth OADM tunable through refractiv
index modulation via the carrier injection effect. J l\ Top View
Fop: Red
Ill. OTHER DEVICES siddle: Yellow
Other devices include optical switches and devices of mc Botthom: Blae

than two bonded layers. Initially, an InP—InGaAsP vertical cot
pler switch that required a 12-V reverse bias for a 6.9-mm-lot InP
device was fabricated [16]. It was shown that switching at 12 B B InGassP
reverse bias for a 6.9-mm-long device could be achieved witt L T‘

single electrode only when the crystal symmetry was invertea

during fusion to achieve a push—pull configuration [14]. Theig. 6. Three-layer beam splitter outputiat= 1483 nm as captured by IR
cleaved facets and crystal orientations of the two configurgamera, and corresponding waveguide layout. The beam splitter is composed of
tions are shown in Fig. 4. The measurement results are showl{fn2"4's = 1300 nm InGaAsP.

Fig. 5. The anisotropic linear electrooptic effect was applied in )
the InP—InGaAsP zinc-blend crystal to allow index changes ] can then be used parallel to the substrate surface using the

opposite sign in the two waveguides with different crystal Synq’_MM results to calculate the effective index of the complete 2-D

metries. No switching was observed with the identical structuféveguide profile. These methods are used to preliminarily de-

for which the two guiding layers were bonded to have the sami@" t,he 'top and bottom vyaveguide \'/vid.ths, layer heights, gnd
crystal symmetry. layer indices such that their effective indices match at a desired

Also noteworthy is a three-layer double-bonded lnP_“){\_/aveIe_ngth. . . .
GaAsP 1:8 beam splitter formed from cascaded vertical P€VICe Operation is based on coherent coupling of light be-
couplers, shown in Fig. 6 [15]. The strongly coupled Waveg\_/veen the top gnd bottom v.vavegulldes_through two-mode inter-
uides allowed a 583m device length, most of which consisted '¢"¢€: That s, .the coupling of light is ‘?‘“e to the ovgrlap of
of s-bends for lateral waveguide separation by /. The the evanescent fle_lds _of _the two Wavegwde_s. If 'Fhe difference
splitter is hundreds of times shorter than the equivalent hOH_e_tween the effective |n_d|ces of two wgvegmdes_ in close prox-
zontal coupler. It illustrated the use of multiple vertical-layef™ty Over along range is very small, light entering one wave-
optical interconnects for 3-D routing of optical signals. Thiguide will couple completely to the other guide after a given
multilayer device could be transformed into a demultiplex gngth. Thinner waveguides of lower core refractive index, by

through a slight change to the lengths of the coupling regior%r,OViding less modal confinement, will incrgase the overlgp in-
utilizing the wavelength dependence of the coupling. tegral of the two modes of adjacent waveguides. Decreasing the

thickness of the separation layer between the cores will give
stronger coupling as well. For filtering devices, dissimilar in-
dices for the top and bottom waveguides are chosen because
Several analysis techniques are used to design the vertic#ig difference in the material and waveguide dispersion allows
coupled waveguide structures. First, the transfer matrix methogimplete coupling over a much narrower wavelength range than
(TMM) [17]is used perpendicular to the substrate surface to ca¥ith identical coupled waveguides. Away from the center wave-
culate the effective index of various 1-D multilayer slab wavedength, the coupling will become very small due to a phase mis-
uides. The one-dimensional (1-D) effective index method (ElMiatch. Filtering devices are also chosen to couple light multiple

IV. ANALYSIS TECHNIQUES
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times from input to drop waveguide over the device length farhus, we have two methods to relate coupled power to coupling
narrower bandwidths as well. coefficients: integration of (1) or evaluation of (4).

The finite-difference method (FDM) [18] is used to determine To find the bandwidth, sidelobes, and passband shape for cou-
the waveguide mode profile. By performing the modal overlagling corresponding to any arbitrary function, we sét) equal
integral, the coupling coefficient for different waveguide spage the function multiplied by a factor dependent on the number
ings can be found. Coupled-mode theory can then be usedfdimes coupling back and forth over the length (three for these
calculate the power transfer between waveguides as a functagmulations), the device lengfh and a normalization term. One
of device length for varied coupler shapes. Finally, the beagan then determine the passband shape in the frequency domain
propagation method (BPM) [19] is implemented with commenf a device with thiss(z) by calculating the coupled power
cial software to check the results of the above calculations. using (1) or (4) over the wavelength deviatigf) range of in-

terest.x can be calculated for a particular waveguide spacing
V. WAVEGUIDE TAPER FUNCTIONS using the finite difference technique to determine the mode pro-
es of the top and bottom waveguides and integrating over the

