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Chapter 1

INTRODUCTION

1.1 Optical communication network

The increasing demand for data transmission capacity due to the strongly growing number of users in the World Wide Web and to the diffusion of new services like video-on-demand and interactive media, has led to the diffusion of fiber optics networks. Differently from the preceding all-electronic devices, the opto-electronic systems allow to reach higher bandwidths with an acceptable loss (less than 0.2 dB/km for wavelengths around 1550nm). Furthermore, for long transmission distances an easy amplification of the signal is possible using Erbium Doped Fiber Amplifiers (EDFAs), which can amplify signals at wavelengths between 1530 and 1560 nm (the EDFA window) without any conversion to the electrical domain. The EDFA window has a bandwidth of about 8 THz, which is narrower than the 1550 nm wavelength window.

To reach an optimal use of the available means many multiplexing techniques have been developed. The simplest one is the SDM (space division multiplexing), which consist in the addition of further physical means. A less expensive method is to increase the speed of the node of the network, such that many lower-speed data streams can be multiplexed into one using a fast mutiplexer switch. This technique is called TDM (time division multiplexing) and its principles are shown in figure 1.1
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Figure 1.1 Scheme of a Time Division Multiplexing technique
To obtain a better use of the big fiber bandwidth it is possible to transmit additional data at different carrier wavelengths, the number of which is limited by the performance of the band-pass filters, recurring to the WDM (wavelength division multiplexing, figure 1.2).
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Figure 1.2 Scheme of a Wavelength Division Multiplexing technique

1.2 Principal optical components

To realize an optical network system is necessary to use many different basic components, the most important and used of them are waveguides, lasers, detectors, (de-) multiplexers, EDFAs and switches.

There are two possibilities about how to build a chip: the first solution, the so-called hybrid solution, is to use different stand-alone devices for each component needed, connecting them in the right way to obtain the desired functionality. The alternative solution is to integrate all these components in a single chip, obtaining a more compact and small product, in which the different parts are connected by waveguides and not by fragile and bulky fibers. This kind of realization leads to a Photonic Integrated Circuit (PIC) and has many advantages like a better robustness, a low sensitivity to the environment, less losses, less packaging costs and an easier large-scale production.

Very important integrated circuits for a WDM network are optical crossconnects (OXC) and add-drop multiplexers (ADM). The first are used to transfer data streams from a network to another, the latter to add or remove particular wavelengths in a WDM line (figure 1.3). Key component for the realization of both devices are switches. 
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Figure 1.3 Part of a WDM network. A ring is connected to the rest of the network by an optical crossconnect; the add-drop multiplexer provides access to the network
1.3 Switches

A switch is a device that can drive one or more input into one or more desired output. Depending on the application, many switches have been realized, differing one from another for the materials, the physical effect used, the speed, the geometry. The switches that are going to be analyzed here are space switches, which means their purpose is to connect inputs and outputs separated in the space domain.  

A first kind of switches is represented by the mechanical switches. They steer the light by driving the offset of a waveguide (or a fiber), or by sloping mirrors situated in a free-space light beam. An important kind of commercial application is represented by the MEMS switch (micro opto-electro mechanical system), which uses electrical actuators for the mirror rotation.

Advantages of this kind of device are low losses and good crosstalk, but the achievable speed is quite low (~10ms), the resistance to vibrations is precarious and the integration with other components is often critical. 

Different kinds of switches are realized using a refraction index change in a material. There are many ways to do that: electrically, acoustically, optically and by changing the thermal conditions.

The thermo-optical switches exploit the change of temperature locally caused by heaters. They reach good optical crosstalk performances, but have problem with the thermal crosstalk. The achievable speed is low (around 1ms) and the power consumption is higher than in the other kind of switches. Devices employing this effect have been realized using SiO2/Si and polymers materials.

The acousto-optical switches create the desired refraction index change with the passage of an acoustical wave. LiNbO3 integrated switches and add-drop multiplexer have been fabricated. The best speed reached is in the order of the microsecond with crosstalk lower than -15dB. 

It is also possible to obtain switching functionalities with all-optical switches. They are very interesting because the electrical control present in all the other kind of devices is replaced by an optical control. This is done using the refraction index change caused by the depletion of the carriers in a semiconductor optical amplifier, whenever an optical pulse passes trough it. Switching speeds down to 6 ps have been reached with an optical crosstalk level below –20dB. Weak points of such devices are the complex construction, the heating problems connected to the high power needed for the control signal, and the small power range. Good results have been obtained with InP/InGaAsP.

Using SOAs is also possible to realize another kind of switches: the semiconductor optical amplifier switches. Depending on the amplifying or absorbing behavior of the SOA it is possible to turn the gain on and off, addressing a certain pulse into the desired output. A 3dB splitter could be used to carry the input signal to each amplifier as shown in figure 1.4 (a): 
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Figure 1.4 (a)

With this scheme there are no losses, or even a gain, and excellent on-off ratios leading to low crosstalk levels, but there are heating problems and additional noise due to the spontaneous emission in the amplifiers.

The best solution against heating problems is given by the electro-optical switches. The physical effects they exploit can be divided between electric field driven and carrier driven effects. To the first type belong the Pockels (linear), the Kerr and Franz-Keldish (quadratic) electro-optical effects. To the other type belong all the effects that use a variation in the carrier concentration to change the refraction index, i.e. the band filling, bandgap shrinkage and plasma effects. The most used materials for this kind of devices are lithium niobate and InP/InGaAsP, where the second one allows a better integration with detectors, lasers and amplifiers. Anyway, both materials achieve approximately the same refractive index change and a response time for the electric field induced effects in the range of 10-14 to 10-13 seconds, equivalent to a switching speed about 100GHz. 

Once the switching effect is chosen, it remains to decide what kind of architecture to use. Many configurations are possible:

A Mach Zehnder interferometer (MZI) based switch is shown in figure 1.4 (b)
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Figure 1.4 (b) 

An MMI which acts as 3dB splitter halves the input optical power between the two phase-shifting sections. As it will be better explained later on, the phase difference between the upper and the lower branch can be modified by changing the refractive index, so that in the second MMI the two fields could interfere constructively or destructively. In this way the light is driven into the desired output.

The disadvantage of needing a long shifting section is compensated by the good tolerance of the device. Moreover, the phase shifting part and the mode coupling part are separated, such that they can be optimized separately.

Figure 1.4 (c) shows a directional coupler switch:
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 Figure 1.4 (c)

This device consists of two waveguides at close distance, so that a certain amount of optical power can couple between them. It is possible to switch the light into the desired output by changing the refractive index. If a big refractive index change is not necessary and the dimensions are limited, on the other hand there are several problems concerning the accurate precision needed for a good coupling, particularly for the etchdepth and the spacing between the waveguides. Furthermore, the coupling length is polarization and wavelength dependent. That’s why the switching performances of such kind of devices are not so promising.

A very compact switching solution is given by the total internal reflection switch (figure 1.4 (d)). 
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Figure 1.4 (d)

By controlling the refractive index in the small region close to a waveguide intersection, the light coming from a single input to the crossing area can be transmitted or reflected. In the first case the light will continue traveling in the same guide to the corresponding output, in the second the reflection will address the optical power to the other output. As in the previous type, the precision required for the fabrication is high. Another disadvantage is the high refractive index change necessary to pilot the device. For that purpose is used current injection, resulting in heating and low speed.

The last kind of electro-optical switching device worthy to mention is the Y-branch or digital optical switch (DOS) and it’s shown in figure 1.4(e):
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Figure 1.4 (d)

Using for the functioning adiabatic mode transmission, it requires a high effective refractive index change, which is done with reverse bias or current injection. Modulating the refractive index in one of the two arms, it is possible to make the light go out from the other. Accurate precision is needed for the Y-angle. 

1.4 Amplifiers

Every time an optical beam is propagating, it is subject to many kinds of losses: the normal propagation loss, the dispersion, the insertion loss of a device and others. The most common way to reinforce the optical power is using amplifiers. An optical amplifier consists of a double hetero waveguiding structure, in which the compositional fractions of the Q-material in the guiding layer generate the same bandgap as the photon energy. If the film is not pumped the only effect that takes place is the optical absorption. But with electrical or optical pumping, the spontaneous and the stimulated emission provide the gain needed for the amplification. 

The cross section of a typical semiconductor optical amplifier is shown in figure 1.5:
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Figure 1.5 Scheme of a commonly employed optical amplifier (SI stands for Semi-Insulating)

As in the normal transparent waveguides, the transversal and lateral confinement is ensured by the higher refractive index in the guiding layer. The high carrier concentration needed for the amplification is granted by the particular doping of the upper and the lower layers, which form a p-n junction. If forward biased, this junction allows an efficient carrier injection, so that the stimulated emission process could produce the desired gain. 

To avoid heating problems, the electrical series resistance of the amplifier should be as low as possible. The resistance decreases by increasing the doping levels in the InP layers. However, this will also result in higher optical losses, because of the absorbing properties of an intensively doped region. To get rid of this unwanted side effect, the regions close to the active layer are not intentionally or just lightly doped. On the other hand, the regions where the optical intensity is small have higher doping levels to reduce the global resistance. This is the case of the contact layer between the p-InP and the metal: it allows the contact resistance decreasing, but it should be far away from the Q-region, limiting in this way the height of the device.

1.5 Passive devices

In contrast with the so-called “active devices”, the passive ones denote all those devices where no amplification takes place. They are the basic pieces in the optical integration. By the combination of them, it is possible to realize many different functionalities, like signal splitting, optical coupling and (de-) multiplexing. The most important passive waveguide-based structures for this thesis are waveguides, multimode interferometers and phased arrays.

1.5.1 Waveguides

If the hybrid technology uses optical fibers to transport signals between various devices, in the photonic integrated circuits this work is done by waveguides. Waveguides are much less bulky than glass fibers and allow to confine the optical field in a smaller area. In the InP-based integration technology they are realized with a layer stack consisting of an InP substrate, a quaternary material (InGaAsP also referred as Q) film and an InP cladding. Using a Q material with a bandgap of 1.25 micrometers, the layer stack forms a double heterostructure, in which two high-bandgap materials surround a low-bandgap material. The refractive indices at the usually used wavelength of 1.55 (m are respectively 3.36 for the Q(1.25) and  3.17 for the InP. Since nInGaAsP > nInP > nair , the highest effective refractive index is inside the film layer, such that the light is confined both in the transversal axis and in the lateral. To obtain a better lateral confinement the structure is etched 100 nm (“shallow” waveguides) or completely through the film layer (“deep” waveguides) as in Fig. 1.6:
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Figure 1.6 
If the shallowly etched waveguides have less surface scattering losses, the deeply etched ones are less sensitive for etch depth deviations and allow sharper curves. The surface scattering is due to the roughness of the interfaces of the etched ridge surfaces and between the different layers of the stack. These losses can be minimized acting on the etch depth and ridge width: the deeper the etching goes, the higher is the index contrast at the sidewalls, so that the field is more confined in the core but also more intense at the lateral scattering surfaces, which means more losses. For similar reasons the wider is the mesa, the less losses are generated by the scattering on the sidewalls. 
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Figure 1.7 Measured losses for deep and shallow waveguides, as a function of the waveguide width, TE polarization
The choice of the optimal width is a trade-off problem between the losses and the number of modes supported. Since the switch structure is only designed for the zero order mode, a good compromise is made by choosing a waveguide width of 3 (m for the shallow etch waveguides and 2 (m for the deep etch ones, guiding in this way only the zero and the first order mode.

Another parameter of project that deserves attention is the difference between the signal wavelength and the bandgap in the quaternary layer. The trade-off, this time, is between the losses due to the optical absorption in the guiding layer (which increase if the difference decreases) and the switching efficiency for what concerns the Franz-Keldish electro-optical effect (stronger for signal wavelengths close to the guiding layer bandgap). Choosing 1.25 (m for the InGaAsP layer bandgap, an acceptable phase shifting efficiency is obtained, while limiting the absorption losses.

1.5.2
 Multimode Interference couplers (MMI-couplers)
If the most of the times a normal waveguide obtains better performances with a single mode configuration, there are devices based on the propagation of a bigger number of modes. This is the case of the multimode interferometers, which are passive devices in many cases used as 3 dB couplers or splitters. 

The discontinuity between the (often single mode) input waveguide and the MMI excites a certain number of modes in the interferometer, which then interfere creating single or multiple images of the input field (the so-called “self images”) at various positions along the coupler. At those positions are then located the output waveguides, in order to couple out as much power as possible. It is possible to build very compact and fabrication tolerant devices by combining in the right way all the project parameters: the input and output waveguides, the MMI width, length and etch depth. 

To better explain the physical principles that lay under the functioning of the MMIs, it is possible to use the Modal Propagation Analysis (MPA) as follows:

After propagating for a distance z from the MMI input, the field can be written as the superposition of the m modes guided by the device:
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(1.1)

where (y) is the field profile in the y-direction of the th mode, at z = 0. The different field excitation coefficients c are determined by the overlap between the various guided modes of the MMI and the field at the input of the coupler, under the hypothesis that no power is lost in the mode excitation:
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(1.2)

We can rewrite Eq. (1.1) as:
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(1.3)

A good approximation for the difference 
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 represents the beat length of the two lowest order modes. Combining Eq. (1.3) and (1.4), at the end of an MMI of length L, the phase factor of the th mode field profile can be written as:
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(1.5)

If, at z = L, the phase factor is equal to an integer multiple of 2, all modes interfere positively with the same relative phase as at z = 0 and an image of the input field will be reproduced at the MMI end.

If the phase factor equals an odd multiple amount of , at z = L an image mirrored with respect to the MMI longitudinal axis will appear. 

