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Informatics, Greece;  3: University of Cambridge, Engineering Department; UK;  4: EV Group E. 
Thallner GmbH, Schaerding, Austria; .5: Max Planck Institute of Microstructure Physics, Halle, 
Germany;  6: National Institute for Research and Development in Microtechnologies, Bucharest, 
Romania 

ABSTRACT 

We summarize the results of a European Project entitled WAPITI (Waferbonding and Active Passive Integration 
Technology and Implementation) dealing with the fabrication and investigation of active/passive vertically coupled ring 
resonators, wafer bonded on GaAs, and based on full wafer technology. The concept allows for the integration of an 
active ring laser vertically coupled to a transparent bus waveguide. All necessary layers are grown in a single epitaxial 
run so that the critical coupling gap can be precisely controlled with the high degree of accuracy of epitaxial growth.  

One key challenge of the project was to establish a reliable wafer bonding technique using BCB as an intermediate layer. 
In intensive tests we investigated and quantified the effect of unavoidable shrinkage of the BCB on the overall device 
performance. Results on cw-operation, low threshold currents of about 8 mA, high side-mode suppression ratios in the 
range of 40 dB and large signal modulation bandwidths of up to 5 GHz for a radius of 40 µm shows the viability of the 
integration process.   
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1. INTRODUCTION 
Photonic Integration is considered a key technology for providing low cost reliable devices suitable for large scale 
integration.  Typically photonic integrated circuits comprise standard basic building blocks such as lasers, waveguides 
and detectors.  

Microring waveguide resonators are expected to take over a crucial role in the future large scale monolithic integration 
of photonic integrated circuits as they do not require either cleaving to form edge mirrors nor integrated Bragg gratings.  
For resonant devices, filter quality and power enhancement are sensitive to resonator losses.  A strong optical 
confinement in higher index contrast waveguides allows the design of compact devices, however, limited by increased 
scattering losses due to waveguide roughness.  While other material systems like Silicon-On-Insulator (SOI) or SiON are 
particularly suitable for the cost effective fabrication of passive ring resonators, GaAs or InP offer the advantage of 
optical amplification for loss compensation.  Microring resonators are particularly suited for the monolithic integration 
with other components forming compact integrated devices.  

Especially active ring resonators are becoming more and more attractive since they can be used as wavelength division 
(de)multiplexers, single- or multi wavelength light sources, filters, sensors, or wavelength converters.  Here, 
miniaturization is not only a prerequisite for low costs but also to assure high bit-rate capability due to the photonic 
lifetime in the resonator.  This demand necessitates the realization of rings with small diameters in the range of several 
tens of micrometers but also requires ultra small couplers with well controlled coupling conditions.  
                                                 
1 Michael.Hamacher@HHI.Fraunhofer.de; phone +493031002-408; fax +493031002-551; www.hhi.fraunhofer.de 
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The main objective of the WAPITI  project was the development of a novel technology and its implementation in a new 
mesoscopic device generation that will enable miniaturization and cost reduction. A three-dimensional integration 
process was developed featuring  

•  A vertically coupled ring laser : A vertical coupler enables the integratio n of an optical transparent passive bus 
waveguide vertically coupled to an active ring laser. The vertical integration concept encompasses major 
advantages such as the precise control of the critical co upling strength with epitaxial  growth accuracy and hence 
the realisation of ultra short couplers. In contrast to in-plane couplers different material compositions for the 
bus waveguide can be chosen. This facilitates the design of novel ring resonator architectures, 

•  Full wafer technology:  In contrast to various other approaches the presented full wafer technology allows a 
cost effective transfer from res earch to large scale production,  

•  III/V Wafer bonding, which is identified as an ideal technology for the realization of optical microcircuits 
enabling the fabrication of both waveguide levels in an adequate way.  

A schematic of the fabricated vertically coupled and waferb onded active microring resonator is sketched in Fig. 1.  

 

 
Fig. 1: Schematic of the investigated vertical coupler (lef t) and the waferbonded final result (right). The active microring re sonator is 
coupled to one or two transparent bus wave guide(s) acting as optical I/O port(s).  
 
This paper will summarize the outcome of the WAPITI  project, describes the “work flow” needed for the realisation of 
active ring resonators based on GaInAsP/InP and focuses in particular on the investigated wafer bond process.  
 

