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Abstract

AlI solid-state switches and attenuators are becoming increasingly popular over

their mechanical counterpans. Their advantages include smaller size, no moving pans,

and faster response times. The device presented here is a silicon on insulator

waveguide attenuator, its operation is based on free-carrier absorption of photons.

Free-carriers are provided by forward biasing a PIN diode structure integrated in a

single mode rib waveguide where the guided mode propagates in the intrinsic region.

The device was optimized optically using CAD tools to provide off-state losses of less

than IdB. The PIN diode electrical structure was also optimized to for a ma.'Ûmum

power consumption of 1W at ma.~mum attenuation. Good agreement of the theory

developed was found when compared to experirnental measurements of fabricated

prototypes of similar structure. Fabrication and testing of devices according to the

specifications arrived at in dUs thesis is suggested for future work.
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Résumé

Les commutateurs et les atténuateurs optiques intégrés deviennent de plus en

plus populaires face à leurs équivalents opto-mécaniques. Ils sont avantagelL'{ au niveau

de leur taille réduite, du fait qu'ils ne comportent pas de parties mobiles et de leur

meilleur temps de réponse. Le composant présenté ici est un guide d'ondes atténuateur

en silicium sur matériau isolant, dont l'opération repose sur l'absorption des photons

par porteurs libres. Les porteurs libres sont obtenus par injection de courant dans une

structure diode P-I-N intégrée dans un guide canal monomode où le mode se propage

dans la région intrinsèque. Le composant a été optimisé avec des outils logiciels pour

obtenir des pertes du composant au repos de moins de 1 dB. La structure électrique de

la diode P-I-N a aussi été optimisée pour obtenir une consommation de puissance de 1

Watt au maximum d'atténuation. Un bon accord avec la théorie a été obtenu par

comparaison avec des mesures expérimentales sur des prototypes de structure similaire.

La fabrication et le test de composants correspondant aux spécifications fournies à la

fin de cette thèse sont suggérés comme travau.,,< futurs.
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1 Introduction

1..1 Variable OpticalAttenuators and OpticaJ Communication
Systems

Communications over optical fibres has become the preferred method for

many applications such as data~ voice, and video transfer over long and short area

networks. Optical communications offers tremendous transmission capacity, long

distances between repeaters, and irnmunity to electromagnetic interference. As the

number of channels increase and loss introduced by components decrease, attenuators

are becoming a practical necessity in controlling excess power in communication

systems. Variable attenuators are also essential in controlling the non-linear behavior

of other components such as fibre amplifiers. Due to the exponential increase in the

bandwidth and usage of optical communication systems [1], the demand for faster,

smaller, lower loss, lower cast components is increasing. \Vith the improvements to

semiconductor and solid-state devices, attenuator technologies are no longer limited to

traditional bulk optics. High performance attenuators are now possible by expanding

the applications of these semiconductor devices From conventional sources and

modulators to attenuators.

1..2 Applications ofVariabJe OpticalAttenuators

There are numerous applications of variable attenuators ln optical

communications systems, ranging From network analysis to power control. Variable

attenuators are used in three main areas; wavelength division multiplexed (\'<D~l)

optical networks, test and measurement instrumentation, and optical power controL

Each application requires different performance characteristics From the variable

attenuator, such as wavelength flatness, optical power dissipation, and/or speed. Figure

1-1 shows several applications of variable optical attenuators in a dense wavelength

division multiplexed (DWD~l) network.

6
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Figure 1-1: Variable optical attenuators in a DWDM network. Variable attenuators are used for
power control aCter a bank: of lasers and before an erbium doped fibre amplifier (EDFA).
Channel power equalization is performed at demultiplexing and multiplexing units (MUX and
DEMUX). Anenuators are used befote receivers to avoid saturation. The number of
attenuators and where they are used in a system depends on many network parameters such as
the power budget and component specifications.
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1.2.1 Wavelength Division Multiplexed Optical Net\vorks

•

Fibre-optie long haul trunk networks are faced with the dilemma of

accumulated losses and signai degradation due the inherent properties of optical fibres

and components. Vntil the early 1990s, all amplification was performed electronically.

Electronic repeaters first translate the opticaI signai to an electronic one, retime,

reshape and regenerate these signais electronically, and subsequently transmit them

optically. With the advent of Erbium Doped Fibre Amplifiers (EDFAs) , aU-optical

broadband amplification and thus higher operating speeds, lower cast and better

reliability could be realized. Vnfortunately, the EDFA wavelength spectrum is not flat,

which has a detrimental effect on long distance \VDNI-based optical networks where

many such devices are cascaded. Channels Iying at a minimum in the EDFA spectrum

will not be amplified the same amount as those at a maximum, thus each channel will

7



systems.

have different gain. Each time the signal passes through an EDFA, the power

variation between channeIs will increase. Optical attenuators are needed in WD~I­

based networks employing EDFAs for dynamic power equalization since the gain of

EDFAs changes with age and input power. Arrays of attenuators are used with

EDFAs to attenuate those channels that faIl in the higher amplification range of the

EDFA spectrUm. Figure 1-2 shows the EDFA gain spectrum after 5 passes and a 16

channel demultiplexing unit spectrurn after power equalization [21.

Attenuators used in power equalization should be waveloength insensitive, have

efficient power dissipation properties and small size. \Vavelength insensitivity is an

important characteristic in WDM applications since ideally, the same attenuator is used

for each channel at the front end of an EDFA without special adjustment with respect

to waveiength. These attenuators could he used to dissipate high po\ver levels thus

they should perform linearly over a large power range. Small size is also an important

factor since the attenuators must be easily fahricated ioto arrays for multi-wavelength
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(a) (b)

figure 1-2. (a) Accumulated ripple of a typical EDFA gain spectra after 5 passes [2]. (b) 16
Channel demultiplexing unit spectra with equal channel power [2]. Anenuators are needed to
equalize the power level across every channel in the demux after passing through the amplifier.
After passing through 5 EDFAs, the differential channelloss could reach as high as 17dB.

•
1.2.2 Test and Measurement Instrumentation

Optical attenuators are also used in the testing and analysis of other optical

components. In production testing and quality assurance, attenuators are used in
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verifying the operating range of components by variably attenuating the input optica!

power levcl of the device under testing. The linearity and dynamic range of severa!

different components such as photodetectors, power meters, and modulators can he

determined.

Another important application of variable optical attenuators IS ln network

analysis and simulations. A variable attenuator can he inserted into a newly installed

link to verify the performance monitoring messages generated by the receiver. Other

system performance metrics such as bit-error-rate (BER), system loss, and receiver

sensitivity analysis can he tested by using variable attenuators in network analysis

equiprnent to attenuate the power levcl entering a system.

Attenuators used in testing the characteristics of other devices and analyzing

network performance must he highly linear in their attenuation characteristic ta keep

the same resolution at different attenuation levels and have a very large dynamic range.

This is essential to ensure any non-ideal behavior is a result of the device or system

under testing and not the attenuator.

1.2.3 Optical Power Control

Optical fibre systems are being used increasingly in short distance applications

such as local area networks, central office switching, and cable television. Light sources

and optical fibres, however, have been developed to maximize throughput power in

order to achieve long distance communications. In these shorter distance applications,

variable attenuators are needed at the input of receivers ta control excessive power to

protect the receivers (which have a limited dynamic range) from becom.ing saturated.

Optical power level control is aIso required at the output of laser sources. If

the power level of a laser is beyond the power budget of a system, it must be attenuated

accordingly. It is important to use a variable attenuator in this instance because over

the laser's lifetime, its power level will decrease and the attenuation level of the output

power must be decreased as weil. Furthermore, it is imperative that the insertion loss

of the attenuator in the off state must be as low as possible when it is not needed to

attcnuate the laser power. In a multi-wavelength system, an array of variable

attenuators can be inserted directly at the output of an array of laser sources in order to

adjust or provide stable power levels ta each channel.

9
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To avoid saturation and non-lïnear behavior, an attenuator must be placed at

the input of an EDFA to ensure that the input power is kept below a certain level such

that the EDFA will not reach saturation. For example, if the ma..'<Ïmum output level of

an EDFA is 25dBm and its ma.~mum gain is 20dB, an input signal of IDdBm would

need to be attenuated by 5dB to avoid saturation. In addition ta starie power control,

dynamic control of the average input power may be necessary if many WDNI channels

are added or dropped. For example, a system of 16 channels would have a higher

aggregate power than 8 channels, thus power control is required.

Attenuators used in optical power control must not only be able ta attenuate

high power levels but also be able to dissipate the unwanted power quickly and

efficiently without affecting its performance. For example, an attenuator that increases

in temperature with the amount of optical power absorbed would not be a good choice

for chis application since temperature effects could lead to non-linear behavior. A

better choice of attenuator for optical power control is one that reflects or guides away

the unwanted light such that its behavior is independent of the input power level.