The requisite for the single imaging is then






L = p 3L

(p = 0,1,2,…)
(1.6)

On the other hand, multiple imaging of the original input can be found at these locations:






L = p 3L

(p = 0,1,2, …)
(1.7)

Where the field can be expressed by:
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(1.8)

This expression shows the presence of two images, at the end of the MMI, of the original input field. The images have a phase difference of /2 between them and carry half of the power of the input field. 
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Figure 1.8 Mirrored and twofold periodical images in an MMI-coupler 

The MMI therefore can be used as a 3-dB power splitter, much more fabrication tolerant than the directional coupler. The insensitivity to etching depth variations could be further increased by using deeply etched MMIs, where the inputs and outputs waveguides are shallowly etched (“double etch” process), as shown in figure 1.9:
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Figure 1.9 Double etched MMI

1.5.3
PHASARs

A compact and efficient solution for (de-) multiplexing is given by phased arrays, the research on which is well developed at the University of Delft. Those passive components are essential for compact WDM devices. They are basically composed by an appropriate number of input and output waveguides, two Free Propagation Regions (FPR) and an array of waveguides of different lengths. In the example given by the Phasar of figure 1.10, an input waveguide carries four different wavelengths to a wider waveguide, the left FPR. In this region the field doesn’t encounter a lateral index contrast, so that it diverges before being collected by the array of inner waveguides. For the central wavelength each waveguide of the array has a phase shift difference of an integer times 2(. In this way, the field in the upper part of the first FPR is reproduced in the symmetrical part of the second FPR and the phase front will converge onto a mirrored image of the input waveguide. But for wavelengths different from the central one, the phase shift changes as well, so that the focal point position is dependent on the wavelength, sweeping along the lower side of the second FPR. Placing the four output guides in the proper positions, it is possible to use the frequency division to separate the WDM channels also spatially.
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Figure 1.10 Example of a 1x4 PHASAR

Important parameters for a phased array are the spacing between the channels and the so-called Free Spectral Range (FSR), which is the distance between the various orders in the PHASAR spectrum. In fact, each output waveguide carries all those wavelengths that differ by an integer multiple of the FSR from the relative wavelength. The crosstalk levels depend on many fabrication parameters, like the shallow or deep etching, the distance between the input or output waveguides, the number of arms, etc. Usually the power level in the wrong output is below –20dB. The insertion loss is around 3 dB.

1.6  InP based structures

The materials in which is possible to fabricate Photonic integrated circuits are mainly four:

· Silica-on-silicon

· Polymers

· LiNbO3 

· III-V semiconductors 

The optical properties of the first two kinds of materials are similar. The advantages of the Si-based technology for the realization of PICs rely on the good overlap with the existing integration processes for electronic devices, resulting in less fabrication prices and easier packaging. The polymers technology, on the contrary, is less mature but anyway led to interesting results.

LiNbO3 based materials gave good results for Mach Zehnder interferometer modulators but have some problem of costs and of crystals availability (especially for bigger structure as optical cross connects or add-drop multiplexers).

Using the III-V compound semiconductor material In-1-xGaxAsyP1-y is possible to obtain a very good integration between transparent (passive) devices, amplifying (active) devices and modulators (up to the GHz regime). If the realization of transparent PICs is cost-effective with silica-on-silicon and polymers, III-V semiconductors have a lot of advantages for all the more complex circuits that need amplification or phase modulation. Furthermore, the high refractive index makes the dimensions of the devices decrease, so that even the problems about the relatively high waveguide losses (around 2 dB/cm) are easy solved. Other advantages are the negligible power consumption of the electro-optical switches (compared to the thermo-optic ones in silica-on-silicon and polymers), and the high speed reachable by the modulation of them.   

At the University of Delft the opto-electronic research group is developing with particular attention InP based devices. This choice is motivated by the excellent results this integration gave up to now: optimal performance of PWDs such as phased array optical (de-) multiplexers and multimode interference couplers, good incorporation of phase shifting parts for the realization of MZI-based switches, reconfigurable add-drop multiplexers and optical cross connects, and much more.

The properties of the InP-based semiconductor material In-1-xGaxAsyP1-y can be modified acting on the compositional fractions x and y. The bandgap energy of In-1-xGaxAsyP1-y lattice matched to InP can be varied from 0.75 eV to 1.35 eV, corresponding to an absorption edge of 1.65 (m to 0.92 (m, respectively. That means that it is possible to realize transparent, absorbing or amplifying (by stimulated emission) devices on a single chip, with great potential for the realization of PICs. In fact, for In1-xGaxAs1-yPy material, if x and y are the compositional fractions of Ga and P respectively, a material property F (like the lattice constant or the bandgap) can be approximated by the following interpolation (Vegard’s law):

F(In1-xGaxAs1-yPy) = 
xyF(GaAs) + x(1 – y)F(GaAs) + 

+(1 – x)(1 – y)F(InP) +y(1 – x)F(InAs)

(1.9)

The lattice-match condition to InP is therefore expressed by:
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While the bandgap energy, expressed in eV, of a lattice-matched compound is given by:
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(1.11)

Finally, the absorption (or emission) edge wavelength at room temperature is:
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(1.7)

From now on the compositional fractions x and y will be omitted and the In1-xGaxAs1-yPy will be abbreviated as InGaAsP or as Q (the so called quaternary material). For example, Q(1.25) has an absorption edge wavelength of 1.25 (m, a bandgap energy of  Eg = 0.992 eV and a composition (x, y) = (0.252,0.547).

1.6 Integration possibilities

By combining various components in a single PIC, it is possible to realize a lot of different devices. As said before, the main components used for that purpose are passive waveguides (PWD), phase modulators (PHM) and semiconductor optical amplifiers (SOA). The integration of SOAs allows to decrease the number of fiber-chip couplings, avoiding all the losses caused by the connections to the amplifying parts. In addition, the SOAs can compensate the losses related to the presence of the chip (the so called insertion loss) and to the links outside of it (particularly when spot size converters or other additional devices are needed). Inserting SOAs and PWDs in the same chip enables to build multi-wavelength lasers (MWL), MW receivers, wavelength converters, OTDM (de-) multiplexers, etc. A MWL is easy done creating optical feedback trough a phased array multiplexer to different SOAs, as it will be explained further on.

Integrating PHMs makes it possible to realize all those devices that need switches for their functionalities, like Add-Drop Multiplexers (ADM) and Optical Cross Connects (OXC). If it’s true that a switch could be also done using only the amplifying-absorbing nature of the amplifiers (with better crosstalk performances), on the other hand the insertion of electro-optic switches gets rid of thermal problems (because no electrical power is consumed) and avoids the noise created by the spontaneous emission of the SOAs. 

But to capitalize the best results it is possible to integrate all three types of devices, taking advantage of the different functionalities. In this way all the lossy devices based on switches could be made without losses. The power lost in the chip due to the propagation of the field, the division of the signal, the outcoupling part and all the other undesired effects can now be compensated by the amplifiers, or even be converted into a total gain. Symmetrically, all the devices made without switches, like many kinds of lasers, can be modified with PHMs so that it would be possible, for instance, to dynamically decide the amount of power coupled out from them, without adding any additional circuit. Furthermore, using phase shifters makes possible to adjust the lasing wavelength in a normal laser or in a MWL, realizing in this way tunable lasers. An example of this kind of device is shown further on in this thesis, with the design of a tunable PHASAR integrated with optical amplifiers.

Chapter 2

ELECTRO-OPTICAL SWITCHING

2.1  
Electro-optical effects

To realize an electro-optical switch, it is important to know the effects that lay behind the phase shifting in a waveguide. The needed phase-shift is achieved by changing the local refractive index according to:

((=k(nL
(2.1)

where k is the proper wave number, (n the local index change and L the length of the phase shifting section.

As said before, the electro-optical effects can be divided into two groups. In the first one, the phase shifting is proportional to the strength of the electric field in the semiconductor crystal (Pockels and Kerr effects); in the second one, the refractive index is changed varying the free carrier concentration (band filling, bandgap shrinkage and plasma effect).

To increase the switching performances, the doping in the layer stack is chosen in order to create a pn-junction (as in figure 2.1), so that in reverse biasing it, a depletion region is introduced. 

[image: image23.png]pt-contact





Figure 2.1 Typical layout for a phase shifting section (n.i.d stands for non intentionally doped)

In this way it is possible to obtain a stronger electric field and a proper number of depleted donors or acceptors. Unfortunately, increasing the doping will result in higher optical losses, making necessary a trade-off between those two aspects. In particular, the performances of the device decrease a lot in case the region where the field is most confined is p-doped. To combine the advantages of the doping avoiding as much as possible the optical losses, the lower part of the cladding is intrinsically doped, while the quaternary layer is lightly n-doped. In this way the region where the field is more intense is far from the p-doped layer and the losses can be limited to less then 2 dB/cm. 

Other advantages of this kind of layer are the low electrical resistance (using p+ contact layer) and the possibility to integrate the switch with passive waveguides (i.e. phased array). 

To better calculate the effective refractive index change that should be inserted in Eq. (2.1), it is necessary to notice the different distribution of the field and carriers along the transversal axis (the small differences along the lateral one will be neglected). The local refractive index can be expressed as a function of the transversal position and of the applied voltage, such that the effective refractive index is calculated using an overlap integral:
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(2.2)

in which ns(Vappl, x) is the local refractive index change and I(x) is the optical field intensity in the x direction; the subscript s indicates the different electro-optical effects. The following sections show a brief mathematical explanation of those effects.

2.1.1 The Pockels effect

The optical properties of anisotropic crystals can be described by the refractive index ellipsoid or optical indicatrix, whose shape is given by:
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(2.3)

in which x, y and z are the dielectric axes of the crystal; (1/n2)p (p = 1, 2, … 6) are elements of a second rank tensor, related to those of the dielectric tensor. In the case of III-V semiconductors, which have a 
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symmetry, there is not an inversion symmetry, thus a linear electro-optical (Pockels) effect can be observed. We define the tensor element change, caused by an electric field E = (Ex, Ey, Ez), by
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(2.4)

The third rank electro-optical tensor rij can be represented by the following matrix:
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(2.5)

Combining Eq. (2.3) and (2.4), we can obtain the refractive index ellipsoid of the crystal, when an electrical field is applied. By an appropriate rotation of the coordinate system, we can find the principal refractive indices; this can be done computing the eigenvalues of the indicatrix. A good approximation of the resulting refractive index ellipsoid is given by:
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(2.6)

in which n0 is the unperturbed refractive index. In our case r41Ez << 
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, so the principal refractive indices can be written as:
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(2.9)
Equations (2.7) - (2.9) show that for wafers grown on a (100) substrate and with an electric field perpendicular to this plane, the refractive index, for TE polarization decreases for light propagating in the [
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] direction, it increases for light propagating in the [110] direction, and it remains unchanged for light propagating in the [100] direction and for the TM polarization.

The orientation dependence of the Pockels effect as a function of the applied electric field and the angle between the TE-polarized light propagation direction and the [
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] direction can be written as:
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2.1.2 The Kerr effect

In addition to the (linear) Pockels effect, a quadratic dependence of the index change on the applied field is observed; this is called the Kerr effect. The change of the ellipsoid constants can be written as:
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(2.11)

in which silm are elements of a tensor. Those elements can be written in the following contract notation:
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(2.12)

For light that propagates perpendicularly to the applied field, it is possible to distinguish two situations: for the TM polarization (light with its electric field parallel to the applied electric field), the local index change is:
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(2.13)

while for TE-polarized light, the latter becomes:
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(2.14)

2.1.3 The band filling and the bandgap shrinkage effects

For photon energies slightly above the bandgap energy, the doping level influences the optical absorption of a semiconductor (Burnstein-Moss effect). Usually the low states in the conduction band (for n-type semiconductors) or the high states in the valence band (for p-type semiconductors) are occupied, so that the energy needed for a transition from valence to conduction band is higher, resulting in a blue shift of the absorption spectrum. But, in order to switch the light, we will produce a refractive index change by depleting the carriers of our modulator (reverse biasing the pn-junction), causing a decrease of the Fermi level, which leads to a red shift of the absorption edge. Its modification results in a refractive index change, according to the Kramers-Kronig dispersion relation:
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(2.15)

in which Δα is the electro-absorption in a material with a bandgap energy of hω΄ and 
[image: image42.wmf]Ã

 represents the principal value. For carrier depletion, the refractive index change is positive, but it could be smaller than the computed one, because of the bandgap shrinkage effect, also known as the many-body effect; this takes place in highly doped semiconductors and is caused by the large concentration of electrons at the bottom of the conduction band. The sign of the refractive index change is opposite to the sign of the change in the band filling and plasma effects.

2.1.4 The plasma effect

The refractive index change effects described up to now involve interband transitions. But the refractive index for InP/InGaAsP materials can also be changed by intra-band absorption (plasma effect). This effect is particularly strong for electrons, because of their small effective mass. The corresponding index change is:
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(2.16)
where e is the electron charge, λ the wavelength, c the free space light speed, n the refractive index, me the electron mass, mhh and mlh the heavy and light hole masses, N and P the electron and hole concentrations

From the previous equations, it can be seen that we can increase the strength of these carrier effects by increasing the waveguide doping levels. As usual, those levels shouldn’t be too high, not to compromise the loss performances.

2.2
Mach-Zehnder interferometer

After having explained the refraction index change effects that lay behind the phase shift needed for electro-optical switching, a description of the way in which those effects can be used is given hereafter. The typical scheme used in the presented devices is the one of the Mach-Zehnder interferometer switch (Fig 2.2). 