2. FABRICATION STRATEGY 
In order to to investigate the wafer bonding process itself and to have reduced technological effort WAPITI  focused in 
the first phase of the project on the fabrication of passive/passive twin vertically coupled resonators. In this period 
passive devices have been fabricated for investigation of the wafer bond process and to get fast feedback on 
technological bottlenecks. Basic data e.g. on the waveguid e performance, waveguide coupling, processing and alignment 
tolerances have been elaborated, both in experimental and analytical work.  In the second phase active devices have been 
fabricated in which the active ring waveguide was vertically coupled to a passive and transparent bus waveguide.  
 
2.1  BCB for wafer bonding, planarization and passivation 

In general wafer bonding brings together two different substrates, each governed by different physical  and/or chemical 
mechanism. Therefore the choice of the a ppropriate wafer bond process is based mainly on the targeted application and 
on the materials involved. WAPITI  identified this technique as one possible wa y to enable the fabrication of vertically 
coupled ring resonators within only one epitaxial growth st ep. After the fabrication of the first waveguide level, the 
patterned wafer is wafer bonded upside down onto a second wafer acting as transfer wafer. This enables the subsequent 
definition o the second waveguide level. There are basically two different wafer bond techniques. The direct wafer 
bonding is based on Van der Waal intermolecular forces a nd is done without the use of any additional intermediate 
layers. As perfect and planar surfaces are a prerequisite here this method is not su itable for the fabrica tion of structured 
surfaces, here ring resonators. The technique used by WAPITI  is the adhesive bonding and requires intermediate layers 
like polymers, spin-on glasses, resists or polyimide.  
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Here, Benzocyclobutene (BCB) from Dow Chemicals ( 2 ) acts as an intermediate layer for low temperature (from 200°C 
to 300°C) wafer bonding processes. BCB is a curable liquid based on thermosetting polymer compatible with IC 
technology. It is transparent in visible light (> 90%) and has a low dielectric constant of 2.65–2.5, good thermal 
properties with a CTE of 42 ppm/ºC at 25ºC and a thermal conductivity of 0.293 W/m °C. These data recommend BCB 
for optical or RF applications. BCB can be spin- or spray co ated in a wide thickness range between 1.5 µm and 50 µm. 
The planarization capabilities are affected by applying a very  uniform contact force on the entire surface of the substrate 
and by heating the two substrates with very good temperature uniformity. The temperature profile of the bonding process 
is crucial for obtaining high quality b onds. Therefore the use of special wafe r bonding equipment is a prerequisite 
especially when full wafer technology is performed.  

 
Fig. 2: Infrared image (IR) of a patterned 2”-InP substrate wafer 
bonded on a GaAs wafer.  

 
Fig. 3: Scanning acoustic micros copic (SAM) image of the same 
wafer. 

 

Fig. 2 and Fig. 3 show the result of a patterned InP-substrate wafer bonded on a GaAs substrate. Investigations of the 
samples by IR transmission identify interference fringes simila r to voids (unbonded areas) in direct bonding. Here, the 
presence of fringes is not associated with  voids at the bonded interf ace, but are most probably the result of the different 
compression of BCB layer during bonding as a result of In P surface topography. 

WAPITI  applied BCB not only for wafer bonding but also for pl anarization and passivation of the ring resonators. In 
the same step BCB was used to open the ring laser on its overall width and length which allows the subsequent 
metallization of the laser ridge. This process is self ali gning and no additional lithographical mask is required. A dry-
etch BCB was spinned onto the wafer and filled out automatically the etched grooves in which the ring resonators are 
located. A subsequent dry etching step, performed without any additional mask all over the wafer, partly removed the 
BCB and uncovered the laser stripe which was now ready to be metallised.  

 
Fig. 4: Uncovering of laser stripe 
using BCB for planarization and 
passivation. 

 
Fig. 5: Lentoid shape of the BCB 
inside the ring. 
 

Fig. 6: The im plementation of an additional 
support placed in the middle of the ring assists a 
homogeneous opening. 

 
 

This process step is mask dependent i.e. different mask ge ometries (e.g. differe nt ring radii etc.) require especially 
adopted process conditions. SEM-pictures of an uncovered ring resonator prior to the metallization are shown in Fig. 4 
and Fig. 5. The clearly visible lenticular shape of the BCB is the result of the mask dependency. By the implementation 
of an additional support area placed in the middle of the ring resonator this negative ef fect could be substantially 
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reduced. Now, the opening of the laser ridge is nearly independent of the ring diameter. Fig. 6 shows the final result: the 
metalized laser ridge is embedded by BCB and now ready to be wafer bonded onto a GaAs wafer. 

In contrast to other bond materials like spin-on-glass or metals BCB still shows some flexibility during the waferbond 
process which gives elastic properties to the interface. We observed an increase of the wafer’s bow after the two 
substrates have been put together. As warpage occurs mainly due to the thermal mismatch of the two wafers and the 
intermediate bonding layer, the resulting warpage could be successfully minimized by decreasing the bonding 
temperature from 300°C to 200°C.  