Speed is also an important characteristic that attenuators must possess in optical power

control, especially in systems where channels are added and dropped frequently. The

attenuator used ta protect the EDFA from gain saturation must be able ta respond

quickly to increasing power levels entering the EDFA as channels are added.

Attenuators used ta attenuate excess power from laser sources and protect receivers

from saturation in short-distance networks must be able to react promptly if there is a

sudden change in the transmitter laser's power leve1 or change in the total power level

of the system.

In all of the applications discussed, polarization insensitivity is also an

important feature of an optical attenuator. The attenuator must not introduce

polarization dependence \Vith attenuation. If this were the case, polarization mode

dispersion would be introduced into the system and willlead ta pulse spreading.

1.3 Variable OpticaJAttenuator Technologies
There are many different physical effects that can be used ta create optical

attenuation. They can be classified into four main categories; opto-mechanic, opto­

electronic, thermo-optic, and liquid cryst~. Furthermore, these physical effects can be

10
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implemented into many different architectures to form attenuators. The maIn

attenuator architectures are guiding, reflecting, interfering and absorbing. Guiding and

reflecting attenuators guide or reflect away the unwanted light. Interfering attenuators

use destructive interference to decrease the optical power. Absorbing attenuators use a

physical absorbing effect to attenuate the unwanted light. These technologies are also

used in the production of switches and moduIators, however any switch or modulator

cao be used as an attenuator. Figure 1-3 shows where free-carrier absorption is

positioned with respect to other physical effects.

Optical Attenuators

Quantum·Confined
Stark Effect

Figure 1-3: Possible technologies and phenomena which can he exploited ta fabricate variable
optical aUenuators. The free-carrier effect is an absorptive type of opto-electronic variable
optical attenuator.

1.3.1 Opto-Mechanical Attenuators

Opto-~[echanicalattenuators are devices using either bulk optic components or

micro-e1ectro-mechanical systems (NŒ~[S). Bulk optic attenuators may use

components such as lenses, mirrors, variable mirrors, or prisms to block or re-direct a

beam of light. These types of attenuators are usually controlled manually by adjusting a

set screw or turning a knob. Sorne bulk optic attenuators use motors to move the

attenuation mechanism, thus employing e1ectronic control. Bulk optic attenuators

employ reflecting or absorbing architectures. The light is either reflected away from

the output path by a movable mirror or prism or absorbed by a filter which can be

moved in and out of the beam. A commercially available bulk optic voltage controlled

attenuator by JOS Uniphase [31 has a 30dB attenuation range, O.1dB resolution, an

operating wavelength range of 1525 to 1575nm, insertion loss of O.6dB, wavelength

flatness of O.2dB, 100ms response speed, and polarization dependent loss of O.2dB.
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This is a reflection type attenuator, which uses a voltage-controlled stepper motor to

move a mirror.

~ŒN(S attenuators are similar in operation to bulk optic attenuators, with the

main difference being that the components are integrated onto the same chip and are

usually on the order of tens to hundreds of microns in size. Attenuation of the optical

signal is attained in response to an applied voltage when a mirror tlips up or a beam

blocker moves due to an electtostatic force. Figure 1-4 illustrates one type of ~Œ~(S

optical attenuator reported by ~(arxer et al [41. This device has an insertion loss of

1.5dB, a 5ms response time, a maximum attenuation level of 57dB, and a maximum

applied voltage of 32V. MEJ.\1S attenuators offer the advantages of speed and ease of

assembly over bulk optic attenuators due to the small size and integration of the

components used. Disadvantages of MEMS devices include high initial costs, low

resistance to shocks and vibrations, and a high level of manufacturing difficulty since

precise, complex fabrication techniques are required.

Figure 1-4: SEM Photograph of a micromechanical variable actuator chip [4]. An electrostatic
comb drive actuator is used to drive the shutter ioto the optical path. Attenuation cao be varied
with the shutter position.

1.3.2 Opto-Electronic Attenuators

Attenuators using opto-electtonic effects are very fast, efficient, and reliable

since they have no moving parts and usually ooly require a small amount of power.

Opto-electronic attenuators are separated inta twa groups, polarizing and absorbing.

Either the Kerr effect or the Pockels effect can be used to make a polarizing attenuator

in semiconductor materials that normally have isotropie optical properties.

12
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In the Kerr effect, an electtic field applied across a crystal in a direction

transverse to a light beam propagating through it will induce birefringence, linearly

proportional to the square of the applied dectric field [51. The semiconductor will then

become biaxial. If the electric field vector of a polarized beam of light propagating

through the crystal is inclined at 450 to the applied electric field, the light will emerge

elliptically polarized. The Pockels effect cao be used in a similar tashion. In

semiconductors which are normally optically anisotropic, the application of an electric

field wiU induce biaxial birefringence, linearly proportional applied electric field. When

an e1ectric field is applied along one direction, the index of refraction of the transverse

plane is altered by an amount proportional to the applied electric field. Again, linearly

polarized light will emerge elliprically polarized.

An interferometer architecture can be employed in polarizing electro-optic

attenuators since a beam of light passing through a material exhibiting the Pockels

and/or Kerr effects will experience phase change. Lithium niobate has large electro­

optic coefficients and is a popular material used for ~[ach-Zehnder waveguide

modulators. When a voltage is applied to one arm of the modulator, the light

propagating through it will experience a phase change and cause constructive or

destructive interference upon re-combining with the light from the other arm,

depending on the relative phase between the two signal paths. With the appropriate

applied voltage the output signal intensity can be varied sinusoidally. The main

disadvantage with this approach is that the attenuation is both a non-tinear and periodic

function of the applied voltage as the relative phase of the light propagating in the two

arms oscillates between 0 and 1t. Noguchi et al [6] has reported a Lithium Niobate

~[ach-Zehnder broadband modulator with a half-wave drive voltage (voltage of

ma.xÏmum attenuation) of 5.1V, a modulation bandwidth of 70GHz, an insertion loss

of 5.6dB, an extinction ratio of 20dB, and an operational wavelength of 15s0nm. The

configuration of this device is shown in Figure 1-5.

Free-carrier absorption, the Franz-Keldysh effect, and the quantum confined

Stark effect can be used to create absorbing opto-e1ectronic variable attcnuators. Free­

carrier absorption, the focus of this work, is the process whereby incident photons are

absorbed by frce-carriers in the conduction band of a semiconductor [51 .

13
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Figure 1-5: Configuration of a Lithium Niobate Mach-Zehnder modulator [6J. The phase of the
optical wave traveling through one atm is altered by application of a voltage to the electtode
which induces a relative change in the extraordinary and ordinary refractive indices of the
crystal. The waveguide is created by diffusing titanium into the lithium niobate crystal.

By injecting free-carriers into a materia1, variable attenuation can be achieved. A free­

carrier absorptive intensity modulator has been reported by Zhao et al [7]. This device

has an insertion loss of 5.2dB, a modulation depth of 18dB, and a response time of

160ns. The configuration of this device is shown in Figure 1-6.

n • - SI substrat..

Figure 1-6: Silicon on insulator optical intensity modulator [7J. When the p·n junction is
forwam biased, holes and clecttons win enter the waveguide regjon and absorb Iigbt energy
propagating through that section.

The free carrier effect a1so causes a change in the material's refracrive index.

This effect has been exploited by Zhao et al [81 who reported a ~lach-Zehnder

interferometer operaring at a wavelength of 1.3J..lm, with an insertion [055 of 6.4dB, an

operaring voltage of O.95V, a response rime of ü.2ps, and a modulation depth of 35dB.

This device operates sirnilarly to the Mach-Zehnder in Figure 1-5, however the change

in refracrive index is caused hy the free-carrier effect. The change in index is Ôn=5x10-

14



•

•

•

3 for an injected carrier density of AN=lxl018
• The free-carners arise from forward

biasing a p~n junction in one arm, similar to Figure 1-6. Another device exploiting the

refractive index change is a 1xl switch reported by üu et al [9]. The configuration of

this device is shown in Figure 1-7. A PIN diode is intcgrated into each arm; when one

of the diodes is forward biased, the refractive index will decrease and the waveguide

will be in a eut-off regime. The light will not propagate through this arm sinee the

waveguide no longer supports a guided mode at the operating wavelengrh.

Consequendy, the mode will propagate through the other artn. This device has an

insertion loss of 8.2dB, a response time ofO.2ps, and 22.3dB extinction with 29ümA of

injected current with an operating wavelength of 1.3IJm.

n epltQJIia( lay.r
ft· esolH'd liUCOn

input wovegui~.

Figure 1-7: Silicon 1x2 optical switch (9). If the p+n junction of branch 2 is forward biased, free­
carriers will cause a decrease in the index due to the free-carrier effect. Light will propagate
tbrough branch 1 as a result since it has a higher index.