[image: image125.png]



Figure 2.2 Schematic layout of the waveguiding structure of the Mach-Zehnder interferometer based switch

In the MZI-based switch there are typically two input and two output waveguides. When light enters the device from one of the inputs, it is guided through the first MMI, which splits the power into the two phase-shifting sections (introducing a phase difference of (/2 between the two fields). If now no additional phase difference is added, the second MMI-coupler, equal to the first, will have at its inputs two light pulses with a phase difference of (/2.  That means that there will be constructive interference at one output and destructive interference at the other. In specific, the light from the initial input will be transported to the opposite output and the switch will be in the so-called “cross state” (Figure 2.3). 





Figure 2.3 Switch in cross state (no additional phase difference)
But if an extra phase difference of ( is imposed by one of the phase shifting sections, and no extra shift by the other, the phase difference at the inputs of the second MMI-coupler is opposite of that for the cross state. In this case the light will interfere destructively at the cross output, constructively at the other. The switch will thus be in the “bar state” (Figure 2.4).






Figure 2.4 Switch in bar state (additional phase difference of ()

Important parameters used to describe the performances of the MMI-couplers and the MZI-switches are (with the conventions adopted in figure 2.5.1 and 2.5.2):

Single MMI-coupler: 




Imbalance = U = 10 log(P3/P4)

(2.17)


Figure 2.5.1 In- and output conventions of a single MMI-coupler
MZI-switch:




Excess loss = -10 log(P4/P1)


(2.18)




Crosstalk = 10 log(P3/P4)


(2.19)


Figure 2.5.2 In- and output conventions of a Mach-Zehnder switch
To realize very compact devices, it is necessary to minimize the size of the MMI, so that the switch dimensions could decrease. By reducing the length (and consequently the width) of the MMI-coupler, the number of guided modes is also reduced, so that the influence of the width deviations on the splitting ratio is stronger and the crosstalk is deteriorated by the lack of modes to construct a proper image at the backside of the MMI-coupler. To obtain better crosstalk performances, the power in both phase shifting sections should be as equal as possible. In case the power levels are unbalanced, the destructive interference needed in the off-output of the switch will be incomplete and there will be an amount of light going out from the undesired port. The influence of the interferometer imbalance on the switch crosstalk can be calculated assuming, for the second MMI, the perfect division of the power at each input over both outputs. Thus the crosstalk, using equation (2.19), results in:

Crosstalk = 
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(2.20)

where P1 and P2 denote the power levels in the input waveguides of the second MMI-coupler (or in the output waveguides of the first MMI). Since the sum between P1 and P2 is constant (e.g., 1), the relation between P1, P2 and the imbalance (from equation (2.17)) is expressed by: 
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Combining Eq. (2.20) and (2.22), it is possible to see that by setting the maximum allowable imbalance at 0.5 dB, a crosstalk of less than –30 dB can be realized. This strict requirement ensures that the crosstalk of the switch will not be limited by imbalance in the interferometer.

In the diagram of Fig. 2.6 are depicted the typical response curves of a Mach-Zehnder switch, as a function of the voltage at the electrodes. 
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Figure 2.6 Typical response curves of a Mach-Zehnder switch

It is easy to recognize the cross and bar states at the maximum points of the two curves. Differently from what expected, the first maximum is a little shifted from the origin. This is due to the imperfect realization of the switch, and particularly to possible slight differences in the length of both phase-shifting sections. 

Other points that deserve attention are the intersections between both curves. At these points, the switch splits the input power equally into the outputs. 

The decreasing distance between the curves indicates that the crosstalk increases with the tension at the electrodes. For the polarization of the switch, it is important to remain in the region corresponding to low voltages, obtaining lower crosstalk levels. 

Chapter 3

SEMICONDUCTOR OPTICAL AMPLIFIERS

3.1 Characteristic properties

To describe the functioning of a laser, it is necessary to analyze how an optical amplifier is characterized. With the conventions of Fig. 3.1, the unsaturated modal gain is defined by:
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(3.1)

where G0 = Pout/Pin is the gain as experienced by the optical mode, ( is the confinement factor, g0 is the material gain of the active layer, ( represents the internal losses and L is the length of the device.
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Figure 3.1  Amplification in an unsaturated SOA

The same equation expressed in dB is: 
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(3.2)

where ( and g0 are expressed in units/cm-1. 

The material gain depends on the wavelength of the input signal and on the carrier density, which is a function of the injection current. The confinement factor is related to the overlap between the optical mode and the active material. The more this overlap is, the higher is (.

When the optical power P is enough strong to reduce the carrier density in the active layer due to the high stimulated recombination rate, the gain saturates. An expression similar to Eq.(3.1) could be used:
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where 
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is the saturated material gain, G is the saturated modal gain and Ps is the saturation power.

Another factor to take into account is the noise produced by the amplifiers. It is caused by the spontaneous emission, a small part of which is coupled into the waveguiding structure and amplified (the so-called ASE: Amplified Spontaneous Emission). A useful parameter to quantify that undesired effect is the noise figure Fn:
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(3.5)

The Signal-to-Noise Ratio SNR refers to the electrical power after detection, which is proportional to the square of the current. 

In the fabricated SOAs, the as-cleaved facets have a power reflection coefficient of typically 0.33 for TE-polarized light (and 0.25 for TM-polarized light, but our amplifiers are mainly producing TE at the moment). This can be represented as in Fig. 3.2:
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Figure 3.2  Reflections in the as-cleaved facets of an optical amplifier

An optical signal with power Pin enters the SOA with length L, gain G as expressed by Eq. (3.3) and reflection coefficients R1 and R2. The gain referred to the electric field is G1/2. The multiple reflections inside the cavity will result either in constructive or destructive interference. In case of constructive interference, the electric field of the output signal is expressed by:
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(3.6)

where

  



Grt=R1R2G2 



(3.7)

 is the round trip gain (for optical power), and t1 and t2 are the transmission coefficients for the electric field. The series is extended to all the times the signal has traveled back and forth. A similar expression is valid for destructive interference:
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(3.8)

The kind of interference, as well as the output power, is influenced by the wavelength of the input signal. This fluctuation is referred as ‘gain ripple’. To minimize it, low reflectivities are required. This is impossible with normal as-cleaved facets (R around 0.33). Such low reflectivities can be achieved using Anti Reflection (AR) coatings and angled facets. 

3.2 
Lasing principles

With the same conventions of Fig. 3.2, it is interesting to analyze what happens if the gain G exceeds the mirror loss, so that the round-trip gain becomes larger than 1. In this case a small amount of noise can be amplified until the increasing power saturates the amplifier, decreasing the gain back to 1, and the device operates as a laser. Inserting Eq.(3.3) in Eq.(3.7), and imposing the round-trip gain be equal to 1, it is easy to obtain the lasing condition:
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(3.9)

The lowest current at which Grt = 1, is called threshold current Ith. In a graph that shows the output power as a function of the current (the so-called LI-curve, Fig. 3.3), the threshold current is identified as the extrapolation to output power zero. For currents larger than Ith, the output power increases linearly with the current. 
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Figure 3.3  Typical LI-curve of a Fabry-Perot laser  

 In order to maximize the output power at a given current, a low threshold current is desirable. The threshold current increases with the temperature, following the relation:
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(3.10)

where T0 is the characteristic temperature. The higher T0 is, the less the temperature affects the performances of the device. The dissipation of electrical power in the internal series resistance of the laser causes a self-heating effect that deteriorates the performances of the device. In order to reduce this negative effect, when characterizing a laser, it is opportune to use short pulses (<500ns) and low duty cycles (<1%).

From the LI-curve, another interesting parameter is obtainable: the differential efficiency (d. It represents the number of photons generated per injected carrier:
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(3.11)

The slope of the LI-curve above thresholds represents the ratio (P/(I. With a higher (d, the same increase of injection current causes a larger increase of optical power.

The material gain is not constant throughout the device. The optical intensity is built up from two fields: one traveling from the left to the right and another traveling from the right to the left. Since the intensity of both fields increases in the amplifier, the total optical power has a minimum in the center of the device. Thus, the saturation is higher and the gain lower at both ends of the SOA (Fig. 3.4).
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      Figure 3.4  Optical power and gain saturation in a laser

The material gain in Eq(3.9) is better represented by the average material gain, which satisfies:
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(3.12)

To find the typical spectrum of a laser it is important to take into account both the SOA gain curve and the effect of the reflecting facets. The spectrum of a laser is much narrower than a SOA’s one, because all the wavelengths that have a round trip gain lower than 1 are cut off. Moreover, there is an additional filtering effect caused by the wavelength dependent constructive or destructive interference. This results in a number of distinct peaks, each representing a longitudinal mode. The spacing between the peaks is obtained considering that, in order to have constructive interference, an integer number of wavelengths must fit in twice the cavity length:
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where L is the length of the device, n is the effective refractive index, ( is the wavelength in vacuum and m is an integer number. The distance between two longitudinal modes expressed in the wavelength domain is:
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(3.14)
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Figure 3.5  Typical spectrum of a Fabry-Perot laser
To obtain a better control of the lasing wavelength of a Fabry-Perot laser, it is possible to use gratings instead of reflecting facets. The grating reflectivity determines the lasing wavelength. Examples of such devices are the Distributed FeedBack (DFB) laser and the Distributed Bragg Reflector (DBR) laser. Their spectra show in general only a single longitudinal mode with a high (<30 dB) Side Mode Suppression Ratio (SMSR), where the SMSR is defined as the ratio between the power in the laser peak and the highest power at undesired wavelengths.

3.3  
Multi-wavelength lasers

To generate more than one wavelength with a compact solution, Multi-Wavelength Lasers (MWLs) are used. There are basically two different strategies to realize them. The first approach consists in multiplexing a number of different wavelength, each generated by a DFB laser or DBR laser. In this way, a precise match between the laser emission wavelength and the multiplexer response is needed. Alternatively, the optical multiplexer could be incorporated inside the laser cavity (Fig. 3.6). This solution has the advantage that no gratings are needed, making the fabrication process simpler. Phased arrays are used as intra-cavity filters that set the operating wavelengths of the Fabry-Perot lasers. Each channel of the multiplexer is connected to a different amplifier, so that each SOA amplifies a different wavelength. In this way a wavelength that encounters a gain along one path will be disadvantaged along the others for the filtering effect of the PHASAR. 
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Figure 3.6 Multi-wavelength laser with multiplexer inside the cavity

All wavelengths are available at the same time in a single output waveguide. The spatial separation of the different wavelengths in the demultiplexed part of the laser allows their individual control by driving the current injection in the appropriate amplifier. The use of a phased array results in a behavior similar to a grating: there are many orders in which the device can operate. The filter characteristic from an input waveguide to the output waveguide is periodic, and for each channel we find transmission peaks at the wavelengths that differ from the central wavelength for an integer multiple of the free spectral range. When designing a multi-wavelength laser, it is important to know in which phased array transmission order every channel is operating. This depends on the way the gain spectrum overlaps the phased array spectrum. The best would be to have all the channels operating in the same order (as happens in the example of Fig. 3.7). This situation is sometimes difficult to obtain because of the accuracy we can achieve in the gain spectrum of an amplifier (few nanometers) and in the wavelength response of a phased array (around 30 nanometers). 
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Figure 3.7 Matching of a 4-channel phased array response and gain spectrum

For a 4-channel phased array, we have a set of four transmission peaks for each order. If the peak of the gain spectrum coincides with one of these sets, the MWL will operate at adjacent wavelengths. In the other case, the device will operate at (non-adjacent) wavelengths of different orders as the example in Fig. 3.8. If the amplifier gain is approximately equal at two different orders of the same channel, it is also possible that the MWL would emit both wavelengths simultaneously, while only one amplifier is turned on. This undesired way of multi-wavelength lasing is called ‘multi-passband lasing’.
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Figure 3.8 Mismatching between gain spectrum and phased array response. The channels start lasing at different orders.
A good solution to avoid the above mentioned undesired mismatch is to make the FSR very large, so that the wavelengths of the next-order phased array transmission peaks would be far of the wavelengths of maximum gain. The principal drawback of this approach is that the dimensions of the PHASAR increase with the FSR.

3.4 Ring lasers

Instead of using the reflection properties of the facets, there is another way to repeatedly lead an optical signal through the amplifying section: a ring structure. The gain necessary to compensate the losses, in order to reach a round trip gain higher then unity, is provided again by optical amplifiers. What differs is the way the feedback needed for the lasing action is obtained. If in a normal cavity laser the reflecting facets make the field flow back and forth trough the amplifier, in a ring laser this is done using a circular waveguiding structure (Fig.3.9). In order to couple out the power from the ring, an MMI is inserted and two waveguides are connected to it. 
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Figure 3.9 Typical scheme of a ring laser 

All considerations made about straight cavity mono- or multi-wavelength lasers can also be extended to the correspondent ring structures. Also the calculation of the spacing between the spectrum peaks is similar: in order to have constructive interference, an integer number of wavelengths must fit in the ring length (for a straight cavity ring laser it was twice the cavity length). With the usual conventions:
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where L this time is the length of the ring. The distance between two longitudinal modes expressed in the wavelength domain is:
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which differs from Eq. 3.14 only for a factor of 1/2 .

Chapter 4

CALCULATION AND SIMULATION OF DESIGN PARAMETERS

4.1  
Tools used

In order to achieve the best performances for a relatively complex device, it is important to calculate the parameters of the basic structures in a proper way. For this purpose, the aid of the computer is fundamental and a lot of design tools have been developed. The mostly used of them, in the realization of this thesis, is Hewlett Packard’s MDS. 