Another bottleneck towards a straightforward process development was based on the physical properties of the used 
bond material. BCB is a polymer and must therefore be cured following the special temperature treatment as given by 
the manufacturer in order to be fully polymerized and stable. This process leads in parallel to a slight shrinkage of the 
BCB layer which simultaneously forces stress. In most other applications (e.g. MEMS) this stress can be fully overtaken 
by both substrates. Within WAPITI one substrate is totally removed in order to enable the subsequent processing. 
Therefore the remaining 500 nm n-contact layer (cf. Fig. 1) must overtake the emerged stress. Simultaneously, the 
alignment marks, which are a prerequisite to retrieve the (buried) ring laser after the bonding, are moving its position 
too. This effect influenced negatively all following lithographical alignments. An electron beam system was used to 
investigate and quantify the shrinkage. For this, the wafer was virtually divided in four different areas (left top, right top, 
left bottom, right bottom) as shown in Fig. 7, which were separately aligned and exposed by e-beam. The distance 
between two adjacent alignment marks was defined by CAD and used as reference. The deviation between the set points 
and measured data are shown in Fig. 8 in a vectorial representation using the following formula 

. High compression values of up to 6 µm vs. a distance of 15.9 mm have been measured 
resulting in an overall shift of maximum 18 µm over a 2-inch wafer. This corresponds to a compression of 0.036 %. It is 
evident that BCB’s shrinkage is not homogeneous over the whole wafer which complicates to consider this effect in the 
CAD design.  

 

 
Fig. 7: Segmentation of a 2-inch wafer into 4 parts which are 
individually exposed by e-beam. 

 

 
Fig. 8: Vectorial representation of the measured shrinkage for 
four different samples  

The inhomogeneous shrinkage is up to now not fully understood. Probably the origin is a spontaneous and statistical 
starting of polymerization at different seeding point initiated by the BCB curing process. 

 

2.2 Process flow 

In the following the relevant process steps for the fabrication of active/passive vertically coupled and wafer bonded ring 
resonators are briefly described. All used technological equipment is standard which enables the transfer from research 
to production. The overall integration effort encompasses single epitaxial growth step only and 11 lithographical mask 
steps including one electron beam exposure for the definition of the passive bus waveguide. 

The layers for the active ring waveguide are based on a typical layer structure of a ridge-waveguide multi-quantum-well 
(RW-MQW) laser. The widths of both the passive bus waveguide and active microring are 1.8 µm. The active region of 
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the microring laser comprises of six InGaAs quantum wells, with a bandgap of Q ring  = 1.55 µm, and is clad by a 
confinement layer with a thickness of 0.43 µm. The InGaAsP bus waveguide has a bandgap of Q bus   = 1.44 µm, and a 
thickness of 0.35 µm. The material wavelength of the MQW-l ayers is designed to fit the emission wavelength of 
1.55 µm of the device.  The n-contact layer of the ring laser serves also as the slab and the coupling layer of the passive 
bus waveguide (cf. Fig. 1). 

 

 
 
Fig. 9: Schematic (left) and photography (right) of the vertically coupled and wafer bonded ring resonator. A via-hole placed i n the 
centre of the ring resonator enables the electrical interconne ction between the bondpad level and the particular laser-p-contac t. 
 
In a first process the fabrication of the alignment marks were d eeply etched down into the subs trate. This is of essential 
importance to retrieve the upper ring waveguide after the wafer bonding process and the subsequent wafer thinning. The 
active ring waveguide is deeply etched down to the laser-n-la yer to assure a sufficient conf inement of the optical wave 
even in ultra compact bends. BCB was used to passivate the la ser stripe and to enable metallization of the ridge. Here 
evaporated Ti/Pt/Au serves as p-contact. Then the wafer is wafer bonded onto a GaAs substrate. Next, the InP substrate 
is totally removed by using a wet chemical etchant to allow a subsequent patterning of the upper bus waveguide which is 
defined and etched in a dry etching proc ess. As a precise alignment is a prer equisite for a reliable fabrication of 
vertically coupled ring resonators the electron-beam-lithography was used. The used fabrication technology and in 
particular the wafer bonding process avoid a standard junction of the laser ridge with the bondpad level. Therefore, 
deeply etched holes, so called vias, were etched down to the laser’s p-contact using a dry etching process. This enables a 
three-dimensional electrical interconnection of the buried metalized ring laser ridge and the bondpad level. Ni/Au/Ge 
serves as laser n-contact.  