The Franz-Keldysh effect creates an absorptive materiaI by applying an electric

field to a direct-gap semiconductor. This decreases the effective band gap of the

semiconductor and increases the overlap between the electron and hole wave

functions, allowing band-to-band transitions of clectrons with absorption of photons.

Absorption of longer wavelength photons can be varied with the magnitude of the

appüed electric field. An attenuator integrated with a photodetector using this effect

has been proposed by Yokouchi et al (10]. By applying a voltage (0 the GaInAsP

waveguide, attenuation for a given wavelength is achievcd. This device, shawn in

Figure 1-8, had an attenuation range of 11dB with an applied voltage of 32V.
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Figure 1-8: Attenuator integrated photodetector [10]. The aim of this device was to rc:duce
distortion at the receiver due to bigb input power. Saturation cao he avoided through electrical
feedhack from the photodetector. Attenuation is achieved by vatying the applied voltage actoss
the GalnAsP layer.

The quantum-confined Stark effect is also an absorptive process [5]. In

semiconductor multi-quanturn well (NIQ\V) structures~ strong absorption peaks due to

excitons can be observed. An exciton is a free hole and a free electron pair

experiencing a coulombic attraction. In direct-gap materials~ excitons can be formed

by absorbing the energy of photons entering the material~ thus contributing a

component to the absorption coefficient. \Vhen an electric field is appLied

perpendicular to the quantum well layers~ the potential well in which the exciton is

trapped becomes asymmetric. One of the sides is lowered, and thus it is easier to

ionize the excitonic pair. Ionization of the pair occurs due to the absorption of energy

from an incident photon. The excitonic peak remains even at very high applied fields

because the walls of the quantum weIl prevent the electron-hole pair of the exciton

from being pulled apart br the electric field. As a result~ the excitonic absorption peak

can be shifted to longer wavelengrhs depending on the strength of the appLied electric

field. This shift in the exciton absorption peak is known as the Stark shift~ shown in

Figure 1-9. This effect can be exploited to make a modulator in a quantum weil

structure br varying an applied electric field. An electroabsorption modulator with a

~[Q\V structure has been reported by Yoshino et al [11], having an insertion 1055 of

SdB, modulation speed of46GHz~ and an extinction ratio of SOdB.

Electro-optic absorptive attenuators are more attractive than bulk optic or polarizing

attenuators because they are fas4 compact, have no moving parts, and the attenuation

varies Linearly with applied current or electric field. However~ these types of

16



• attenuators exhibit wavelength dependant absorption~ which may be an unwanted

characteristic when used for channel power equalization in a WD~[ system and higher

coupling lasses due to restricted waveguide structures.
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Figure 1-9: Absorption spectta for electric fields perpendicular to the QW layer plane of a 94A
wide GaAs QW [11). The exciton absorption peak shifts to lower photon energies as the applied
field is increased.

1.3.3 Thermo-Optic Attenuators

Sorne materials exhibit a considerable change in index when heated, due to

lattice expansion in semiconductors or density changes in polymers. As the

temperature of a scmiconductor increases~ the latrice expands and the oscillations of

the atoms about their equilibrium latrice points increase. This leads ta a change in the

energy gap and braadening of the energy levels, which subsequently leads to a change

in the material's refracrive index [121. If a palymer is heated~ its density will decrease

and cause a decrease in its refractive index.

A ~fach-Zehnder thenno-optic interferometric suritch fabricated in silica-an­

silicon has been reported by Syahriar et al [121, shown in Figure 1-10. This device has

an insertion loss of 2dB, extinction ratio of 10dB, polarization depcndent loss of 1dB~

s\vitching time of O.5ms, and a power consumption of O.5\V, optimized for a

wavelength of 1.523Jlm. An increase in refractive index (dn=5xl0-~ is induced by

heating one arm of the Nfach-Zehnder. A polymer digital optical switch has been
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• reported by ~[oosburger [13], with an insertion loss of 3dB, an extinction ration of

20dB, power consumption of 200mW, optimized for a wavelength of 1.55um. The

configuration of this switch is shown in Figure 1-11. By heating one branch of the lx2

switch, a decrease in the refractive index causes the optical mode to propagate through

the opposite branch with a higher index, and switching is achieved. This type of switch

could be used as a guiding attenuator.

~ Cum:nl flow t
Bus bar Ti heil[tf

rlcctrude

Ch.umc:1
Illide Oumm)'

Cr~l!

•
Figure 1-10: Maeh-Zehnder silica thenno-optie switch [12]. When a eutrent is applied to the
device, the heater e1eetrode heats one ann of the Maeh-Zehnder and increases its refraetive
index. By tuming the eurrent Row on and off, the deviee can be switehed between the on and
off state.

i" ~lil·_·-.'rn.lr._~iIM.he.me)="tt =f..... "

Figure 1-11: Polymer digital optical switch [13]. When heat is applied to one of the branches,
the fundamental mode wiU be puUed over to the othet branch. The refraetive index decteases as
the temperature of the polymer increases.
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Thermo-optic attenuators are slower than absorbing or polarizing attenuators,

typically in the millisecond range, because the response rime is limitcd by thc material's

hcat transfer properties. Howcver, thermo-optic attenuators are desirable for

applications which rcquire attenuation of high power levels since guiding attcnuators

are possible. Power consumption of thermo-optic polymer devices is lower than

semiconductor thcrmo-optic devices due to larger thermo-optic coefficients, thus larger

index changes are possible. The thermo-optic effect is also invariant of the polarization

of the optical signal. However, the stability of many polymers is of concern, especiali.y
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at elevated temperatures and humidity levels due to low glass transition temperatures

and high water absorption rates.

1.3.4 Liquid Crystal Attenuators

Liquid Crystals cao also be used to fabricate variable optical attenuators. Thesc

often use Iiquid crystal ceUs which are thin layers of twisted nematic Iiquid crystal

placed between two parallel plates. Transparent e1ectrodes applied to both sicles of the

ceU allow for control of the crystals. With no electric field applied to the eeU, the

polarizarion state will be rotated by the twisted crystals by 90°. \Vhen an electric field is

applied to the ceU, e1ectric dipoles are induced and the resultant electric forces exert

torque on the molecules, eausing them to untwist. The polarization state of the light

propagating through the celi will remain unchanged. A 1x8 switch composed of liquid

crystal ceUs and birefringent crystals has been reported by Noguehi [14], exhibiting

insertion losses of 6.8dB, PDL of O.ldB, and crosstalk of 57dB. The configuration of

this device is sho\vn in Figure 1-12. The liquid crystal ceUs and calcite crystals are

cascaded along the collimated optical beam path. Each liquid crystal modulator

s\,,.itches the polarization angle of the linearly polarized beam, causing the beam path to

change as it propagates through the following crystal. At the end of the switch, a beam

router consisting of two oppositely oriented calcite crystals recombines the eight

extraordinary and ordinary rays to forrn a polarization independent switch. A 1xl

version of this switch could be used as an attenuator by varying the electric field

applied to the liquid crystal celle This would vary the amount of light re-combined at

the beam router achieving variable attenuation.

1st Calcite 2nd Calcite 3rd Calcite Bearn Router

Figure l-U: 1x8 polarization insensitive liquid crystal switch (14). Each liquid crystal spatial
light modulator anay (LC-SLM) switches the polarization angle of the beam, thus its path
changes as it propagates through the oext calcite crystal. A beam router at the end of the switch
combines the extraordinary and ordinary rays to provide polarization independent switching.•

1st LC-SLM 2nd LC-SLM 3rd LC-SLM
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üquid crystal switches would be a good choice for an attenuator used in high

power applications since it cao guide the unwanted light away. They are wavelength

insensitive and have no moving parts. The response rime of these devices is the

response rime of the liquid crystal eells, which is usually on the order of SOJ,lS. Possible

drawbacks of liquid crystal devices are high power consumption, reliability, and a

limited operating ternperature range.

Characteristics of aU attenuator technologies discussed ln section 1.3 are

surnmarized in Table 1.

Table 1: ComparisoD ofvariable attenuator technologies.
-_._----- - -----

E.,.-linclion
(dB)

30

5i

1.4 History ofSilicon Pree-Carrier Based Deviees
There have been several types of free-camer injection-based waveguide

attenuators, rnodulators, and switches fabricated in silicon. Sorne use the free-carrier

dispersion or index change of silicon, others use the free-carrier absorption properties

of free-carners in silicon, and sorne use both effects ta their advantage.