With MDS have been simulated and optimized: the waveguides width, the various offsets for the transitions to curve waveguides, the bending radii, the dimensions of the MMIs, and other parameters as explained further on. Particularly important aspects to take into account are the minimization of the crosstalk and of the optical losses. 

4.2 Straight waveguides

As said before, the vertical confinement of the light in the passive structures is achieved by sandwiching a Q-layer between two InP-layers with lower refractive indices. On the other hand, to improve the lateral confinement, the structure is etched partially, for the shallow waveguides, or completely, for the deep waveguides, through the film layer. The deep waveguides allow a better confinement of the field, where the shallow waveguides have fewer losses. The losses are mainly generated by the scattering at the sidewalls. This explains why, by choosing a higher width, better loss performances are reached. On the other hand, it is not wise to increase much the lateral dimensions of the mesa, because then more higher order modes will be guided. In this project, the width used for the shallow waveguides is 3 (m, enough to avoid the 2nd order mode. For the deep waveguides, the used width is 2 (m, which results in a big attenuation also for the first order mode. A device using those parameters will not have problems of multimode dispersion, and will be particularly suitable for the switching structures (designed only for the zero order mode).

In certain cases, the width could be different, i.e. for the waveguides in the amplifying sections. In this case, the width of the (shallow) waveguides is 2 (m, allowing a better suppression of the higher order modes, which is particularly important in an amplifier. 

4.3
Curved waveguides
Whenever a change in the propagation direction is needed, two solutions are used: mirrors and bent waveguides. If the first solution allows more compact devices, the second is easier to realize and results in less losses. To understand the behavior of the field in the bent waveguides, it is important to remember that the outward shift of the optical power causes more losses due to the surface roughness. Moreover, the different distribution of the field is such that the coupling with the radiation modes is stronger. 

In Fig. 4.1 the MDS simulation is depicted (using the effective index method) for a 90 degrees curve, showing the optical loss for a shallow waveguide, as a function of the bend radius. It shows a large increase of the loss for smaller radii (below 200-300 (m). A good choice seems to be a bend radius around 500 (m, as we will use further on. The losses could be limited also using lower radii, but in that case there would be problems with possible first order modes. 

Whenever a sharper curve is needed, deeply etched waveguides are used, allowing a better confinement of the field. In this way, it is possible a reduction of the radius down to 100 (m. Anyway, the length of the deeply etched waveguides will be kept as short as possible, to limit the higher losses of this kind of structures. 
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Figure 4.1 Transmission coefficient as a function of the bending radius for a shallow waveguide 

4.4
Offsets
In addition to the loss increase, the outer shift of the curved waveguides field has another consequence: the coupling loss at the transition to other straight or curved lines, due to the imperfect overlap between the different mode patterns. While connecting a curved waveguide, it is necessary to take into account the above-mentioned shift. That is why, to realize a better coupling, a lateral offset is introduced. This offset, obviously, does not only depend on the curve parameters (width, radius and etching depth), but also on the connected structure.

Now it will be briefly considered the two most often encountered kinds of transition: straight-curve and curve-curve.

4.4.1 Straight-curved waveguide transition

As illustrated in Fig. 4.2, the offset is defined as the distance between the centers of a straight and a curved waveguide:
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Figure 4.2 Transition straight-curved waveguide
If a perfect overlap between the different shapes of both optical fields will never be possible, the right choice of the offset can anyway limit the losses. Fig. 4.3.a and 4.3.b show the MDS simulations to calculate the coupling loss as a function of the lateral offset for, respectively, shallow and deep waveguides. 
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Figure 4.3.a Calculated transmission as a function of the offset between a straight and a bent waveguide (shallowly etched)

For shallow waveguides, the calculation assumed a width of 3 (m and a bending radius of 500 (m. The offset is consequently set to 284.5 nm, obtaining minimal losses for the zero order modes. This choice can also avoid excitation of the unwanted first order mode, whose level remains below -20 dB. 
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Figure 4.4.b Calculated transmission as a function of the offset between a straight and a bent waveguide (deeply etched)

For deep waveguides, the width and the radius are set to 2 (m and 100 (m, respectively. The optimal offset is 87.7 nm, which represents a smaller value than in the shallow case. This is due to the higher confinement of the field and to the smaller width of the guides. As before, the zero order mode losses, as well as the first order mode levels, are minimized. 

Since in the project two other kind of waveguides are used, their offset will be hereafter mentioned:


Shallow waveguide, width = 2 (m, bending radius = 500 (m:
104 nm


Deep waveguide, width = 1.5 (m, bending radius = 100 (m:
25.4 nm

4.4.2
Curved-curved waveguide transition
In a Mach-Zehnder switch, a signal is split into two different paths. To realize the separation of the paths, the most compact solution is to directly connect two curved waveguides. Whenever two curved waveguides with a different radius are connected, it is necessary to maximize the field overlap between them. This is done, as before, with a proper offset. Fig. 4.5.a and 4.5.b show the MDS simulations for the shallow and deep waveguides with the usual parameters:
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Figure 4.5.a Calculated transmission as a function of the offset between two curved waveguides (shallowly etched)
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Figure 4.5.b Calculated transmission as a function of the offset between two curved waveguides (deeply etched)
According to these simulations, the offset is set to 589.9 nm in shallow etch waveguides and to 190 nm in deep etch waveguides. These values are slightly different (15-20 nm) from twice the correspondent straight-curved values.

The curve-curve offsets for the other two kind of waveguides used are:


Shallow waveguide, width = 2 (m, bending radius = 500 (m:
209.4 nm


Deep waveguide, width = 1.5 (m, bending radius = 100 (m:
52.4 nm

4.5
Lateral tapers
Since not all waveguides used in this project have the same lateral characteristics, but can differ in width or etching depth, the transition between two different types of them could increase the losses. There is an effect similar to the one that takes place in the transition from a curved to a straight waveguide: the mismatching between the modes of two different waveguides results in an imperfect power coupling. Therefore, also in this case, an optimization of the coupling is necessary. This time the difference between the modes is not a lateral shift (consequently, a lateral offset will not help compensating it), but is due to a smaller or wider distribution of the field. To optimize the coupling, particular non-cylindrical structures called ‘tapers’ are used. A taper could be described as a waveguide with a non-homogeneous width. The kind of taper employed depends on the waveguides to be connected. The length of the taper should be enough not to excite higher order modes and to avoid loss due to coupling to radiation modes. This behavior can be obtained using a very small taper angle ((taper, as defined in Fig. 4.6). 
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Figure 4.6 Taper between two shallowly etched waveguides

A good compromise to obtain both a small taper angle and an enough compact structure is to choose a taper length of 50 (m. 

When a 3 (m wide shallow waveguide change over to a 2 (m wide shallow one (used for the connections to the SOAs), the best solution is to linearly change the width from one to the other, following a scheme similar to the one depicted in Fig.4.6. In this way the optical field is slowly adapting to both different boundary conditions.

As in this project the two most used kinds of waveguides are the 3 (m wide shallow ones and the 2 (m wide deep ones, the taper connecting them is particularly important. To realize it, it is important to take into account the higher optical confinement in the deep etch waveguides. In order to achieve a good field shape matching, the taper has a slightly different geometry: the 2 (m wide deep waveguide is tapered up to 3.5 (m. After that, a short (5 (m) straight waveguide is inserted to realize the transition from deep to shallow structure, before the final 3 (m wide shallow waveguide is connected by a width jump (Fig. 4.7). 
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Figure 4.7 Taper between a shallowly and a deeply etched waveguide

In this way a bigger part of the deep etch waveguide field can be coupled into the shallow etch waveguide. 

The other kinds of tapers used in the devices shown later on are designed with the following parameters: 

· The transition from a 1.5 (m wide deep waveguide to a 2 (m wide shallow one is made passing through a 2.5 (m wide straight section.

· The transition from a 1.5 (m wide deep waveguide to a 3 (m wide shallow one is made passing through a 3.5 (m wide straight section.

· The transition from a 2 (m wide deep waveguide to a 2 (m wide shallow one is made passing through a 2.5 (m wide straight section.

By keeping the taper length to 50 (m, these parameters allow taper angles sufficiently small. 

4.6
Multimode interference couplers

To minimize the size of the Mach-Zehnder based switching devices, their MMI-couplers should be as short as possible. However, the reduction of the length (and consequently also of the width) of the MMI-couplers could result in a deterioration of the crosstalk levels and in a less efficient tolerance to the width deviations. This is due to lack of modes to construct a proper image at the backside of the MMI. To improve the performances, while maintaining the dimensions sufficiently small (16 (m wide), all the MMIs used in this project are deeply etched. The input and output waveguides, on the other hand, are shallowly etched.

There are two kinds of MMI used in the following devices: the most used one is a double input and double output 3 dB splitter, the other is a single input and double output 3 dB splitter. Both MMIs are 16 (m wide and designed for a wavelength around 1.55 (m. The input and output (3 (m wide) shallow waveguides are curved, with a radius of 500 (m. The simulated layer stack has a cladding depth of 1500 nm, a film depth of 500 nm and an etch depth of 1600 nm or of 2100 nm for, respectively, the shallow and the deep etch waveguides. The calculation of the other parameters (offset, length, tolerances) is done, as usual, with MDS. Since the length and the offset (as defined in Fig. 4.8) are strictly related, the optimization of them should be done with recursive simulations, until both parameters are stabilized to the optimal value.
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    Figure 4.8 Definition of the offset between waveguides and MMI

The results for the 2x2 MMI-coupler are depicted in Fig. 4.9. The curves show the simulated transmission coefficients for both outputs relatively to one of the inputs. The optimal length and offset are chosen in order to obtain an equal power level in both outputs and to minimize the global insertion loss.
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Figure 4.9 Stabilized simulation curves of the 2x2 MMI length and offset values. 

The simulations show that good performances can be obtained with an MMI length of 359.5 (m and with an offset of 2.96 (m. With these values, the simulated optical insertion loss is negligible, and the MMI acts as a good 3 dB splitter.

Since the fabrication process has some inaccuracies, the simulated results for the tolerances to the most important parameters are depicted hereafter:
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Figure 4.10 Simulated tolerance for small width deviations in the input and output waveguides
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Figure 4.11 Simulated tolerance for small width deviations in the MMI 
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Figure 4.12 Simulated tolerance for small etch depth deviations in the input and output waveguides (the influence of depth etch variations in the deeply etched MMI is negligible and is not shown)
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Figure 4.13 Simulated MMI behavior for wavelength around 1.55 (m
These pictures confirm that the MMIs are optimal as 3 dB splitters, robust to fabrication imperfections, and flexible for wavelengths in the same telecommunication window of the center one

Analogous considerations can be made for what concerns the other kind of MMI used in this project: the 1x2. Its single input waveguide is designed straight, while both output waveguides are curved as usual (with a radius of 500 (m). Since the toleration curves are very similar to the precedent case, only the length and offset simulations are shown:
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Figure 4.14 Stabilized simulation curves of the 1x2 MMI length and offset values

These diagrams suggest to choose an MMI length of 269.5 (m and an offset of 4.3 (m. Since the MMI is symmetric, there is no difference between the transmission coefficients of both outputs relatively to the single input. This explains why, differently from the 2x2 MMI case, in the pictures appears only one curve, which represents the behavior of both outputs. 

The width choice of 16 (m and the opposite bends at the end of both kinds of MMIs allow avoiding unwanted couplings between the input waveguides and between the output waveguides. In the worst case (the 2x2 MMI), the offset is such that the two waveguides are initially separated at least of about 2.5 (m. Then, the bending radius of 0.5 mm prevents them to remain at a not negligible coupling distance (up to 5 (m) for more then 50 (m. These specifications allow a coupling of less then 1%.

4.7
Phase shifting section

The parameters calculated up to now are used to assembly in a proper way all the components of a Mach-Zehnder interferometer (the design of which is depicted in Fig. 4.15). 
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Figure 4.15 Mach-Zehnder interferometer for the switch 

Two straight waveguides 3 (m wide are connected through two bent waveguides (offsets as explained in section 4.4) to the first MMI-coupler (with an offset of 2.96 (m, as explained in section 4.6). From the MMI, two other bent waveguides carry the halves of the split signal into two different paths. A symmetrical geometry is used for the output part. It remains only to specify the parameters for the phase shifting sections between both MMIs. 

To change the phase of the optical field, so that it could interfere constructively or destructively, the phase shifting sections exploit the electro-optical effects described in chapter 2. It has been said that these effects are driven by voltages applied on the electrodes. To decrease the tension needed to realize the switching of the signal, it would be opportune to increase the length of the phase switching sections. In fact, the longer these sections are, the longer the signal is submitted to the electro-optical effects, the stronger is the final phase shift. On the other hand, in order to make a compact device, it is not wise to increase too much the switch dimensions. Considering the trade-off between these two aspects, almost all switches used in this project are designed with a phase shifting section length of 2 mm. Exceptions are some testing devices with lengths of 1 mm and 1.5 mm, and the phase shifting sections in the tunable phased array (5 mm). The reasons will be explained further on.