The optimal design of device mask layout includes the reduf'
- 9 Vi yout Inciu t product of the profiles [18]. In this mannercan be found

tion of sidelobe levels. Parallel waveguides have prohibitive . _ .
high sidelobes that often prevent them from being used as Lany waveguide spacing and hence the waveguide layout and
fective filters. Substantial improvementin the drop port sidelo vice length for any:(z) can be determined. )
levels are observed with the transition from parallel to crossed™any functions from filter theory [22] were compared in
x-shaped waveguides. Further improvementis possible, and fi§iéns of bandwidth, sidelobe level, and length using both the
section analyzes the theoretical approach. Reind S be de- fourth order Runge—Kutta integration and Fourier transform
fined as the complex amplitudes of the incident and coupl@f@lysis. The results are shown in Fig. 7. All devices except
waves in the device. The relationship betwgzands for codi- e Parallel waveguides were designed to completely couple
rectional coupling takes the form of a single nonlinear Ricafipht bapk and.forth three times betwgen the input a_nd drop
equation wheres and R are expressed in terms of a variaple waveguides, with at least 10m separation between guides at

(defined as their ratio multiplied by a phase factor) [20], [21]; "€ device edges. Jam was found to be a sufficient separation
between guides to reduce the coupling to zero. The parallel

dp =—j <25 + dd)) p+ jk(p? — 1) (1) waveguides were simulated to have no lateral separation. These
dz dz conditions were used instead of a requirement that the devices
where be the same length because otherwise many devices would be
s . much longer than necessary. It is worth noting that sidelobe
p= Eeﬂqb- (2) levels of less than-32 dB and filter bandwidths over 20%

] ] o ] . narrower than those of the previous x-crossing devices are
Here, is the coupling coefficient) is a measure of the spatialnsgible with certain coupler shapes. An illustration of the

variation in the phase matching condition, ant the coordi- gpatia| layouts of couplers with(z) proportional to a few of
nate in the propagation directiohis a measure of the deviationynese functions is provided in Fig. 8.

of the wavelength of operation from the center wavelength for-l-he device simulations for which(z)

. . . i z) is set proportional
which the device was designed to couple 100%: to Gaussian, adjusted Hamming, and modified Blackman

5= 2_7f(neﬂl — Nett2) 3 functions were judged to be the best based on sidelobe levels,
AT ) filter bandwidths, and device length. Gaussian and modified
wheren.g /2 is the effective index of the top/bottom waveguideB|ackman had the lowest sidelobes of all functions simulated,
The coupled-mode equation (1) can be numerically integrate@s than—30 dB. Adjusted Hamming is hundreds of microns
over the device length to find at the device output. A fourth- shorter than most of the other devices with reasonable band-
order Runge—Kutta integration is used because of accuracy gfidths and sidelobes. A comparison of the filter performance
ease of implementation. of these three functions is shown in Fig. 9. Experimental efforts
When little power is coupledp < 1), the solution of the to fabricate and test the Gaussian, Adjusted Hamming, and
above Ricatti equation becomes much simpler. For this capodified Blackman tapers are presently underway.
a Fourier transform relation exists betwgeand the coupling A comparison of the filter performance for the fourth-order
coefficients [21]: Runge—Kutta integration, Fourier transform, and BPM [19] are
L S 5 (2624) shown in Fig. 10. The three approaches show reasonable agree-
p <§> = —je / r(z)e dz (4)  ment for small deviations from the center wavelength. The fast,

—L

. ) . . . and easy-to-compute Fourier transform relation is thus consid-
wherel is defined as the device length. Fourier transform sinyad to work well to obtain a quick approximation for sméll
ulati.ons.were pgrformed_ to corroborate the Ricatti equation 'Hrhe BPM and the Runge—Kutta integration approaches are both
merical integration solution for low coupled powers. considered “actual” solutions. The difference between the two

Using either of the two approaches, the filter response igcya|” solutions is due to time and memory limitations of grid
terms of the fraction of input power coupled to the drop podhacings and step sizes in the computations. The BPM involves
can be found by noting that a huge number of calculations as the light is simulated to tra-