The basie deviees reported have been junction-based straight rib waveguides in

which the optical mode propagates perpendicular or parallel to the direction of frce-
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carrier injection. The earliest of these devices was reported in 1984 by Lorenzo et al

(15), who used the refractive index change for phase modulation in an e10ngated diode

on a ridge waveguide. Shortly afterwards Friedman et al [16] also used the electro­

refractive effect to produce an improved phase modulator in an elongated transistor

structure offering more degrees of freedom in its design and operation than Lorenzo's

structure. Hemenway et al [17] reported a modulator for use in 1.3J.lm fibre-optic

interconnects. This device was a forward biased horizontal PIN diode in a ridge

\vaveguide which used free-carner dispersion to diffract the opticaI beam. The first

free-carrier based silicon Nlach-Zehnder interferometer was reported by Treyz et al

[181. ~Iodulation of the optical signal was achieved using free-carrier dispersion in

forward biased vertical PIN diodes on the arms of the NIZ in a rib waveguide structure.

Treyz et ai [19] aIso reported an absorption modulator using a PIN diode integrated

into a rib waveguide structure.

Up ta this point, vertical confmement of the optical mode was achieved by

using a heavily doped epilayer in beeween the silicon substrate and waveguide. Three

years later, Tang et al [201 and Zhao et al [21] reported a phase modulator and ~Iach­

Zehnder interferometer, respectively, using free-camer absorption. These devices were

also vertical PIN diodes in rib waveguides, but chis rime a new method was used for

vertical confinement, Silicon on lnsulator (SOI), which uses a thin layer of silica in

place of the heavily-doped epilayer. This new technology allowed for lower losses since

the optical mode does not incur extra losses due to free-carrier absorption in the

epilayer. Since then, several novel free-carrier modulators have been reported. Cutolo

et al [22] reported a three-termina! device which cao be used either as an intensity or

phase modulator. Simulations of a novel Fabry-Perot intensity modulator which used

free-carrier dispersion to modulate the reflectivity of a grating structure has been

reported by Vonsovici et al [23].

The effect of free-carrier dispersion has a!so been used to realize several

different types of switches. The first switching device in silicon using free-carrier

dispersion was reported by Lorenzo et a! [24]. A 2X2 PIN structure with confinement

provided by a heavily doped epilayer provided the first evidence of switching at a

wavelength of 1.3J.lm. Liu et a! [25] reported a Y-branch 1 x 2 digital optical switch

with vertical diodes in each branch. A four-port total internai reflection switch has also
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been reported by [ju et al [26], wmch uses free-carner dispersion to re-direct light

traveling wough a ridge waveguide. Both of Liu's devices used a heavily doped

epilayer to provide vertical confinement of the optical mode. Similar devices \Vere

described by Zhao et al [271,[28)using SOI technology.

1.5 Thesis Organization
This thesis is organized into three main chapters: device design, experimental

devices and results, and optimal device configuration. Chapter 2 describes the

theoretical device design and is divided into three main sections. The first section

briefly introduces the overall operation of the device, and the second and tmrd describe

in detail the optical and electrical theory and design. Chapter 3 discusses the

experimental setup used to test devices and compares theoretical results from the

previous section with experirnental results. Chapter 4 concludes with a summary of aIl

results, compares the resulting design \Vith other commercially available variable

attenuators, and provides suggestions for improvernents and future work.
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2 Deviee Design

2.1 OverviewofDevice Operation

The attenuator developed for this thesis uses the free-carrier abs?rption effect to

attenuate an optical signal propagating through it. A PIN diode was inregrated into a

rib waveguide structure, thereby allowing continuously adjustable attenuation. A

silicon on insulator (SOI) structure was used, which is a crystalline silicon layer overtop

of a thin layer of silica on a silicon wafer. A cIadding layer of Sial was applied over

the core for protection and additional confinement. Vertical confinement was

provided by the large difference in refractive index between the silicon waveguide and

the silica layers. A rib waveguide structure was used to minimize input and output

coupling losses while ensuring single mode operation. Absorption of the optical signal

was achieved by the injection of a free-carrier plasma into the waveguide. The free­

carriers were injected into the waveguide region by forward biasing the PIN diode

structure. The optical mode was supported in the intrinsic central rib section, which

was surrounded by highly doped P and N regjons. By varying the forward bias current..

the a.ttenuation was varied.

(a) Top View

Electrodes
Si02

Active Region

I---------------~ SiCz

(b) Side View

•

Figure 2-1 Top view (a) of the Cree-carrier based attenuator showing location of electrodes. The
dotted line shows where the cross section of the side \-iew (b) is taken. Electrons and holes are
injected into the intrinsic region to attenuate the optical signal where it overlaps with the
distnbution of Cree carriers.

2.2 Silicon On lnsulator Technology
The top silicon layer must be high quality defect-free crysta.l in order for the

carriers to propagate through the active regjon efficiently and for the optical signal to

propagate with 10\V loss. If the silicon \Vere amorphous, propagation losses would
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Increase and the free-carrier lifetimes and diffusion lengths wouId decrease due to

scanering effects from grain boundaries in the amorphous material. Several techniques

have been developed in the fabrication of silicon on insulator as a resuIt of the need for

a buried oxide layer in crystalline silicon [11. One method uses homoepitaxial

techniques to grow a thin layer of crystalline silicon overtop an oxidized silicon wafer.

An amorphous layer of silicon deposited on an oxide layer then crystallized using either

laser energy~ or a high-energy electron beam (e-beam) or crystallization from the mdt

(ZMR). An alternative process is the separation by implantation of oxygen (SL\.[0X),

where a buIk silicon wafer is irnplanted with oxygen to produce a buried oxide layer.

The bond and etchback (BE-SOI) process can also be used~ where an oxidized wafer is

bonded to a bare wafer which is subsequendy thinned. The most recent method is the

Smart eut process, where the implantation of hydrogen causes an oxidized wafer

bonded to a non-oxidized wafer to break apart leaving behind a SOI wafer. The use of

each technique is dictated by the specific application, each having its own set of

advantages and disadvantages.

Silicon grown epitaxially on an oxidized wafer is done using a metal organic

chemical vapor deposition reactor ~[OCVD). \Vindows are cut into the oxide to

provide seeding, wrnch orients the crystal plane of the epitaxially grown silicon. The

wafer is loaded into the reactor while a gas mixture of SiHzClz, Hz, and HCI flows

through the chamber. The crystalline silicon grows both laterally and vertically to form

a continuous layer overtop of the oxide. A disadvantage of this technique is that the

size and location of the windows must be taken into account during mask layout and

fabrication of devices.

Silicon can also be grown epita..~ally without using seeding windows, however

this will result in polycrystalline film due to the mismatch in thermal expansion

coefficients between the silicon and the silicon dioxide. The fùms are stress-free during

growth, however at room temperature re1a."<ation in the silicon film takes place causing

crystallographic defects such as dislocations. There are three main techniques uscd to

recrystallize the over layer of silicon; laser recrystallization, e-beam recrystallization and

ZNIR. In laser recrystallization, a small beam of high-energy continuous wave light

from CO;:! or Argon lasers has proven to produce crystalline silicon. Silicon is

transparent to the tO.6Jlm wavelength light produced by CO:? lasers, whereas the silica
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readily absorbs this wavelength. The silicon is heated indirecdy from the energy

absorbed by the silica layer. On the other hand, direct heating can be achieved with the

use of argon lasers since silicon readily absorbs the 488 and 514nm wavelengths. A

polycrystalline silicon film can also be crystallized using a beam of high energy

electrons. Advantages of using e-beam recrystallization over lasers indude precise

control of the scanning beam and a more uniform absorption of energy. The

uniformity of the recrystallization is improved since the silicon's absorption of energy is

independent of crystalline state and reflectivity. ZNlR produces a narrow zone of

molten silicon using incoherent light sources. A heated strip of material such as

graphite or a halogen lamp is scanned across the wafer which raises the temperature of

the silicon. This method is quicker than laser or e-beam recrystallization since a whole

wafer can be done in a single pass, whereas the former requires several passes of a

small beam.

SINlOX technology produces a thin layer of silicon dioxide undemeath a

crystalline layer of silicon by implanting oxygen at high doses. This process is then

followed by a high temperarure anneal to form a crystalline silicon layer overtop of a

silica layer with a thickness of a fe\.v hundred angstroms. The shape and quality of the

layers depends on the implant dosage and temperature during the implant process. The

critical dosage for production of a pronounced silica layer is lOlK/cm3. If the oxygen

dosage is less than this, no substantial oxide layer will form, only silica precipitates.

Implantation temperatures are usually in the range of 600 to 650°C. If the wafer

temperature during the implant is too low, the amorphized silicon from the

implantation will not fully recrystallize during the anneal. At higher temperatures, the

implant damage suffered by the silicon over layer will be somewhat repaired during the

implantation process, and fully re-crystallize during the anneal. If the wafer

temperature is too high, silica precipitates \Vill form in the silicon over layer.