Chapter 5

DEVICES

5.1 
Introduction and design tools

In the fabrication of a device, a proper number of masks are used. Each mask is needed to achieve the high precision required for optical devices. In the processing of the devices described in this thesis, the following layers, and the corresponding masks, are needed:

· Waveguide layer: for all the guiding structures like waveguides, MMIs, phased arrays, phase modulators, amplifiers.
· Deep etch layer: for sharp curves, compact PHASARS, fabrication tolerant MMIs. It defines where to etch completely through the guiding layer to grant a better confinement of the optical field.
· Active layer: for the amplifying section (SOAs). This layer has been already fixed for technical reasons and it is shown in Fig. 5.1. It defines where the Q(1.55)-layer should be present.
· Metal layer: for the amplifiers and the phase modulators, which need an applied voltage for their functioning.
· Contact layer: for the structures that need a metalization. This layer is used to define which parts will have an additional highly doped layer to improve the contact with the metal.
· Contact opening layer: as the contact layer, it is used for the structures that need a metalization. This layer defines where to open windows in the SiN passivation, for the contact with the metal.
· Isolation layer: used to remove the upper InP layer in the passive sections of the phase-shifters.
·  This is done to insulate the phase shifting sections, avoiding reciprocal interferences.
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Figure 5.1 Active layer as fixed by technical reasons. It includes rooms for testing devices and six arrays of twelve amplifiers of different lengths (500 (m, 750 (m and 1000 (m).

If for the simulation and the calculation of the design parameters the most used tool has been MDS, for the mask design it will be integrated with EGS: a set of library routines for creating design files to be visualized in the MDS drawing section. With this further instrument, it becomes possible to design with precision, arbitrarily oriented waveguides, curves, tapers, circles, and all those components needed for the final devices. It is also possible to indicate in which layer the circuit parts have to be realized, so that all the necessary data for the realization of the various masks are easy to specify and modify. 

For the realization of the phased array used in the next devices, other tools have been used; the most important of them is DESMUX, a routine for the generation of deeply etched phased arrays, developed by the optical research group of the University of Delft. 

5.2
MZI-driven out-coupling in a ring laser

A ring laser, as described in chapter 3, is a circular structure that, forcing a signal flowing repeatedly through a pumped optical amplifier, causes the narrowing of the SOA spectrum, satisfying the lasing conditions. An MMI is usually inserted inside the ring to allow the power coupling out from the device (Fig. 5.2). In this way, by choosing the parameters of the MMI, it is possible to exploit an arbitrary amount of the optical power generated inside the lasing ring. If this solution is simple to design and to be used, on the other hand it has some limits. A drawback of this scheme is that the decision on the power to couple out is static: once the MMI parameters are defined, it is not possible to change them, so that the ratio between the power inside and outside the ring is fixed. The only freedom degree available is the SOA pumping current, by means of which it is also possible to influence the output power, but with some difficulties and constraints (heating, low flexibility for small quantities of out-coupled power). 
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Figure 5.2 MMI inserted in a ring laser to couple out a fixed percentage of power 

To allow a dynamical control of the out-coupled power, without acting on the pumping current of the amplifiers, a Mach-Zehnder interferometer could be inserted inside the lasing ring, as schematically represented in Fig. 5.3. In this way, another degree of freedom (the MZI polarization) is available, and it can be used to change the ratio between the power inside and outside the ring. Moreover, changing the polarization of an MZI instead of a SOA results in less heating problems, because the pn-junction is reverse biased, and much less current flows through the guiding layer. Another advantage consists in the better control of the device for small quantity of power to be coupled out: the latter solution avoids polarizing the lasing ring in the non-linear zone by the lasing threshold, allowing a more stable condition and a higher flexibility.
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Figure 5.3 MZI-switch inserted in a ring laser to realize a dynamical out-coupling

For the correct functioning of this device, the MZI should never be cross-polarized, otherwise the ring will stop lasing for the absence of a feedback path through the optical amplifier. Without a resonance cavity, what would be coupled out from the device is the broad SOA spectrum. The minimal MZI polarization to grant the lasing of the ring structure depends on the SOA characteristics and polarization. Intuitively, the SOA gain should compensate both the MZI losses and the optical power leaving the ring. If it happens, the round-trip gain becomes larger than 1 and a small amount of noise can be amplified until the increasing power saturates the amplifier, decreasing the gain back to 1, and the device operates as a laser. The round trip gain is this time represented by: 
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where G is the amplifier gain of Eq.(3.3), and XMZI represents the quantity of power flowing through the MZI again to the SOA. 

Imposing the round-trip gain be equal to 1, the lasing condition is obtained:
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(5.2)

with the same conventions used in chapter 3. 

When all the other parameters are known, calculating XMZI from Eq. (5.2) allows finding the minimal MZI polarization to keep the ring lasing.

In the final chip design are included three examples of this kind of device.

5.2.a 
MZI inside a shallowly etched ring laser

The first example uses as a ring laser a totally shallow etch structure. In Fig. 5.4 is depicted the final MDS/EGS design:
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Figure 5.4 Final design of a device with a Mach-Zehnder switch inserted inside a shallowly etched ring laser. 

As in the following designs, each mask is represented by a particular color:

· Blue for the waveguide layer

· Yellow for the deep etch layer

· Light blue for the active layer: 

· Red for the metal layer

· Pink for the contact layer
· Blue for the contact opening layer

· Green for the isolation layer: 

All waveguides are designed with an additional width of 0.3 (m to account for a narrowing in the mask fabrication and in the etching process. This factor will be from now on omitted, referring to the expected width after the processing and not to the designed width. With this convention, the waveguides are everywhere 3 (m wide, except for a 2 (m wide straight waveguide used for the SOA and connected to the rest of the ring by a normal 50 (m long taper. The output waveguides are angled by 7 degrees, in order to prevent the reflections at the cleaved facets to come back to the device. The first order mode excited by the facet is filtered through a MMI (96.7 (m long and 6 (m wide) inserted before the angled waveguide. It is designed such to let the fundamental mode pass, attenuating the others (particularly the first order one).

In the previous design are recognizable three metal contacts: two (a little more than 2 mm long) for the shifting sections and one (a little more than 1 mm long) for the SOA. Each one is 20 (m wide. To allow an easier contact with the pin of the probe, every metalization has three circular pads. This redundancy can help in case one of the pins would accidentally break.

Not visible in the design, the contact layer is defined in almost the same areas of the metalization (the width is the same and the length is exactly 1mm and 2mm for the SOA and the MZI respectively). 

The yellow spot on both MMI indicates that they are deeply etched. Their deep etch mask doesn’t exactly overlap with their shape: it is much wider and a little (2.5 (m each side) shorter. In this way the input and output shallow waveguides can better couple with the MMI.

Four insulation regions on the curves of the MZI protect both phase shifting sections from the mutual interference. 

The active layer is present only where the amplifier is. If it would not be so, a waveguide would have many losses caused by the absorption in a non-pumped active region.

Finally, the contact opening mask (not shown in figure) covers a big area around the metalization, with small windows (1.7 (m wide) to allow the metal contact for the SOA and the phase shifting sections. Since the realization of a thin mask is much more expensive than a thicker one, two kinds of masks are used: a high precision one to realize the small opening and to cover a small area (8 (m wide) around it, and a cheaper one to cover the rest of the region. The overlap between these two masks is of 2 (m.

5.2.b 
MZI inside a deeply etched ring laser

To obtain a more compact device with the same characteristic of the previous one, it is possible to use deeply etched waveguides for the curves of the ring, allowing sharper bends without prejudicing much the performances. This solution becomes necessary in the present project, because the positions where the devices should be located, as fixed by the active layer, don’t allow broad curves.

The reduction in the dimensions has as counterpart an increase of the loss, due to the irregularity of the deeply etched surfaces. This is the reason why the deep etch waveguides are kept as short as possible, and the connections between the various component of the circuit are realized, whenever feasible, with shallow etch waveguides. 

A device similar to the one of Fig. 5.4 but with deeply etched curves is depicted in Fig. 5.5:
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Figure 5.5 Design of a device with a Mach-Zehnder switch inserted in a compact ring laser with deeply etched curved waveguides.

To have another similar device to measure, in case the first one wouldn’t work, a mirrored version of the previous one has been realized and depicted in Fig. 5.6. The two devices have such reversed geometry to fit in the space fixed by the active layer mask.
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Figure 5.6 Design of a device analogue (mirrored) to the one depicted in Fig. 5.5
5.3 MZI inside a multi-wavelength ring laser

Using the filtering properties of the phased arrays, with the same ring geometry of the previous examples, it is possible to realize multi-wavelength ring lasers. A scheme of such a device is shown in Fig. 5.7, with four amplifiers between two phased arrays. Each SOA is connected to the respective channel of both PHASARs. In this way, every amplifier operates on a different wavelength, allowing the individual control of each channel. In the multiplexed part of the circuit, a Mach-Zehnder interferometer is inserted, similarly to the previous mono-wavelength examples. 
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Figure 5.7 Outline of a 4-channel Multi-wavelength ring laser

At the MZI outputs, all four channels are present at the same time. By changing the injection currents of the amplifiers, it is possible to select which wavelength will appear in output. Moreover, polarizing in different states the switch enables to choose how much power will be coupled out and how much will remain in the ring, with all the advantages described in the previous sections.

The MDS layout of the described circuit is depicted in Fig. 5.8. The deep etched waveguides are kept as short as possible, and are used to allow sharper curves, in order to fit in the small space between the MZI and the SOAs. The phased arrays are deeply etched as well, for the same logistic reasons. Shallow waveguides (2 (m wide) connect through tapers the four amplifiers to the deeply etched (1.5 (m wide) waveguides exiting the PHASARs. The other shallow waveguides are 3 (m wide.
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Figure 5.8 Layout of a 4-channel Multi-wavelength ring laser
The phased arrays are symmetrical and have been designed with DESMUX, using the parameters shown in Tab. 5.1:

composition array waveguides:

--------------------------------

bandgap Q filmlayer [um]
:     1.250

thickness Q filmlayer [um]
:     0.500

thickness InP toplayer [um]
:     1.500

etch depth [um]


:     2.100

waveguide width [um]

:     1.500

effective index TE

:     3.230

effective index TM

:     3.231

wavelength dispersion

:    -0.309

--------------------------------

central wavelength [um]

:     1.550

channel spacing [nm]

:     3.200

number of inputs


:     4

number of outputs


:     1

gap between receivers [um]
:     1.000

reference angle [deg]

:    56.000

reference radius [um]

:   100.000

lithographic resolution [um]
:     2.100

array acceptance factor

:     4.000

Arm length difference [um]
:    32.149

Array order



:    67

Free spectral range [nm]
:    20.146

Number of array waveguides
:    31

Free propagation length [um]
:   119.553

Array aperture [deg]

:    52.202

Minimum bending radius [um]
:   100.206

Maximum bending radius [um]
:   336.511

Min. waveguide separation [um]:     9.759

Height of the device [um]
:   669.097

Length of the device [um]
:   768.498

Table 5.1 Phased array parameters as generated by the DESMUX calculation

Each PHASAR has one input and four outputs. The width is 1.5 (m for the deeply etched waveguides (input, output and inner waveguides, with a minimum radius of 100 (m), 3 (m for the shallowly etched waveguides (connecting the free propagation region with the inner waveguides). The distance between the four output waveguides is little (1 (m), but it doesn’t represent a problem, because the waveguides are deeply etched, so that the field is well confined, avoiding undesired crosstalk between the channels. The free spectral range is around 20 nm and the channel spacing is of 3.2 nm. The array acceptance factor is a value that takes into account the number of inner waveguides used to sample the optical field in the free propagation regions. The higher this number is, the more waveguides are used to collect the field. Typical values used vary from 2.5 to 4. In the described PHASAR, the array acceptance factor is set to 4, resulting in a design with 31 inner waveguides.
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Figure 5.9 The 1x4 deeply etched phased array used in the device
5.4 MZI-driven out-coupling in an extended cavity Fabry-Perot laser

Using a normal extended cavity, instead of a ring structure, to enable the lasing, it is possible to realize devices similar to the above mentioned ones. Everything what said about the ring laser based devices (mono- or multi-wavelength) is also valid for the straight cavity ones.

5.4.a

MZI inside the cavity

A Mach-Zehnder switch is inserted in a Fabry-Perot extended cavity laser, using a similar geometry to the one used for the ring laser shown in Fig. 5.5, without closing the ring at the left side. The waveguides at the left of the SOA and MZI end with reflecting facets, in order to create a lasing cavity (Fig. 5.10).
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Figure 5.10 Design of a device with a Mach-Zehnder switch inserted in an extended cavity Fabry-Perot laser 

By driving the Mach-Zehnder, it is possible to change the amount of optical power going to the upper or lower MZI output. Differently to what happens for the analogue ring structure, the device can keep lasing even if the MZI is cross-polarized. The MZI polarization doesn’t influence the power flowing through the SOA, which can only be changed by driving the injection current of the amplifier. 

There are four outputs, each one with a different behavior. The one close to the SOA is expected to give constant power, independently from the MZI polarization. Possible variations would be due to imperfections in the reflecting facets and in the switch.

The two outputs at the left side of the MZI are complementary and should reproduce the typical characterization of the switches (as the one depicted in Fig. 2.6). 

The output at the right side of the MZI has sloped facets to avoid reflections. It is similar to the outputs of the analogue ring device, but it will not emit light either when the switch is in cross or in bar state. The maximum power is expected when the MZI is polarized at the 3 dB points.

5.4.b

MZI outside the cavity

To better analyze how the presence of a Mach-Zehnder switch could influence a Fabry-Perot cavity, it would be useful to compare the previous devices with some analogue examples of integration between MZI and amplifiers, realized without inserting the switch inside the lasing cavity.

The device shown in Fig. 5.11 consists of a normal Fabry-Perot laser, with a MZI that, through an MMI, drives the light from the lasing cavity to the outputs. The switch doesn’t perturb the cavity except for the MMI used as a 3 dB splitter to couple out part of the optical power.
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Figure 5.11 Design of a Fabry-Perot laser with a Mach-Zehnder switch outside the lasing cavity 
The input of the MZI receives from the lasing section an amount of power depending on the SOA injection current. The MZI outputs are sloped, avoiding the reflected light flowing back to the amplifier, and preventing the creation of an unwanted further cavity. 