Peoupled Exl |0%| verse the device step by step with very small step size. Thus, for

Popu: 52|+ |R2 = 2| +1° ®) small coupled powers, a very large number of significant figures
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IName ‘Taper Function -20dB half [peak i de- Length
width first min [lobe

Modified [1+1.125cos(2nz/L)+ 7.5nm 9.1lnm [-32.4dB 4001pm

Blackman [0.183cos(47z/L)

Adjusted  {1+0.93cos(2niz/L) 6.5nm 7.5nm  |-22.3dB [3718um

[FHamming

Gaussian  |exp(-74.252/1?) 6.3nm 7.6nm |-31.5dB 4011pm

X, 0=0.3° |Straight crossing wgs 7.4nm 8.5nm [-26dB  |4000pm
aiser r ., l_(zij’:|8.5nm 0.6nm  |-27.2dB [3793um

=10 sinh( ) ° L

Raised Cos |1+ cos(2mz/L) 9.1nm 6.5nm  |-18.7dB [4277pum

[Hamming |1+ 0.852cos(2nz/L) 5.9nm 6.8nm  |-24.9dB [3960pm

Blackman |1+1.19cos(Znz/L)+ 7.5nm 8.5nm [-23.3dB 4000pm

0.19 cos(4nz/L)

Butterworth 1 11.5nm  [12.5nm [-23.9dB [3904pm

N=3 , 2N

7¢=0.185L 1+ [ZJ

Chebychev 1 18.6nm  [123nm [-14.2dB [3492pm

IN=3, &=.2, 2( 2

zc=0.171, 41+ ¢€ cos{Narccos(z—]]]

Paraliel wg |1 929nm [9.2nm [-44dB (1927um

[Windowed [sin(2bz)/z 8.1nm 9.3nm |[-26.3dB [3653um

Sinc, b=3/L |(1+0.93 cos(2piz/L))

Sinc, b=3/L [sin(2bz)/z 114nm [7.lnm [-14.4dB [3126pum

Fig. 7.

integration of coupled-mode Ricatti equatidndenotes device length.
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lllustration of waveguide layouts as they would actually appear ¢ ~
mask for devices for whick(z) o< Gaussian,

—20-dB half width, first minima of central peak, and magnitude of first sidelobe for various taper functions using fourth-order Runge—Kutta numerical
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Fig. 10. Comparison of OADM performance (coupled power vs. wavelength)
for coupler for whichx(z) o Gaussian with fourth-order Runge—Kutta

x(zy=Modified numerical integration of the Ricatti equation, Fourier transform, and beam
-10f N\ / Blackman propagation method analyses.
\\ k(z)x Adjusted
20 W\ Hammin . . .
W\ | g must be retained to avoid round-off errors. This is why the BPM
-30; ‘1 ) k! AN SN curve is not smooth for large wavelength deviations where cou-
N AT NN 7 pling is low.
40t If f /A W f N
‘ﬂ' TR g § 4
gid 3 B
-sol K(z)oc I H | I |1
Gaussiai 1] 1;“; lv’ E } VI. NONIDEAL PROCESSINGCONDITIONS
-60 N . . . H . M A N :
0 5 1 16 2L [nm] One new concern for vertically coupled waveguide devices is

Fig. 9. Comparison of coupled power vs. wavelength for Gaussian, adjuste

Wé;\veguide alignment. Traditional horizontally coupled devices

Hamming, and modified Blackman functions using fourth-order Runge—Kutf € More sensitive to waveguide spacings but also typically re-
numerical integration of the Ricatti equation.

quire only one mask layer for patterning the guides so alignment
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Fig. 11. Coupled power versus wavelength for coupler for whi¢h) o
Gaussian when laterally misaligned by 0.5, 1, and2 The waveguides are 3
um wide and composed of a structure similar to that of Fig. 4.

Fig. 13. Coupled power versus wavelength for coupler for whi¢h) o
Gaussian when the thinner, higher index guiding layer is grown to the wrong
thickness. The waveguides are 3 um wide.

ment can be a problem when align marks are not sufficiently far

[dB]0 S — apart. Calculation of rotational misalignment is similar to that of
lateral misalignment except that instead of simply adding a con-
stant offset to the spatial waveguide layout to determiife),
the entire layout is rotated through a coordinate transformation.
A Ideal case The results of the rotational misalignment simulation are shown
30f _?_020 Rotation ] in Fig. 12. In this case a range from0.02 to +0.02 degree

AN is considered. The maximum lateral misalignment @fm for
-40r ATAY A 1 the device sizes we typically work with creates a rotational mis-

AISIRIATATRIZTS alignment within this range.