The BE-SOI method first oxidizes a silicon wafer using wet or dry oxidization

techniques, leaving a top layer of silica in the range of 0.5-1.5J,lm thick. This \\Tafer and

a second unoxidized wafer are polished mirror flat and made hydrophilic by a chemical

surface treatment to assist in the bonding process. \Vhen these two \Vafers are brought

into contact they immediately bond, the strength determined by hydrogen bonds. The

\Vafers are then heated to achieve a higher bond energy as the hydrogen bonds are
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replaced by silicon-oxygen bonds. Before bonding, the wafers must be clean to

prevent the formation of voids. The top wafer is then ground back to quickly remove

aU but the last severa! microns of silicon. This is followed by a chemical etch to

achieve the correct thickness with high accuracy. The Smart Cut process is similar to

BE-SOI but before bonding the oxidized wafer is implanted with hydrogen with a

concentration in the range of 1016 to tOIiIcm3
• Hydrogen has a larger implantation

range than oxygen thus it travels deeper into the silicon substrate. The implantation is

followed by hydrophilic bonding to another bare wafer with a subsequent heat

treatrnent. During the heat treatrnent, the damage suffered by the silicon is repaired~

and microcavities are formed at a depth corresponding ta the depth of hydrogen

implantation. The wafer irnplanted with hydrogen splits into two parts, leaving behind

a thin layer of silica buried in crystalline silicon. The excess silicon is then removed by

grinding and a chemical etch.

Zà'lR-SOl, SlL\10~ BE-SOI and Smart Cut SOI are currently commercially

available. The losses in single mode rib waveguides produced in each of the first three

processes were measured by Zinke et al [2]. These results concluded that ZNlR-SOI

resulted in the highest loss (too high for optical applications), followed by SlL'IOX and

BE-SOI. ZNffi-SOI and SINlOX-SOI have higher optical absorption and scattering

10ss than BE-SOI. This is because BE-SOI and Smart Cut SOI result in a better

quality silicon top layer and silicon-silica interface since no re-crystallization of the

silicon over layer is required and a sharp junction is created in the bonding process.

Smart Cut SOI is expected to perform similarly to BE-SOI since the silicon-silica

interface is produced identically in both processes. Therefore, most photonic devices

are fabricated from one of the latter two techniques.

2.3 OpticalDesign

The goal of the optical design was to minimize losses incurred in the off state.

The main sources of the off-state losses are the mode mismatch between the

asymmetric waveguide mode and the circular fibre mode and free-carrier absorption

from the heavily doped P and N regions. The losses due ta the mode mismatch were

minimized through a combination of an optimally shaped input facet with a linear taper

ta the active region. The lasses due ta free-camer absorption were reduced by
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choosing a low doping concentration and wide intrinsic region width. The waveguide

shape and taper design will he discussed next. Free-carrier effects will he discussed in

the electrical design section.

2.3.1 Single Mode SOI Waveguides

For single mode propagation in waveguides, square or reccangular structures are

often used. In materials that have a small difference hetween the core and dadding

indices, a relatively circular mode profile results. Due ta the large refractive index

difference between silica and silicon, a single mode square waveguide in silicon huried

in silica would have dimensions of O.3J.lm according ta the theory of slab waveguides.

This would result in large coupling lasses if standard telecom fibres were butt-coupled

ta the ends of the device because of the large mismatch since the mode field diameter

(NlFD) of a standard single mode fibre is 10.51Jrn. An alternative single mode structure

is a rib waveguide, shown in Figure 2-2. The rib height is given by 2b)" and rib width

given by 2aÀ, where Â. is the wavelength of light propagating through the guide. This

structure supports single mode propagation in a larger waveguide alIowing for more

efficient coupling. However, the trade-off with this design is that the mode is pear­

shaped and can never fully match the circular fibre mode.

2a À
-4 ~

n 0= 1.5 ~ ~.

SiO!

.~

Si n 1=3....76 2bÀ 2brÀ

1 , J' 1 'J
1 1

SiO!
y

P q

~xn!= 1.5

Figure 2-2: Silicon on insulator rib waveguide structure. The outer slab extends very far in the
y-direction. The substtate is assumed to be very thiek. The rib waveguide aUows for single
mode propagation of a large mode.

The single-mode condition for rib waveguides was calculated by Petermann

[3]. For analysis, the rib waveguide cao he separated into two different asymmetric slab

waveguides, one with height 2bÀ and the other with height 2brÂ., as shown in Figure
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2-2. These calculations are restricted ta rib waveguides with 2bÀ ~ 4brÀ with r ~ 0.5

where ris the rario of slab height ta rib height. These restrictions only allow HE,J'I and

EH,,n modes to be guided where n =0,1,2.... The field components transverse with

respect ta the y-direction cao he expressed as a SUffi of the fields in [\va slab

waveguides with heights 2bÀ and 2brÀ. If the cross-section is large enough, such that

kil ·2brÀ .nI» 1 2.1

where ko is the free space wavenurnber, then the x-component of the electric field will

go ta zero for the HE mode and the x-component of the magnetic field will go to zero

for the EH mode. Therefore, the HE and EH modes are obtained by summing over

the x-components of the magnetic and electric fields, respectively since they do not

equai zero. The transverse fields of the two slab waveguides are then matched at p and

q in Figure 2-2. The remaining electric and magnetic field components are expanded.

These are the x-component of the magnetic field in the thin slab and the z-component

of the electric field in the thick slab of the HE mode, and the x-component of the

electric field in the thin slab and the z-component of the magnetic field in the thick slab

of the EH mode. The assumprion is made that the matching of the x-components of

the fields yields simultaneous matching of the z-components.

The x-direction dependence of the e1ectric and magnetic fields ln an

asymmetric slab waveguide is given by

2.2

where Xv is a solution of the eigenvalue equations of the asymmetric slab waveguide,

tanKd =I(Y + /3)/(1(2 -y/3) 2.3

2.4

[n equations 2.3 and 2.4, K, X and {:J are abbreviations for expressions involving the

refractive index and the free-space propagation constant. The eigenvalue equations can

be solved approximately in the case of large waveguide heights 2bÀ and 2br},.,

•
2.5
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(v +lPr
X - ·w

\'(2brÀ) - 2brÀ. 2brÀ 2.6

2.7

2.8

2.9
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The calculations can be simplified for waveguides with large widths such that

W 2bÀ =w2brÀ =1. Effective widths 2bÀ~ff and 2brÀ~Jf can be substituted for 2bÀ and

2brÀ in equations 2.5 and 2.6, respectively such that for w2bÀ =w2brÂ. =l, Xv will

remain unchanged yielding 2bÀ~ff =2b)..! w2b). and 2brÂ.~ff =2brÀ. 1w2bri• • The

waveguide normalized frequency has been solved by the effective index method and is

introduced as:

v =mv2b). a '8 witlz
2bÂ -../0,

8=( 2bÀ.·w2b). )-1.
2brÂ.· W 2brÀ

2.10

2.11

•

The modes of the rib waveguide will propagate in the z-direction with propagation

constant P:, related ta the eigenvalue X. The condition for single mode rib waveguides

has been solved numerically by plotting X as a function of V, shawn in Figure 2-3. If X

describing HElll and EH"l approaches the Line X = V, then this mode ceases to be

guided and the rib waveguide becomes single mode, guiding only the HEIN1 and EH,",

modes since the higher arder modes will be cut off. In other words, the higher arder

modes in the horizontal direction will not fit laterally under the rib. In addition, the

higher arder modes in the vertical direction, EHlU and HEIlI, will also be cut off

because they will be coupled to the leaky fundamental modes of the slab section. This

occurs for r ~ 0.5 since the effective index of the slab mode becomes greater than the

effective index of any higher arder vertical mode in the central rib region. The first
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• arder mode in the vertical and horizontal direction are shown in Figure 2-4. Petermann

has calculated the single mode limit numerically and has defined this limit to be Vs,

such that for V ~ Vh the rib guide becomes single mode.

Figure 2-3: The eigenvalue X vs. the Dormalized frequency V. As X approaches the line V=.f,
this mode ceases to he guided and the rib guide becomes single-mode, only supporting the
HEoo and EHoo modes.
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Figure 2-4: Higher order modes of multi-mode rib waveguides. By decreasing the width of the
rib of the waveguide shown in (a), the IWO lobes of the higher order mode shown will not he
supponed lateraUy under the rib. Instead they are greatly attenuated. By increasing the
thiclmess of the outer slab regions of the waveguide shown in (b), the lower lobe of the higher
order mode wiU couple out into the leaky slab mode.