5.5
MZI-driven out-coupling in an extended cavity multi-wavelength laser 

As done with the ring structures, it is possible to design multi-wavelengths devices with similar functions to the mono-wavelength ones. The devices have four channels and use the same phased arrays described before (Fig. 5.9 with the specifications of Tab. 5.1). As in the mono-wavelength case, a distinction is made between the devices with a Mach-Zehnder inside or outside the lasing cavity.

5.5.a

MZI inside the cavity

The geometry is similar to the one used for the device in Fig. 5.10, modified to realize a 4-channel multi-wavelength laser. All the considerations are the same. The waveguides at the left of the SOAs and of the MZI end with reflecting facets (Fig. 5.12), in order to create lasing cavities, one for each wavelength as fixed by the phased array spectrum. The multiplexing part is similar to the analogue part in the device of Fig. 5.8. 
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Figure 5.12 Design of a device with a Mach-Zehnder switch inserted in an extended cavity multi-wavelength Fabry-Perot laser 

The power flowing through the various SOAs is not (or only slightly) influenced by the MZI polarization and can be measured from the four outputs close to the amplifiers. The other three outputs follow the same description as the correspondent output of the device in Fig. 5.10.

5.5.b

MZI outside the cavity

Fig. 5.13 shows the multi-wavelength device correspondent to the mono-wavelength one in Fig. 5.11:
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Figure 5.13 Design of a multi-wavelength Fabry-Perot laser with a Mach-Zehnder switch outside the lasing cavity

The waveguides at the left side of the SOAs are bent to avoid intersections with other devices contemporaneously present in the final chip, but they end with straight sections and reflecting facets. These four facets and the one at the right side of the device create, through the PHASAR, four different lasing cavities. The MZI outputs are sloped, avoiding the reflections and preventing the creation of unwanted cavities. In this way, the switch doesn’t perturb the lasing sections.

5.6
MZI-driven Ring Lasing Direction Changer

The four devices described in the following sections represent other interesting examples of integration between optical amplifiers and switches. The common aim of all of them is to change the lasing direction in the ring by driving a Mach-Zehnder interferometer. In a ring laser, two modes are present at the same time: one in the clockwise direction and one in the anticlockwise. In the precedent ring structures, no distinction was done between both modes, but they were equally amplified or attenuated, so that they will be together present while coupling out the power from the ring. For instance, in the device of Fig. 5.4, when the MZI is in an out-coupling polarization, both output sections are expected to have the same behavior: one out-coupling the clockwise mode and the other out-coupling the anticlockwise mode. If the device is symmetrical, the optical power is the same in both outputs, independently on the MZI polarization. To privilege the lasing in one of the two directions, it is necessary to condition both counter-propagating optical fields in different ways, such that one mode will be disadvantaged compared to the other. A solution is shown in Fig. 5.14, where the clockwise lasing direction is privileged, not encountering any reflection during the path. On the other hand, the left facet partially reflects the anticlockwise mode power that leaves the ring through the MMI. Part of this reflected light is again collected, through the MMI, by the ring, flowing now in the opposite direction and feeding the counter-propagating (clockwise) mode. 
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Figure 5.14 Ring laser that privileges one (the clockwise) of the two modes

If both outputs would end with a reflecting facet, both modes would be amplified in the same way by the SOA. But since the clockwise mode has an additional optical power contribution due to the reflection of the opposite mode, the minimal (threshold) SOA injection current needed to start the lasing in the privileged direction will be lower than the threshold current of the counter-propagating mode. If the SOA is polarized in the zone between both threshold currents, the ring will start lasing in only one direction. With lower injection currents the device will not support any lasing mode, while with higher currents both modes will be present at the same time (with different powers). The power associated to the modes and the distance between both threshold currents depend on several factors, the most important of which are the reflection coefficient of the facet and the MMI imbalance. The higher is the reflection at the left facet, the bigger will be the difference between both threshold currents. The way the MMI imbalance influences the functioning of the device is difficult to calculate, but could be measured substituting the multi-mode coupler with a Mach-Zehnder interferometer (as in Fig. 5.15), slowly varying its polarization from cross to bar state. A device of this kind could be realized modifying one of the anti-reflections outputs of the symmetric ring lasers described in the previous sections, with a reflecting facet.
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Figure 5.15 Modification of the device in Fig. 5.4, in order to measure the way the MMI imbalance influences the functioning of the device of Fig. 5.14

Intuitively, when the MZI is in cross state, there is no feed-back in the ring, so that no lasing takes place; when the MZI is in bar-state, the ring is closed in itself, so that no mode is advantaged but both of them start lasing. The cases with the MZI polarized between cross and bar states are interesting to be measured. For states close to the bar state, the clockwise mode will not be much more advantaged than the other. For states close to the cross state, the clockwise mode is a lot advantaged, but the current needed to start the lasing is very high. The ideal MZI polarization is the one that allows a good separation between the mode threshold currents without increasing the lower of them over a reasonable value.

If the device in Fig. 5.15 is suitable to privilege one of the modes supported by the ring structure, on the other hand it doesn’t allow choosing the lasing direction. The only thing that can be changed is the distance between the threshold currents, but the clockwise mode will always be the advantaged one. In order to make a more flexible device, a slightly different geometry has been adopted in the final designs (Fig 5.16): 
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Figure 5.16 Scheme of a device that allows choosing which direction is privileged in a lasing ring.

Similar to the scheme in Fig. 5.14, an MMI allows to couple out power from a lasing ring. The difference from the above-mentioned example is that a Mach-Zehnder interferometer connects the waveguides from the out-coupling MMI to the reflecting and anti-reflecting facets. In this way, by changing the MZI polarization, it is possible to switch from a configuration (MZI in cross state) quite similar to the one in Fig 5.14, to a symmetrical one (MZI in bar state) with inverted outputs. 
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Figure 5.17 Behavior of the device in Fig. 5.16, depending on the MZI polarization

The cross and bar polarizations will privilege the clockwise and the anticlockwise mode, respectively. All states between both configurations represent intermediate situations with both lasing directions present at the same time. 

Drawbacks of this scheme are the difficult measure of the power associated to each mode and the impossibility to characterize the switch. To solve these problems, some of the devices in the final chip have an additional MMI inserted in the ring (as in Fig. 5.18), which allows separating the power associated to each mode into two different outputs.
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Figure 5.18 Modification of the device in Fig. 5.16 with an MMI coupling out the power associated to each mode into different outputs
The modes enter end leave the MMI at opposite sides, so that their out-coupled power follows different paths. By driving the switch, it is possible to select in which output to have the highest power and in what proportion. Moreover, one of the outputs of the additional multi-mode coupler allows the characterization of the MZI: turning off the SOA and passing through both MMIs, a path to the MZI is created without feedbacks.

In the final chip, two examples of the described kind of device have been realized: one with the additional MMI (Fig. 5.19) and one without (Fig. 5.20). All the components (SOA, MMI, MZI, waveguides, etc.) have the same parameters used for the devices described in the previous sections. Deep waveguides are employed, as usual, to decrease the bending radius in order to limit the dimensions of the devices and to fit in the total chip without overlaps.
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Figure 5.19 Final design of an MZI-driven Ring Lasing Direction Changer (without additional MMI)
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Figure 5.20 Final design of an MZI-driven Ring Lasing Direction Changer (with additional MMI)
The configuration with the additional MMI is designed such that the outputs used for the characterization of the switch are at opposite sides, as requested for the measurements. To determine the MZI curves, a light source will be coupled into the waveguide ending at the left side of the device, while the two outputs at the right side of the MZI will be connected, one at a time, to a light detector. 

5.7
SOA reinforced MZI-driven Ring Lasing Direction Changer

As said before, the way one of the mode directions is privileged depends on the MZI and on the reflection coefficients of the facets. To increase the maximal separation between the mode threshold currents, a further SOA is inserted between the MZI and the reflecting facet (as in Fig. 5.21). In this way, the signal flowing from the MZI to the additional SOA is amplified before and after the reflection at the facet.
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Figure 5.21 Device of Fig. 5.16 modified with a boosting SOA
By driving the boosting SOA injection current, it is possible to control the reflected power that allows one of the modes to be advantaged. If the reflection effect is enhanced, the difference between the counter-propagating modes will be bigger, without needing high injection current for the SOA in the ring. 

In order to limit the overlap between the spectra of the lasing ring and of the additional SOA, the injection current of the latter shouldn’t be too high. On the other hand, not pumping the additional SOA will result in absorption, so that both facets will have the same anti-reflecting behavior, conditioning in similar ways both directions, and the modes will be identical. The ideal SOA condition is the one that allows the highest amplification of the reflected signal, without broadening too much the lasing spectrum.

The final layouts, with the additional SOA, of the devices corresponding to the ones in Fig. 5.19 and Fig. 5.20 are depicted in the following pictures:
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Figure 5.22 Final design of a SOA reinforced MZI-driven Ring Lasing Direction Changer (without additional MMI)
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Figure 5.23 Final design of a SOA reinforced MZI-driven Ring Lasing Direction Changer (with additional MMI)

As before, the device with the additional MMI is designed in a way that makes possible to separate the power associated to each mode into two different outputs and

to characterize the switch: the left skewed waveguide will be used for the source light coupling; the lower right skewed waveguide will be connected to a light detector. Differently from the analogue device of Fig. 5.20, the characterization of the other MZI output is much more complex, because the additional SOA has to be set in a transparent state, and the detector should be connected at the same side of the source. For logistic reasons it hasn’t been possible to avoid this problem. Anyway, characterizing the MZI only at one output is enough to give the switching voltage.

5.8
MWL with MZI-driven wavelength selection

In all the multi-wavelength devices shown up to now, the wavelength selection is done by turning amplifiers on and off. Direct modulation of these lasers is chirp-limited at 10 GHz. A higher modulation speed can be realized if a modulator is integrated. As a first step, we designed a multi-wavelength laser with an integrated MZ-modulator. Ultimately, when this modulator is equipped with traveling wave electrodes, RF modulation speeds should be feasible. This first design can also be used to have wavelength selection by the Mach-Zehnder interferometers. Fig. 5.24 shows a 4-channel MWL, which has a switch parallel to each lasing cavity. 
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Figure 5.24 Scheme of a MWL that allows selecting the wavelengths in output by driving switches
With the depicted logical connections, the multiplexer separates the lasing part from the out-coupling part of the circuit. Each SOA is located in a cavity limited on the left side by the respective facet, and on the right side by the facet of the common multiplexed waveguide. The slant multiplexed waveguide collects all switches outputs. When the SOAs are turned on, the wavelength selection takes place using the MZIs. The switches can allow or stop the passage of a particular wavelength to the multiplexed output. 

For the physical realization of the device, a 2x8 phased array is used as multiplexer. Its parameters are shown in Tab. 5.2. As before, a deeply etched phased array is used to limit the global dimensions. Nevertheless, the dimensions are much bigger then in the PHASAR of Fig. 5.9, because of the higher number of outputs. The free spectral range is of 20 nm, while the channel spacing has been decreased to 1.6 nm. Since the phased array outputs are alternatively connected to a SOA and a switch (as in Fig.5.26), the spacing between the central wavelengths of the lasing cavities will be twice the channel spacing (2x1.6 nm = 3.2 nm). All other parameters are unvaried. 

composition array waveguides:

--------------------------------

bandgap Q filmlayer [um]
:     1.250

thickness Q filmlayer [um]
:     0.500

thickness InP toplayer [um]
:     1.500

etch depth [um]


:     2.100

waveguide width [um]

:     1.500

effective index TE

:     3.230

effective index TM

:     3.231

wavelength dispersion

:    -0.309

--------------------------------

central wavelength [um]

:     1.550

channel spacing [nm]

:     1.600

number of inputs

:     2

number of outputs

:     8

gap between receivers [um]
:     1.000

reference angle [deg]

:    56.000

reference radius [um]

:   100.000

lithographic resolution [um]
:     2.100

array acceptance factor

:     4.000

Arm length difference [um]
:    40.306

Array order


:    84

Free spectral range [nm]
:    16.068

Number of array waveguides
:    49

Free propagation length [um]
:   190.715

Array aperture [deg]

:    52.193

Miminum bending radius [um]
:   100.039

Maximum bending radius [um]
:   564.901

Min. waveguide separation [um]
:    12.034

Height of the device [um]
:  1253.086

Length of the device [um]
:  1171.188

Table 5.2 Phased array parameters as generated by the DESMUX calculation
The DESMUX generated phased array is depicted in Fig. 5.25. The array acceptance factor of 4 results in a design with 49 inner waveguides.
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Figure 5.25 The 2x8 deeply etched phased array used in the device
The final design of the device is shown in Fig. 5.26:
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Figure 5.26 Design of a MWL that realizes the wavelength selection through switches
Each one of the four right outputs carries one wavelength, where the left straight  multiplexed output has all four wavelengths contemporarily present. As said before, what is more interesting is the left sloped output, in which it is possible to notice the wavelength selection realized through the MZIs.
5.9
Tunable Multi-Wavelength Laser