0.02° Rotation

‘101 /

=20

=50k

g Through backside illumination, misalignments of less than
-60 AL LR 0.5 um can be obtained with IR photolithography. However,
0 s 116 2 27 52 38 43[nm] it can be difficult to measure the misalignment of the “top”
Fig. 12. Coupled power versus wavelength for coupler for whi¢h) o and.“bc.)ttom" mask layers with t.hIS t?Chnlque after the pa_'t_
Altered Hamming when misaligned through a rotation about the center of 0.4€ning is completed. A more precise alignment method consists
and—0.02. The waveguides are 3 um wide and composed of a structure simggretching alignment marks through most of the epitaxial layers
to that of Fig. 4. before bonding such that the marks are visible on the other side
of the epitaxial layer after bonding and substrate removal [23].
has not been an issue. Little has been reported regarding suchitdhis way, verniers to measure misalignment can be included
cent alignment issues [23]. so that the actual effects of the misalignment can be simulated
The Gaussian and adjusted Hamming waveguide layol#4]-
from above were used in the simulations because they had th@nother potential obstacle to realizing a device as designed
most desirable filter characteristics overall. Vertical misaligrs imperfect epitaxial layer growth. Operating wavelengths and
ment is not a concern because one of the two waveguidedilier bandwidths can change significantly if layers are grown
assumed to be straight. However, lateral misalignment can lesfdhe wrong thickness or composition. It is useful to simulate
to filter degradation and can be particularly problematic whefrom the parameters of a nonideal growth the required alteration
aligning a “top” mask layer to layers hidden below the surfaae waveguide widths and heights for desired device operation in
after bonding and substrate removal. order to change them if possible before processing. Nonideal
To determine the effects of lateral misalignment, the spatigtowths were simulated by calculatirgas a function of wave-
waveguide layout was first determined for a Gaussi&n). guide separation for the poor growth using the finite difference
Then, an offset was added to the lateral coordinate of the waweehnique and coupled-mode theory as explained above. The
guide layout to “misalign” the guide:’(z) of this new layout waveguide separation as a function=dbr an ideal growth, as
was then calculated. The filter response for lateral misalignould appear on the mask, was then compared te:ttuobtain
ment, shown in Fig. 11, was found by integrating the Ricatii( ). Finally, the Ricatti equation with this(>) was integrated
coupling equation using the nev{( ). Though a misalignment to find the filter behavior for poor growth. Results are shown
by 2 um is rather extreme, it is included to illustrate the defor a guiding layer grown too thick and too thin in Fig. 13. The
gree of misalignment tolerated by vertically coupled waveguidkrickness range indicated in this figure covers the range we en-
devices. Thus, we note that device performance is not greattyuntered in our work so far. One can see that sidelobe levels
compromised by misalignments on the order @frh or less.  may increase greatly with only a small difference in waveguide
Of course, misalignment is not limited to vertical and laterahickness. Devices made from material of undesirable compo-
positional offsets of the entire mask layer. Rotational misaligsition can be simulated in a similar manner.
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For accuracy and speed, the fourth-order Runge—Kutta intg15]
gration of the Ricatti coupled mode equation was used for all
misalignment and nonideal growth simulations. [16]

VIl. CONCLUSION [17]

Much progress in the field of 3-D photonic circuits has been
achieved in recent years. Ultrashort vertical couplers can bﬁ8]
made with 100% coupling in 6@m. Push—pull switches uti-
lizing a bonded crystal inversion have been made. Three-layé}®]
1:8 splitters have been demonstrated. The effect of the spati
dependence of coupling on filter shape is analyzed. The sensi-
tivity of the design to processing and growth imperfections is ant21]
alyzed. These results apply to bonded structures as well as othes
vertically coupled structures. OADM filter sidelobe levels have
been reduced te-26 dB experimentally. Sidelobe levels less
than —32 dB have been simulated by tailoring the Waveguidéze’]
shapes. Experimental testing is underway. Through combining
these various approaches, electronically tuned WDM devices d#4]
low bandwidth and sidelobe levels composed of different mate-
rials will be possible.
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