•
Soref [41 has donc further work to find the limits of the waveguide dimensions

that will rcsult in single mode operation. This analysis is applicable ta large rib

waveguides satisfying the condition:
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• 2.12

An approximation to the numerical solution obtained by Petermann \Vas made; this

resulted in a ne\V \Vaveguide normalized frequency:

Vs = 1C (1+0.3$).
2

Using 2.10 and 2.13, the aspect ratio a/b is

2.13

2.14

•

This equation, along with 2.12 and r ~ 0.5, gives the waveguide dimensions that result

in single mode rib waveguides; allowing only the HEIN, or EHm mode ta propagate.

The stability of propagation of the single mode was tested using a beam

propagation algorithm by Soref. The structure tested had 1\1 =1.0, nI =3.5, n! = 1.45,

2b)., = 4Jlm, r = 0.625, 0/b =1, and À =1.3J.lrn. A higher order mode \Vas launched by

an off-axis excitation, and it \Vas found that as the mode propagated the energy of the

higher arder mode leaked out the slab waveguide laterally until sufficient distance was

traveled such that the field intensity shape retumed to that of the fundamental mode.

"" • 1.CID

IIi • J-'O z = 0 ~

"1. 1.4
_~ l'=~oum

_D /"'000_

•

Figure 2-5: Higher arder mode excitation and propagation through a single mode rib
waveguide [4]. As the propagation distance increases, more energy from the highel' arder mode
leaks out laterally in the slab until the fundamental mode is arrived at.

The theory in this section \Vas used ta narrow the ca1culation space In the

attenuator design. N umerical calculations such as the beam propagation method \Vere

a1so used for more precise results.
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•

2.3.2 Fibre-Waveguide Mode Mismatch

In this design, low-Ioss coupling from the waveguide to the input and output

fibre is desirable. Since a small active region will reduce the on-state power

consumption, the input and output sections should also be as small as possible if the

same waveguide structure is used throughout. By using a small-core fibre for input and

output coupling, the waveguide dimensions can be reduced considerably.

A small-core speciaity fibre having a MFD of 4J.lm was used to couple the light

into and out of the attenuator. For optimal coupling, the waveguide height and width

shoold be approximately the same as the fibre core diameter and the index difference

between the core and the cladding should be similar. If single mode fibre were used,

the center rib of the input waveguide would need to be 9J.lm tall by 9J.lm wide, resulting

in a moIti-mode guide. This would greatly increase the operating power of the device

since the P and N regions woold be very far apart. Therefore, by using small-core fibre,

the P and N regions can be brought doser together decreasing the power consumption.

Two different interface designs \Vere investigated, one using a single mode

coupling section, and the other using a moIti-mode coupling section. In both cases, to

find the optimal configuration for the input and output waveguides, the overlap

integrai between the 4J.lm Gaussian fibre mode and the waveguide mode must be

calculated for a number of height and width combinations. The overlap integral was

calculared using the Optiwave BPN[ CAD™ overlap integral utility, which uses the

following relation to calculate the power overlap integral between two fields:

f El (x, y). E~ (x, y)drdy
POl = --:-----=-m_t!_!lh_--:--__--:- .:.......__

fiEl (x, y)1
2
dxdy· fiEl (x, y)l

l
dxdy

mL'!lh mL'sh

2.15

•

A two dimensional integral of the product of one field and the conjugate of the other

field is calculated over x and y, the transverse and lateral directions, respective1y.

Dividing this by the product of the normalized fields gives the power ovcrlap integral.

The integration step is taken to be the size of the mesh in the x and y directions uscd

during the initial simulation of the fields.
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• 2.3.2.1 Single Mode lnteiface
Single mode behavior is assured if the relations given in section 2.3.1 are

followed. Using the two-dimensional mode solver and the scanning overIap inregral

rool provided in the Optiwave BPM-Cad software package, the optimal single mode

configuration was found. This is shown in Figure 2-6 for the TE mode and Figure 2-7

for the ThI mode.

Figure 2-6: Overlap integral for the TE mode as a function of single mode rib waveguide
dimensions. The ratio of slab height to rib height was kept constant al 0.5.•
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•
Figure 2-7: Overlap integral for the TM mode as a function of single mode rib waveguide
dimensions. The ratio of slab height to rib height was kept constant at 0.5.

The overlap inregral scanner cool in Optiwave's BP~[ Cad software package \Vas used

to calculare the overlap integrals presented. This tool scans one field over the other
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• such that the maximum overlap is achieved. This ensures that the [wo fields are

centered on each other. The single mode configuration that gjves the highest overlap

integral and least difference in overlap between the TE and Thi modes has a ridge

width of 3.9Ilm, ridge height of 4.51J.rn, and slab height of 2.25Ilm. This gjves a loss

per facet of O.38dB for the TE mode and O.32dB for the ThI mode. For bath facets

combined, this would give a totalloss and PDL due to coupling of O.7dB and O.06dB,

respectively. Figure 2-8 shows the waveguide and specialty fibre ~IFDs.
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y vaLue:s 0.000

Figure 2-8: Plot of the waveguide mode and the MM2 fibre MFD. The waveguide shown is the
optimal coupling configuration that gives the lowest loss for a single mode waveguide, its
dimensions are 3.9J.lm wide by 4.5J.1m high by 2.25J.1m deep.
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2.3.2.2 Mufti-lv/ode ln/eiface
The coupling lasses can be decreased significantly if an adiabatic taper is used

ta couple light into and out of the device. The overlap integral was calculated again,

however this time the single mode waveguiding conditions gjven in section 2.3.1 were

ignored. In the simulations, the following trends in mode shape with changes in

waveguide dimensions were noticed:

• as the ratio r is increased, the amount of mode power 10 the slab part of the

waveguide increased

• as the top layer width is increased, the amount of mode power in the slab part of

the waveguide increases and the amount of mode power in the top layer rib section

decreases

• as the total thickness is increased, the entire mode is shifted upwards
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• These trends were helpful in determining the optimal waveguide mode shape. The

results of these simulations are shawn in Figure 2-9 for the TE mode and Figure 2-10

for the TM mode.

Figure 2~9: Coupling 1055 as a fonction of rib waveguide dimensions for the TE mode. The
ratio of slab height to rib heigbt was kept constant at O.S.•
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•
Figure 2~10: Coupling Joss as a function of rib waveguide dimensions for the TM mode. The
ratio of slab height to rib height was kept constant at 0.5
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• The multi-mode configuration that gtves the highest overlap integral and least

difference in overlap between the TE and TM modes had an overall height of 5.0J,lm, a

slab height of 2.5Jlm and a rib width of 5.3J,lrn. This resulted in a 96.203% overlap

integral for the TE mode and a 96.220% overlap integral for the Thl mode. The

coupling loss has been reduced to O.17dB/facet and POL of O.OOldB. Figure 2-11

shows the waveguide and specialty fibre NIFDs for the multi-mode configuration. The

fibre mode 1/e! intensity line follows that of the multi-mode waveguide mode rnuch

more closely than the single mode waveguide.

•
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Figure 2-11: Plot of the waveguide mode for the multi-mode configuration and the MM2 fibre
MFD. The waveguide shown is the optimal coupling configuration mat gives the lowest loss for
a single mode waveguide, its dimensions are 3.9Jlm wide by 4.5J1m high by 2.2S1AJO deep.

Single mode operation of the device must be achieved, even with multi-mode

input and output coupling facets. Tapers can be used for an adiabaric mode

transformation from the multi-mode input section to the single mode active region.

2.3.3 Waveguide Tapers

The tapers desired in this design should adiabatically concentrate the large

lowest-order mode at the multi-mode input to a smaller mode in the single mode active

region. This will ensure that the device is ooly operational when the lowest-order

mode is propagating. AIso, a small mode is desirable because this will reduce the 00­

state power consumption because the P and N regions can he placed doser together.
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•

•

The single mode conditions discussed in section 2.3.1 are followed for the active

regton.

There are several different taper designs to choose from. Linear, exponential,

and sine tapers are a few examples. These tapers could be lateral, that is tapering the

top ridge only, or vertical, by tapering the overall height of the slab and the ridge, or a

combination of bath. Generally, vertical tapers are more difficult than lateral tapers

since lithography techniques are optimized for changes in the lateral direction. Vertical

tapers involve wet etching by dipping the \Vafer into an etchant, making it impossible to

process a full wafer with many devices. Vertical tapers can also he realized by a mode

transformation from a top rib waveguide that gradually decreases in width ta zero

clown ta a lower waveguide. However, the decrease in width of the top waveguide

clown ta a sharp point is difficult ta process. Due ta these difficuJties, the lateral taper

leads ta the lowest loss and easiest ta manufacture. Examples of vertical and lateral

tapers are shawn in Figure 2-12.

Even though the input and output sections are multi-mode, the overall device

will he single mode because the higher arder modes will be stripped off in the taper

regÏon. Power coupled ta EHtI1 will not transfer ta EH1Mt efficiently. By removing the

single mode condition, the fundamental mode size increased sa as to match ta a fibre.