All multi-wavelength laser described up to now are composed by phased arrays and amplifiers. The filtering effect of  the phased array is used to create a lasing situation, in which particular wavelengths are advantaged on the others. Since the phased array parameters are fixed, also the lasing wavelengths will be fixed: once the choice is made in the geometry of the PHASAR, it is not possible to change the lasing wavelength of the MWL with a large amount. Changing the temperature will shift the PHASAR transmission bands by about 0.1 nm/ºC, but a temperature increase will also deteriorate the gain properties of the MWL. In order to realize a more flexible device, in which it would be possible to adjust the lasing wavelength over the FSR, the phased array inside the device is modified inserting a phase shifting section in each inner waveguide (as in Fig. 5.27). In this way, exploiting the refractive index change induced by the voltages applied to the inner waveguides, it is possible to control the wave fronts in the second free propagation region, so that the desired wavelengths will be focused in the outputs. If no voltages are applied, the phased array behaves  as usual, with the normal filtering effect fixed by its geometry. When appropriate voltages are applied, the wavelengths that were normally focused in the outputs are replaced by others. It is therefore possible to dynamically change the PHASAR spectrum, influencing the lasing behavior of the cavity in which the phased array is inserted.
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Figure 5.27 Simplified scheme of a tunable MWL, realized with a tunable PHASAR

As explained in section 3.3, the behavior of a MWL depends on the overlap between the SOA and PHASAR spectra. To have a flexible tunable device, it is necessary to allow a phased array spectrum shift of a whole free spectral range, so that it becomes possible to have lasing in all wavelengths. To do it, the refractive index change induced by the electro-optical effects should generate a phase shift up to 2(, which requires high applied voltages or long phase shifting sections. Since the voltages can’t be increased too much, longer phase shifting sections represent a better option when there are no strict requirements on the device dimensions. In the final design of Fig. 5.28, a length of more then 5 mm is used.
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Figure 5.28 Final design of a Tunable Multi-Wavelength Laser
To prevent the channels lasing in different orders, the mismatching between the SOA and PHASAR spectra of Fig. 3.8 is avoided imposing a phased array free spectral range bigger than the SOA bandwidth. Since the 3 dB bandwidth of the SOA gain spectrum is around 50 nm, the FSR is fixed to 60 nm. The number of inner arms is limited, with a proper choice of the PHASAR parameters, with particular attention to the channel spacing and the distance between the output waveguides. The number of inner arms decreases for higher distances between the output waveguides and for lower FSR/channel spacing ratios. Taking these factor into account, the channel spacing has been set to 20 nm and the output waveguides distance to 2 (m. The array acceptance factor of 4 results in a PHASAR with 13 inner arms.

The phased array is shallowly etched, making unnecessary tapers to the phase shifting section. A drawback is the higher cross-talk between the channels, especially considering the low distance used between the output waveguides. Another disadvantage is represented by the bigger dimensions of the phased array. 

The left half PHASAR in the design has five output waveguides. One of them is used to characterize the phased array (and it is at the same height of the correspondent waveguide of the right half PHASAR), while the other four are connected to SOAs (750 (m long). Since the FSR/channel spacing ratio is 3, one of the channel is used twice. Anyway, it should be possible to cover the whole tuning range with one only amplifier. The phase modulators are 5122 (m long and their metal contact (5 (m wide) are extended to the bottom of the device where thirteen squared metal pads are designed to allow the positioning of a multi-probe without damaging the rest of the circuit. All waveguides are 3 (m wide. The minimum distance between the centers of the inner waveguides is about 8 (m. Insulation section are placed at the borders of the phase shifting section to avoid reciprocal interferences between the modulators.

5.10
Test structures and final chip

In the final chip, also some test structures (waveguides, amplifiers, switches) are included, with analogue characteristics to the components used in the described devices. In particular, three kinds of Mach-Zehnder Interferometers are placed in the free space between the devices. There are four switches with a phase shifting section length of 2 mm, two switches of 1.5 mm and two switches of 1 mm. In order to measure the insertion loss of the switches, sets of normal waveguides are designed close to the MZIs. 

The final chip is presented in Fig. 5.29, divided in five main blocks by the cleaving lines. The devices described in this thesis are placed in the upper center section and in the lower left section. Testing devices are placed also in other blocks. The shading waveguides are used to optimize the alignment.
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Figure 5.29 Final chip divided in five blocks (all kinds of masks are shown except for the contact opening one)

Chapter 6

CONCLUSIONS

To exploit at the same time the advantages of passive waveguides, phase modulators and optical amplifiers, the integration of them has been studied. First a description of  the functioning of each singular component has been given, showing some devices using one or two of them (mono- and multi-wavelength lasers, add-drop multiplexers, optical cross-connects, etc). Then, the calculation of the parameters to optimize the integration of them has been done, using simulation tools like MDS. Finally, many devices has been created, designed and explained, trying to clarify the advantages of the combination of amplifiers and switches. 

One of the main targets of the realized devices is to understand how a lasing cavity is influenced by the insertion of a Mach-Zehnder Interferometer: if the round trip gain decreases for the switch insertion loss, on the other side it becomes possible to dynamically decide how much power to couple out from a lasing cavity, without acting on the optical amplifiers. Since the MZIs work in reverse bias, it is also possible to get rid of the thermal problems connected to the switching. Moreover, better performances are achieved for low out-coupling power, avoiding to polarize the lasers close to the threshold. This kind of structures have been designed following a ring or a straight geometry, for mono- or multi-wavelength lasers. The final chip also includes analogue devices with the MZI outside the lasing cavity, in order to compare the performances of both schemes.

Using together switches and amplifiers, other devices have been realized, that try to influence the lasing direction of a ring laser, acting on the phase modulators. The MZI is located outside the lasing cavity, but it is used to condition the behavior of the counter-propagating modes in the ring. Changing the state of the Mach-Zehnder interferometer, the modes are influenced in different ways, privileging only one of them at a time.

A slightly different way to integrate phase modulators and SOAs is represented by the last kind of device shown: a tunable multi-wavelength laser realized with a tunable phased array inside the lasing cavity. A tunable PHASAR is realized inserting phase modulators in a normal shallowly etched phased array. With a particular choice of the voltages of the phase modulators, it is possible to shift the filtering spectrum of the phased array, conditioning in the same way the lasing of the multi-wavelength laser. 

Testing devices of various dimensions are placed in the remaining space of the final chip. 

The designed devices represent a first step for the integration of phase modulators and optical amplifiers. Their characterization will probably be useful for the further realization of more complex devices, that can fully capitalize the different functionalities of the mentioned components. Interesting applications can be devices that, using amplifiers, allow to compensate the unavoidable losses related to their functioning. For example, it is possible to realize optical cross-connects and add-drop multiplexers without losses, or even with a total gain.
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Chapter 1


INTRODUCTION


1.1 Optical communication network


The increasing demand for data transmission capacity due to the strongly growing number of users in the World Wide Web and to the diffusion of new services like video-on-demand and interactive media, has led to the diffusion of fiber optics networks. Differently from the preceding all-electronic devices, the opto-electronic systems allow to reach higher bandwidths with an acceptable loss (less than 0.2 dB/km for wavelengths around 1550nm). Furthermore, for long transmission distances an easy amplification of the signal is possible using Erbium Doped Fiber Amplifiers (EDFAs), which can amplify signals at wavelengths between 1530 and 1560 nm (the EDFA window) without any conversion to the electrical domain. The EDFA window has a bandwidth of about 8 THz, which is narrower than the 1550 nm wavelength window.


To reach an optimal use of the available means many multiplexing techniques have been developed. The simplest one is the SDM (space division multiplexing), which consist in the addition of further physical means. A less expensive method is to increase the speed of the node of the network, such that many lower-speed data streams can be multiplexed into one using a fast mutiplexer switch. This technique is called TDM (time division multiplexing) and its principles are shown in figure 1.1
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Figure 1.1 Scheme of a Time Division Multiplexing technique

To obtain a better use of the big fiber bandwidth it is possible to transmit additional data at different carrier wavelengths, the number of which is limited by the performance of the band-pass filters, recurring to the WDM (wavelength division multiplexing, figure 1.2).
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Figure 1.2 Scheme of a Wavelength Division Multiplexing technique


1.2 Principal optical components


To realize an optical network system is necessary to use many different basic components, the most important and used of them are waveguides, lasers, detectors, (de-) multiplexers, EDFAs and switches.


There are two possibilities about how to build a chip: the first solution, the so-called hybrid solution, is to use different stand-alone devices for each component needed, connecting them in the right way to obtain the desired functionality. The alternative solution is to integrate all these components in a single chip, obtaining a more compact and small product, in which the different parts are connected by waveguides and not by fragile and bulky fibers. This kind of realization leads to a Photonic Integrated Circuit (PIC) and has many advantages like a better robustness, a low sensitivity to the environment, less losses, less packaging costs and an easier large-scale production.


Very important integrated circuits for a WDM network are optical crossconnects (OXC) and add-drop multiplexers (ADM). The first are used to transfer data streams from a network to another, the latter to add or remove particular wavelengths in a WDM line (figure 1.3). Key component for the realization of both devices are switches. 




Figure 1.3 Part of a WDM network. A ring is connected to the rest of the network by an optical crossconnect; the add-drop multiplexer provides access to the network

1.3 Switches


A switch is a device that can drive one or more input into one or more desired output. Depending on the application, many switches have been realized, differing one from another for the materials, the physical effect used, the speed, the geometry. The switches that are going to be analyzed here are space switches, which means their purpose is to connect inputs and outputs separated in the space domain.  


A first kind of switches is represented by the mechanical switches. They steer the light by driving the offset of a waveguide (or a fiber), or by sloping mirrors situated in a free-space light beam. An important kind of commercial application is represented by the MEMS switch (micro opto-electro mechanical system), which uses electrical actuators for the mirror rotation.


Advantages of this kind of device are low losses and good crosstalk, but the achievable speed is quite low (~10ms), the resistance to vibrations is precarious and the integration with other components is often critical. 


Different kinds of switches are realized using a refraction index change in a material. There are many ways to do that: electrically, acoustically, optically and by changing the thermal conditions.


The thermo-optical switches exploit the change of temperature locally caused by heaters. They reach good optical crosstalk performances, but have problem with the thermal crosstalk. The achievable speed is low (around 1ms) and the power consumption is higher than in the other kind of switches. Devices employing this effect have been realized using SiO2/Si and polymers materials.


The acousto-optical switches create the desired refraction index change with the passage of an acoustical wave. LiNbO3 integrated switches and add-drop multiplexer have been fabricated. The best speed reached is in the order of the microsecond with crosstalk lower than -15dB. 


It is also possible to obtain switching functionalities with all-optical switches. They are very interesting because the electrical control present in all the other kind of devices is replaced by an optical control. This is done using the refraction index change caused by the depletion of the carriers in a semiconductor optical amplifier, whenever an optical pulse passes trough it. Switching speeds down to 6 ps have been reached with an optical crosstalk level below –20dB. Weak points of such devices are the complex construction, the heating problems connected to the high power needed for the control signal, and the small power range. Good results have been obtained with InP/InGaAsP.


Using SOAs is also possible to realize another kind of switches: the semiconductor optical amplifier switches. Depending on the amplifying or absorbing behavior of the SOA it is possible to turn the gain on and off, addressing a certain pulse into the desired output. A 3dB splitter could be used to carry the input signal to each amplifier as shown in figure 1.4 (a): 
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Figure 1.4 (a)


With this scheme there are no losses, or even a gain, and excellent on-off ratios leading to low crosstalk levels, but there are heating problems and additional noise due to the spontaneous emission in the amplifiers.


The best solution against heating problems is given by the electro-optical switches. The physical effects they exploit can be divided between electric field driven and carrier driven effects. To the first type belong the Pockels (linear), the Kerr and Franz-Keldish (quadratic) electro-optical effects. To the other type belong all the effects that use a variation in the carrier concentration to change the refraction index, i.e. the band filling, bandgap shrinkage and plasma effects. The most used materials for this kind of devices are lithium niobate and InP/InGaAsP, where the second one allows a better integration with detectors, lasers and amplifiers. Anyway, both materials achieve approximately the same refractive index change and a response time for the electric field induced effects in the range of 10-14 to 10-13 seconds, equivalent to a switching speed about 100GHz. 


Once the switching effect is chosen, it remains to decide what kind of architecture to use. Many configurations are possible:


A Mach Zehnder interferometer (MZI) based switch is shown in figure 1.4 (b)
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Figure 1.4 (b) 


An MMI which acts as 3dB splitter halves the input optical power between the two phase-shifting sections. As it will be better explained later on, the phase difference between the upper and the lower branch can be modified by changing the refractive index, so that in the second MMI the two fields could interfere constructively or destructively. In this way the light is driven into the desired output.


The disadvantage of needing a long shifting section is compensated by the good tolerance of the device. Moreover, the phase shifting part and the mode coupling part are separated, such that they can be optimized separately.


Figure 1.4 (c) shows a directional coupler switch:
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 Figure 1.4 (c)


This device consists of two waveguides at close distance, so that a certain amount of optical power can couple between them. It is possible to switch the light into the desired output by changing the refractive index. If a big refractive index change is not necessary and the dimensions are limited, on the other hand there are several problems concerning the accurate precision needed for a good coupling, particularly for the etchdepth and the spacing between the waveguides. Furthermore, the coupling length is polarization and wavelength dependent. That’s why the switching performances of such kind of devices are not so promising.


A very compact switching solution is given by the total internal reflection switch (figure 1.4 (d)). 
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Figure 1.4 (d)


By controlling the refractive index in the small region close to a waveguide intersection, the light coming from a single input to the crossing area can be transmitted or reflected. In the first case the light will continue traveling in the same guide to the corresponding output, in the second the reflection will address the optical power to the other output. As in the previous type, the precision required for the fabrication is high. Another disadvantage is the high refractive index change necessary to pilot the device. For that purpose is used current injection, resulting in heating and low speed.