 

 

 

 

 

 

 
 
 
 
 
 
Finally large area electro plated bondpads are implemented to allow the contacting of rings with compact footprint. The 
interconnection between the p-via-contact and p-bondpad is performed as an air bridge to avoid electrical shortcuts 
between the p- and n-contact. Finally the wafer is lapped down  to a final thickness of 140 µm to enable a reliable wafer 
dicing. 

bus 

ring 

BCB

bus 

ring 

GaAs

BCB

Fig. 10: Active microring device with reinforced contacts by electroplati ng and air bridge configura tion above waveguides. The vi a
hole can be seen in the centre of the ring which allow an electr ic contact to the lower laser ridge (left); photograph of  the coupling 
region highlighting the ring laser ridge wafe r bonded using BCB on a GaAs substrate (right ). Part of the air bridge constructio n ca n
b e seen on the right hand side.  
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3. EXERIMENTAL RESULTS 
After having overcome the problems encountered in wafer warpage/shrinkage of the BCB interface layer WAPITI  
focused on the realisation of WDM microring laser sources with improved RF performance. Taking benefit of 2- and 3-
dimensional simulations, WAPITI  proved successfully the practicability of the novel integration concept and 
demonstrate, for the first time to our knowledge, a contin uous-wave-operated vertically -coupled microring multi-laser 
array. Low threshold currents of about 8 mA, high side-mode suppression ratios in the range of 40 dB for a minimum 
radius of 40 µm manifest the viability of the integration process. 

Exemplarily, Fig. 11 shows a dual channel WDM laser source with 50 µm and 55 µm radii. Measurements are 
performed to assess the lasing performance of the fabricated devices in terms of light-current (LI) characteristics, 
wavelength spectrum and wavelength separation between lasing modes of the two cascaded lasers. This result highlights 
the potential of microring laser as compact dual-wavelength light source suitable for applications e.g. in terahertz mode-
beating. 

 
    

 
 

 

Fig. 11: Spectral response of a dual wavelength emitter source (@26 mA; i th : 8 mA) . The SMSR exceeds 25 dB. The insert shows a 
picture of a similar device, its corresponding architecture is sketched on the right.  
 

To evaluate the high speed capabilities of the devices on the optical bench an rf probe head was used to measure the 
modulation bandwidth for rings with different radii. These investigations were performed on chip with a temperature 
controlled sample-holder. Typical small signal responses are show n in Fig. 12 for a ring radius of 40 µm and 70 µm with 
a -3dB-bandwidth of 5 GHz and 4 GHz, respectively.  The threshold currents for the respective devices were 8 and 
13 mA, giving a similar threshold current density of 1.7 kA/cm 2 for both rings. The operating point was 2.5 times the 
threshold value.  In addition we measured the actual data rate limit. Cl ear opened eyes with an extinction ratio of 5.8 dB 
and a signal to noise ratio of 7.2 were achieved at a maximum data rate of 7 Gb/s (cf. Fig. 13). 
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Fig. 12: Optical modulati on response of ring lasers 
with a radius of 40 µm and 70 µm @2.5*I  threshold . 

 

 
Fig. 13: Eye diagram of a ring laser at 7 Gb/s data rate 
(R = 70 µm, bias current: 45 mA , back-to-back configuration).  

The characterization of the dynamics of single mode microring lasers under system conditions are shown in Fig. 14. A 
comparison of microring laser devices with standard DFB lasers operated in a back-to-back and 50 km transmission at 
data rates of 1.25 Gb/s and 2.5 Gb/s proved the performance of the microring lasers. 

 

 

 back-to-back 
 

 50 km SMS  
Fig. 14: BER measurements at 1.25 Gb/s a nd 2.5 Gb/s (50 km), for a 70 µ m radius microring and a DFB la ser with the same ER (left) 
and eye diagrams for a ring laser modulated at 2.5 Gb/s in b ack-to-back configuration (right/top) and after 50 km SMF-propagati on 
(right/bottom).  
 

 

4. CONCLUSIONS 
Miniaturization of ring lasers is a prerequisite to assure high bitrate applications due to the photonic lifetime in the 
resonator. Optimum coupling conditions of microrings are obt ained by vertical coupling from the active ring waveguide 
to the transparent bus. Current injected 1.55 µm single-  and multi-microring lasers including vertical active/passive 
waveguide coupling have been realized by using full-wafe r bonding with a BCB interface. Results on cw operation of 
the devices proof the viability of the technological concept a nd open a wide potential of microring laser application even 
beyond optical communications. 
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