The fact that other modes are supported is undesirable, however chis can be dealt with

if certain launch conditions are met. Furthermore, if the taper only supports the [wo

fundamental modes and the first odd modes, proper excitation and efficient coupling

are not difficult. However, if the next even modes exist, coupling becomes difficult

since the fundamental modes can easily couple inta these modes.
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(a) (b)

•

Figure 2-12: Taper designs. In the lateral taper (a), only the top rib width is decreased. The
taper in (b) is a combination of a lateral and a vertical taper where the widtb of the top and
bottom ribs are decreased.

Baets et al [51 has calcuIated radiation losses for mode transformations and has

given sorne design rules for waveguidc tapers. The three-dirncnsional guide is first

reduced to a two-dimensional problern by using the effective index method. A beam

propagation method (BP~l) is then used to calculate the adiabatic power transfer

between the lowest-order modes of the input and output waveguides for linear tapers.

ln mis sense, the input guide is the multimode coupling section and the output guide is

the single mode active region. Abrupt and tapered transitions were analyzed; these are

shown in Figure 2-13.

(a)

•

Figure 2-13: Two-dimensional waveguide mode transformers. An abrupt transition is shown in
(a) and a linear tapered transition is shown in (h).

Abrupt transitions will first be considered. If the input wavcguide is excited

with its fundamental mode and adiabatic power transfer is assumed, the power in the

output wavcguide is:
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• -
POUl = f'l'In (x)· \fI:UI (X) 2.16

where \fI;n and \floue are the lowest order modes at the input and output waveguides,

respectively. The normalized frequencies of the input and output waveguides are given

by:

~n = kodin~nl!. -n~ ,

Vour =kodour~nl!. -ni
2.17

•

where d;n and doue are the input and output waveguide widths. The output power has

been plotted by ~(arcuse [11] as a function of the geometric mean of the normalized

frequeneies, Vm = ~Vin . Vour , for different reduetion ratios, where the reduction ratio,

N = d;,/dcJIle, is the ratio of input and output normalized widths. These curves are

shawn in Figure 2-14. A minimum oceurs for Vm = 2.5 for ail values of N. The

sharpness of the minimum decreases for decreasing reduction ratios. The reduction

ratio and mean normalized frequency for a waveguide with an input starting width of

5.3J.1.rn ta an output width of 4.3Jlrn is 1.2 and 60.7, respectively.
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Figure 2-14: Power transfer between fundamental modes in an abrupt transition for different
reduction ratios. AlI curves show a minimum for Vm=2.5. Better power transfer is achieved for
lower reduction ratios.
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• An abrupt juncrion would result in high lasses; greater than 1dB for turo tapers

according ta Figure 2-14. Therefore~ a taper is necessary ta decrease mode

transformation lasses.

2.18

The radiation lasses for tapered waveguides have aIso been computed by Baets

[5]. These have heen found ta be dependant on the mean normalized frequency~ the

reducrion ratio and the effective taper angle~ given by:

• (J sin6
sIn ~ff =--

N.A

where N.A. =JnJ! - nî is the numericaI aperture and (J is the taper half angle. The

•

transmission lasses of abrupt transitions for high Vm values can he reduced by a linear

taper. In the case of the abrupt transition~ the normalized frequency changed

immediately from Vin to Voue. In the case of a linearly tapered transition~ the

normalized frequency changes slowly from Vin to Voue, and the effective width of the

fundamental mode ftrst decreases and then increases again. This mode transformation

will lead to radiation losses unless the taper half angle is very small. Figure 2-15 shows

radiation lasses for linear tapers of varying half angles for a reduction ratio of N =2.

=0.25

=0.12
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POUl
=0.31
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•
Figure 2-15: Radiation losses for tapers of varying angles for a reduction ratio of 2. As the taper
angle is decteased the radiation losses decrease. Ocfl' is measured in degrees.

43



• The lasses due ta mode mismatching cao be gready improved with the use of tapers.

Radiation lasses decrease with taper angle; therefore the lowest taper losses will be

achieved with a longer taper.

Tapers were simulated using Optiwave's 3D BPN( simulator. TIuee different

taper designs were simulated for varying lengths, shawn in Figure 2-16. It can be seen

that for small N, one can not improve much over linear tapers by using tapers of a

different shape.

Figure 2·16: JD BPM simulation results for sine, Iinear, and exponential tapers. The 1055 shown
is the total 1055 resulting from two tapers; one at the input and one at the output of the device.
The lineu taper bas the lowest 1055 of <O.OO6dB. For taper lengths less than JOOIJm, loss
increases due to radiation losses.
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•

Figure 2·17: Results of 3D BPM simulation of optimal taper design. Optical intensity in a
300pm taper, foUowed by a SOOJ.&m single mode straight section and another 3OOJ.Im tinear taper
is shown.

As can be seen from Figure 2-16, the optimal taper length for the design is 300J.lm

using a linear taper. This results in sin()'d =5.4x10-J, small enough ta reduce the lasses

from an abrupt junction. For a shorter taper, radiation losses are high even though

nn()'d is small since this transition has a large Vm• If the taper is longer than 300J.lm,

losses increase due to coupling from the fundamental mode into higher order modes.

This is because the input waveguide can support multiple modes. The waveguide does

not become single mode until the output of the taper. An optical density plot in the x­

z plane from a 3D BPM simulation of the device \Vith input and output tapers is shown

in Figure 2-17.

2.4 EJectrica/Design
The goal of the electrical design was to minimize the off-stare losses incurred

by the doped sections while maxirnizing the attenuation characteristics and minimizing

the power consumption in the on-state. This was done by choosing the appropriate

doping concentration, separation, and length of the doped sections.

2.4.1 Free-Carrier Absorption

Free-carrier absorption is an indirect electronic absorption process. A carrier is

excited to a higher energy state in the same band by a photon and one or more

phonons. A change in the carrier's wavevector is produced by the wavevector of the

phonon. This results in a non-vertical transition within the conduction or valence

band. There are two processes that can occur in free carrier absorption, shown in

Figure 2-18.
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Figure 2-18: Free-earrier absorption process [6]. A photon cao be absorbed fint foUowed by
phonon emission or absorption (a) or phonon scattering occurs first (h). both processes result
in a change in the carrier's wavevector.

The photon can be absorbed first by the electron and enter an intcrmediate state with

no change in momentum. The electron then either emits or absorbs a phonon to reach

its final state in the conduction band. Another absorption process that cao take place

stans with the electron brought to an intermediate state by phonon scattering followed

by absorption or emission of a phonon by the electron. The electron then reaches its

final state by photon absorption.

Free-carrier absorption has been modeled both theoretically using the classical

Drude theory of free-electrons [61 and by a Kramers-Kronig transform of experimental

absorption spectra by Soref et. a1. [7]. Both methods describe differcot material

properties and are useful in determining device characteristics. Before these are

described~ it is important to consider the effects of high concentrations of free-carriers

in semiconductors.

2.4.1.1 EJJects ofHigh Camer Concentration on Camer Behavior
As the free-carrier concentration in a semiconductor mcreases~ the

characteristics describing their behavior change. Both the mobilityand the lifetime are

affected br their density. The carrier mobility decrcases with increasing camer

concentration due to carrier-carrier scattering effects~ and can be described by the

follo\ving equation [8]:

• ( • )IP N-IT3'"IJ1.=m - -, 2.19
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• where m* is the camer's effective mass, N is the free-carrier concentration and T is the

temperature. This relation is plotted in Figure 2-19.
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Figure 2-19: Drift Mobility of electrons and holes vs. carrier concentration in silicon at lOOK [8].
As the free-carrier concentration increases, the mobility decreases duc to carrier-carrier
scattering effects•

The free-camer lifetime will also decrease with increasing injected free-camer

concentration due to Auger recombinations. Up to approximately 101
ï / cm3 carrier

concenttation the carrier lifetime is the non-radiative recombination lifetime, i= 100ns.

This will decrease with increasing carrier concentration due to the Auger recombination

process. Auger recombination is the process in which the energy released by a

recombining e1ectton is absorbed br another conduction e1ectron, which emits this

energy non-radiatively and produces phonons. The effective recombination lifetime at

high injection levels is approximately inversely proportional to the square of the free­

carrier density. The decrease in free-carrier lifetime \Vith increasing free-carrier density

is shown in Figure 2-20 and can be described by [8]:

11,tff = 11 , (l +eN 2 ,

where 'tif is the effective free-carrier lifetime, '" is the ambipolar lifetime, N is the

carrier concentration and C is the Auger recombination coefficient, which has been

experimentally determined by Sinton [91 to have a value of 1.6xlO-34 'cm6/s.
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Figure 2-20. Free-camer recombination lifetime as a fonction of free-carrier concentration. As
the concentration incrcases, the lifetime decreases due to Auger recombination.