The last kind of electro-optical switching device worthy to mention is the Y-branch or digital optical switch (DOS) and it’s shown in figure 1.4(e):
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Figure 1.4 (d)


Using for the functioning adiabatic mode transmission, it requires a high effective refractive index change, which is done with reverse bias or current injection. Modulating the refractive index in one of the two arms, it is possible to make the light go out from the other. Accurate precision is needed for the Y-angle. 


1.4 Amplifiers


Every time an optical beam is propagating, it is subject to many kinds of losses: the normal propagation loss, the dispersion, the insertion loss of a device and others. The most common way to reinforce the optical power is using amplifiers. An optical amplifier consists of a double hetero waveguiding structure, in which the compositional fractions of the Q-material in the guiding layer generate the same bandgap as the photon energy. If the film is not pumped the only effect that takes place is the optical absorption. But with electrical or optical pumping, the spontaneous and the stimulated emission provide the gain needed for the amplification. 


The cross section of a typical semiconductor optical amplifier is shown in figure 1.5:




Figure 1.5 Scheme of a commonly employed optical amplifier (SI stands for Semi-Insulating)


As in the normal transparent waveguides, the transversal and lateral confinement is ensured by the higher refractive index in the guiding layer. The high carrier concentration needed for the amplification is granted by the particular doping of the upper and the lower layers, which form a p-n junction. If forward biased, this junction allows an efficient carrier injection, so that the stimulated emission process could produce the desired gain. 


To avoid heating problems, the electrical series resistance of the amplifier should be as low as possible. The resistance decreases by increasing the doping levels in the InP layers. However, this will also result in higher optical losses, because of the absorbing properties of an intensively doped region. To get rid of this unwanted side effect, the regions close to the active layer are not intentionally or just lightly doped. On the other hand, the regions where the optical intensity is small have higher doping levels to reduce the global resistance. This is the case of the contact layer between the p-InP and the metal: it allows the contact resistance decreasing, but it should be far away from the Q-region, limiting in this way the height of the device.


1.5 Passive devices


In contrast with the so-called “active devices”, the passive ones denote all those devices where no amplification takes place. They are the basic pieces in the optical integration. By the combination of them, it is possible to realize many different functionalities, like signal splitting, optical coupling and (de-) multiplexing. The most important passive waveguide-based structures for this thesis are waveguides, multimode interferometers and phased arrays.


1.5.1 Waveguides


If the hybrid technology uses optical fibers to transport signals between various devices, in the photonic integrated circuits this work is done by waveguides. Waveguides are much less bulky than glass fibers and allow to confine the optical field in a smaller area. In the InP-based integration technology they are realized with a layer stack consisting of an InP substrate, a quaternary material (InGaAsP also referred as Q) film and an InP cladding. Using a Q material with a bandgap of 1.25 micrometers, the layer stack forms a double heterostructure, in which two high-bandgap materials surround a low-bandgap material. The refractive indices at the usually used wavelength of 1.55 (m are respectively 3.36 for the Q(1.25) and  3.17 for the InP. Since nInGaAsP > nInP > nair , the highest effective refractive index is inside the film layer, such that the light is confined both in the transversal axis and in the lateral. To obtain a better lateral confinement the structure is etched 100 nm (“shallow” waveguides) or completely through the film layer (“deep” waveguides) as in Fig. 1.6:
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Figure 1.6 

If the shallowly etched waveguides have less surface scattering losses, the deeply etched ones are less sensitive for etch depth deviations and allow sharper curves. The surface scattering is due to the roughness of the interfaces of the etched ridge surfaces and between the different layers of the stack. These losses can be minimized acting on the etch depth and ridge width: the deeper the etching goes, the higher is the index contrast at the sidewalls, so that the field is more confined in the core but also more intense at the lateral scattering surfaces, which means more losses. For similar reasons the wider is the mesa, the less losses are generated by the scattering on the sidewalls. 
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Figure 1.7 Measured losses for deep and shallow waveguides, as a function of the waveguide width, TE polarization

The choice of the optimal width is a trade-off problem between the losses and the number of modes supported. Since the switch structure is only designed for the zero order mode, a good compromise is made by choosing a waveguide width of 3 (m for the shallow etch waveguides and 2 (m for the deep etch ones, guiding in this way only the zero and the first order mode.


Another parameter of project that deserves attention is the difference between the signal wavelength and the bandgap in the quaternary layer. The trade-off, this time, is between the losses due to the optical absorption in the guiding layer (which increase if the difference decreases) and the switching efficiency for what concerns the Franz-Keldish electro-optical effect (stronger for signal wavelengths close to the guiding layer bandgap). Choosing 1.25 (m for the InGaAsP layer bandgap, an acceptable phase shifting efficiency is obtained, while limiting the absorption losses.


1.5.2
 Multimode Interference couplers (MMI-couplers)

If the most of the times a normal waveguide obtains better performances with a single mode configuration, there are devices based on the propagation of a bigger number of modes. This is the case of the multimode interferometers, which are passive devices in many cases used as 3 dB couplers or splitters. 


The discontinuity between the (often single mode) input waveguide and the MMI excites a certain number of modes in the interferometer, which then interfere creating single or multiple images of the input field (the so-called “self images”) at various positions along the coupler. At those positions are then located the output waveguides, in order to couple out as much power as possible. It is possible to build very compact and fabrication tolerant devices by combining in the right way all the project parameters: the input and output waveguides, the MMI width, length and etch depth. 


To better explain the physical principles that lay under the functioning of the MMIs, it is possible to use the Modal Propagation Analysis (MPA) as follows:


After propagating for a distance z from the MMI input, the field can be written as the superposition of the m modes guided by the device:
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(1.1)


where (y) is the field profile in the y-direction of the th mode, at z = 0. The different field excitation coefficients c are determined by the overlap between the various guided modes of the MMI and the field at the input of the coupler, under the hypothesis that no power is lost in the mode excitation:
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We can rewrite Eq. (1.1) as:
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(1.3)


A good approximation for the difference 
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 represents the beat length of the two lowest order modes. Combining Eq. (1.3) and (1.4), at the end of an MMI of length L, the phase factor of the th mode field profile can be written as:
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If, at z = L, the phase factor is equal to an integer multiple of 2, all modes interfere positively with the same relative phase as at z = 0 and an image of the input field will be reproduced at the MMI end.


If the phase factor equals an odd multiple amount of , at z = L an image mirrored with respect to the MMI longitudinal axis will appear. 


The requisite for the single imaging is then







L = p 3L

(p = 0,1,2,…)
(1.6)


On the other hand, multiple imaging of the original input can be found at these locations:







L = p 3L

(p = 0,1,2, …)
(1.7)


Where the field can be expressed by:
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(1.8)


This expression shows the presence of two images, at the end of the MMI, of the original input field. The images have a phase difference of /2 between them and carry half of the power of the input field. 




Figure 1.8 Mirrored and twofold periodical images in an MMI-coupler 


The MMI therefore can be used as a 3-dB power splitter, much more fabrication tolerant than the directional coupler. The insensitivity to etching depth variations could be further increased by using deeply etched MMIs, where the inputs and outputs waveguides are shallowly etched (“double etch” process), as shown in figure 1.9:
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Figure 1.9 Double etched MMI


1.5.3
PHASARs


A compact and efficient solution for (de-) multiplexing is given by phased arrays, the research on which is well developed at the University of Delft. Those passive components are essential for compact WDM devices. They are basically composed by an appropriate number of input and output waveguides, two Free Propagation Regions (FPR) and an array of waveguides of different lengths. In the example given by the Phasar of figure 1.10, an input waveguide carries four different wavelengths to a wider waveguide, the left FPR. In this region the field doesn’t encounter a lateral index contrast, so that it diverges before being collected by the array of inner waveguides. For the central wavelength each waveguide of the array has a phase shift difference of an integer times 2(. In this way, the field in the upper part of the first FPR is reproduced in the symmetrical part of the second FPR and the phase front will converge onto a mirrored image of the input waveguide. But for wavelengths different from the central one, the phase shift changes as well, so that the focal point position is dependent on the wavelength, sweeping along the lower side of the second FPR. Placing the four output guides in the proper positions, it is possible to use the frequency division to separate the WDM channels also spatially.
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Figure 1.10 Example of a 1x4 PHASAR


Important parameters for a phased array are the spacing between the channels and the so-called Free Spectral Range (FSR), which is the distance between the various orders in the PHASAR spectrum. In fact, each output waveguide carries all those wavelengths that differ by an integer multiple of the FSR from the relative wavelength. The crosstalk levels depend on many fabrication parameters, like the shallow or deep etching, the distance between the input or output waveguides, the number of arms, etc. Usually the power level in the wrong output is below –20dB. The insertion loss is around 3 dB.


1.6  InP based structures


The materials in which is possible to fabricate Photonic integrated circuits are mainly four:


· Silica-on-silicon


· Polymers


· LiNbO3 


· III-V semiconductors 


The optical properties of the first two kinds of materials are similar. The advantages of the Si-based technology for the realization of PICs rely on the good overlap with the existing integration processes for electronic devices, resulting in less fabrication prices and easier packaging. The polymers technology, on the contrary, is less mature but anyway led to interesting results.


LiNbO3 based materials gave good results for Mach Zehnder interferometer modulators but have some problem of costs and of crystals availability (especially for bigger structure as optical cross connects or add-drop multiplexers).


Using the III-V compound semiconductor material In-1-xGaxAsyP1-y is possible to obtain a very good integration between transparent (passive) devices, amplifying (active) devices and modulators (up to the GHz regime). If the realization of transparent PICs is cost-effective with silica-on-silicon and polymers, III-V semiconductors have a lot of advantages for all the more complex circuits that need amplification or phase modulation. Furthermore, the high refractive index makes the dimensions of the devices decrease, so that even the problems about the relatively high waveguide losses (around 2 dB/cm) are easy solved. Other advantages are the negligible power consumption of the electro-optical switches (compared to the thermo-optic ones in silica-on-silicon and polymers), and the high speed reachable by the modulation of them.   


At the University of Delft the opto-electronic research group is developing with particular attention InP based devices. This choice is motivated by the excellent results this integration gave up to now: optimal performance of PWDs such as phased array optical (de-) multiplexers and multimode interference couplers, good incorporation of phase shifting parts for the realization of MZI-based switches, reconfigurable add-drop multiplexers and optical cross connects, and much more.


The properties of the InP-based semiconductor material In-1-xGaxAsyP1-y can be modified acting on the compositional fractions x and y. The bandgap energy of In-1-xGaxAsyP1-y lattice matched to InP can be varied from 0.75 eV to 1.35 eV, corresponding to an absorption edge of 1.65 (m to 0.92 (m, respectively. That means that it is possible to realize transparent, absorbing or amplifying (by stimulated emission) devices on a single chip, with great potential for the realization of PICs. In fact, for In1-xGaxAs1-yPy material, if x and y are the compositional fractions of Ga and P respectively, a material property F (like the lattice constant or the bandgap) can be approximated by the following interpolation (Vegard’s law):


F(In1-xGaxAs1-yPy) = 
xyF(GaAs) + x(1 – y)F(GaAs) + 


+(1 – x)(1 – y)F(InP) +y(1 – x)F(InAs)

(1.9)


The lattice-match condition to InP is therefore expressed by:
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While the bandgap energy, expressed in eV, of a lattice-matched compound is given by:
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(1.11)


Finally, the absorption (or emission) edge wavelength at room temperature is:
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(1.7)


From now on the compositional fractions x and y will be omitted and the In1-xGaxAs1-yPy will be abbreviated as InGaAsP or as Q (the so called quaternary material). For example, Q(1.25) has an absorption edge wavelength of 1.25 (m, a bandgap energy of  Eg = 0.992 eV and a composition (x, y) = (0.252,0.547).


1.6 Integration possibilities


By combining various components in a single PIC, it is possible to realize a lot of different devices. As said before, the main components used for that purpose are passive waveguides (PWD), phase modulators (PHM) and semiconductor optical amplifiers (SOA). The integration of SOAs allows to decrease the number of fiber-chip couplings, avoiding all the losses caused by the connections to the amplifying parts. In addition, the SOAs can compensate the losses related to the presence of the chip (the so called insertion loss) and to the links outside of it (particularly when spot size converters or other additional devices are needed). Inserting SOAs and PWDs in the same chip enables to build multi-wavelength lasers (MWL), MW receivers, wavelength converters, OTDM (de-) multiplexers, etc. A MWL is easy done creating optical feedback trough a phased array multiplexer to different SOAs, as it will be explained further on.


Integrating PHMs makes it possible to realize all those devices that need switches for their functionalities, like Add-Drop Multiplexers (ADM) and Optical Cross Connects (OXC). If it’s true that a switch could be also done using only the amplifying-absorbing nature of the amplifiers (with better crosstalk performances), on the other hand the insertion of electro-optic switches gets rid of thermal problems (because no electrical power is consumed) and avoids the noise created by the spontaneous emission of the SOAs. 


But to capitalize the best results it is possible to integrate all three types of devices, taking advantage of the different functionalities. In this way all the lossy devices based on switches could be made without losses. The power lost in the chip due to the propagation of the field, the division of the signal, the outcoupling part and all the other undesired effects can now be compensated by the amplifiers, or even be converted into a total gain. Symmetrically, all the devices made without switches, like many kinds of lasers, can be modified with PHMs so that it would be possible, for instance, to dynamically decide the amount of power coupled out from them, without adding any additional circuit. Furthermore, using phase shifters is possible to adjust the lasing wavelength in a normal laser or in a MWL, realizing in this way tunable lasers. An example of this kind of device is shown further on in this thesis, with the design of a tunable PHASAR integrated with optical amplifiers.
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