•
2.4.1.2 Classical Theoretical Dnide l\;fodel ofFree-CanierAbsorption

Free carriers in a semiconductor cause a change in the real and imaginary part

of the refractive index. Thus, a change in the absorption coefficient and real refractive

index results. This phenomenon is described by the classicaJ Drude theory of free­

carrier absorption or refraction, which models the plasma of electrons and hales as a

classical oscillatar, ignoring the effects of ionized impurities [10].

The high-frequency conductivity of a material can be described by a model of

an electron with effective mass mr under an external force. It can be assumed that the

electron flows in a viscous medium with friction constant 1/r, where ris the relaxation

rime. The damping constant is then 1/"= rolJ.

The equation of motion of an electron in the presence of the electric field of

light is given by:

.
m (v+ (J) v) =-qE =qE. E e'll.r-uxi

,. Il A. 0 '
2.21

•
where v is the electron's velocity, v is its acceleratioo, Eo is the amplitude of the light's

electric field, q is the electronic charge, and E). is the unit vector in the direction of the

light's polarization. The solution of 2.20 is obtained by imposing the same rime

dependencc as the electric field on the electron's velocity:
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• ml!(-iCIJ +lIJo)v =-qE;.E .

The expression for current density can be found by solving for V and using
v( lIJ=O)=eE/mem,,:

2.22

2.23
Wu +im

J =aE = ôNqv = U ,/1J(J" , E •W,; +w-
where 1lN is the change in electron density and U" is the low frequency conducrivity

given br:

ôNq1,
u,,=--­

ml!
2.24

~[a."{welI's equations and the expression for the complex conductivity given in

2.23 can be used to determine the change in real refractive index and absorption with a

change in elcctron concentration. From Nla.,-"\vell's equations:

VxE =-11 aH and VxH =ê E dE +J
'-fl dt .1 0 at '

•
a( aE )-VxVxE = Il - E E -+aE

'-0 at f1 s dt

Es a:!.E a aE
=-,-,-+--,-,

C- dt- E c- dt
fI

2.25

where El is the statie relative permittivity, the main contribution of which cornes from

the fattice. The cime and space derivatives are obtained from 2.21 and the relation:

By separating the real and the imaginaI)' parts of 2.28 and using 2.23, the rcal and

imaginary permittivity can he found:•

Therefore,

[ ' ]m - illJU ,
( -;) 10, + e"c' E =k-E -k(k·E),

whcre E is perpendicular to k The refraccive index can now be solved for:

(
')' • (JIZ r +ln, - = Es +1--.

E,/n

2.26

2.27

2.28
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• !! 1 (m: )El =nr -nI =Es ---Im(a) =Es 1-., .,
E m or +oro n

and

where ClJp is the plasma frequency, given by:

., Miq!
ro; =-.......;;~

m~EsEo

2.29

2.30

2.31

•

The change in real refractive index with a change in carrier concentration can

now be found. The permittivity, Eh is madified fram its static value Er by additianal

negative terms due ta the presence of free carriers. This term is proportianal to the

free-carrier concentration and is negligible when the concentration is small, when the

e1ectron-phonan coupling is large, or when the frequency of the incident light is high.

The contribution to the permittiviry br free carriers is large when the incident light

frequency approaches the plasma frequency, (Op. Using equation 2.29, the change in

permittivity due to free carriers can be written as:

2.32

If the frequency of the e1ectramagnetic wave is very high, then roT» 1 and the change

in E, is independent of T, but decreases as mol. The change in refractive index can be

written from equation 2.32 and using the approximation EJ =(Il + L1n)2 == (n2 + 2nL1n);

2.33

•

The theory presented here assumed that the free-carrier plasma consists solely of

e1ectrons. If the free-carrier plasma consists of both e1ectrons and holes then equation

2.33 must take inta accaunt their difference in masses;

2.34

where the subscripts e and /z refer ta e1ectrons and hales, respective1y.
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• The change in absorption can be determined from the imaginary part of the

permittivity as given in equation 2.30. Using the relation a =2wnjcand equarion 2.30,

the absorption change can be written as:

2.35

If the incident light's frequency is high, such that m,» 1,2.35 becomes:

Mlq!
~a = ---"--­

mt!Eocnr(J)! T

~e!;F q
=

mt!Eo cn r 4n! mt!/Jd t

2.36

where /J,/ is the drift mobility. If the free carrier plasma consists of electrons and holes,

their differences in effective masses and drift mobilities must be taken into account.

•
The change in absorption is then:

3']" ( JA _ q /1,- ~~ âNhua- ., 3 -.,-+-.,-.
41l'-E"c Il m; IJ.~ m;J..lh

2.37

2.4.1.3 Experimental Sorefiv/odel ofFree-CanierAbsorption
The change in refractive index and absorption coefficient with a change in free-

carrier concentration has also been determined by Soref by a numerical Kramers­

Kronig analysis of experimental impurity-doping spectra taken from the literature. The

optical wavelength region studied was between 1.0 and 2.0Jlrn.

The Kramers-Kronig dispersion relations describe the coupling between the

absorption coefficient and the refractive index. These relations also hold for the

coupling between the changes in absorption coefficient and refractive index:

where the photon energy is hw. The change in absorption coefficient due to a change

in the frec-carrier concentration can be written as:

•

4n(m) =~(pj ~~(ll)'~ dW')'
TC 0 m'- -ll)-

~a(m,AN) =a(m, MI) - a(w,O)

2.38

2.39
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•

The data used frorn for this analysis was taken frorn data of the effects of

impurity doping on the optical properties of silicon. It was assumed in this analysis

that it is equivalent optically if the carriers come from impurity ionization or from

injection. Experimental results from several sources describing the change in the

absorption spectrum of silicon with a change in impurity atom density were analyzed.

The change in index was calculated from these experimenta1 results using the Kramers­

Kronig transforms described above.

Three important carrier effects were taken into account that change the optical

properties of silicon, these are free-carrier absorption, Burstein-~[oss bandfilling, and

Coulombic interaction of carriers with impurities. Burstein-~[oss bandfilling occurs in

heavily doped semiconductors. The Fermi level moves inside the band, increasing the

band gap and shifting the absorption edge to shorter wavelengths. The Coulombic

interaction of carriers with irnpurities shifts the spectrum ta longer wavelengths. \Vith

a high impurity density, irnpurity atoms introduce local variations in the potentia!

energy of an electron due to the difference of the nuclear potentials of the impurity

atom and the host atorn. This results in an extension of the energy band edges, also

known as band tails. Overall, a shife to longer wavelengths is seen due to the three

carrier effects [10].

Results from Sorers analysis and the Drude model are shawn in Figure 2-21

and Figure 2-22. Soref found that free holes are more effective in causing an index

perturbation than free electrons up to a carrier concentration of 4xl01'J/cm3. At a hale

concentration of 1017/cm3
, the change in index created by hales is 3.3 times that of

electrons. This differs from the Drude theory result where the change in index created

by holes is 0.66 cimes that of electrons over the encire concentration range. Similarly,

holes have a larger effect on the change in absorption than electrons up to a

concentration of Sxl017
• The Drude rnodel predicts that the hales have a larger effect

across the entire concentration range. Overall, there exists large (arder of magnitude)

differences in the change in refractive index and absorption coefficient bctween the

Drude model and the Soref model. This discrepancy will be seen again later in the

device calculations.
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Figure 2-21: Change in refractive index with carrier concenuation according to the Soref
(experimental) and Drude (theoretical) models in crystalline silicon at a wavelength of 1.551JD1
[7] .
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Figure 2-22: Change in absorption with carrier concentration according to the Soref
(experimental) and Drude (theoretical) models in crystaUine silicon at a wavelength of 1.551JD1
[7] .
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From chis analysis, the change in index and absorption due to a change in free-camer

concentration at a wavelength of 1.55tJ.rn cao be expressed as:

&1 =-8.8xlO-22 ·âNt +8.5xlO-'S ·Wh 2.40

da =8.5xlO-'8 ·âN. +6.0xlO-'8 • Wh.• 2.41

The equations resulting from Soref's analysis accurately predict changes in index and

absorption for a given concentration, however this is only valid at a wavelength of

1.55J.lm. lt will be see chat both the Drude model and the Soref mode! are valuable in

predicting the characteristics of silicon with high carrier concentration.

2.4.2 Off-State Absorptive Losses

Due to free-camer absorption in the heavily doped P and N regions, there will

be losses when the attenuator is in the off-state i.e. \Vhen no CUITent is applied ta the

device. These losses can be minimized by choosing a sufficiently low doping

concentration and by spacing the doped sections far enough apart ta reduce the

overlap between the optical mode and the highly doped P and N regions. It must be

kept in mind, ho,"vever, mat these parameters will aIso affect the diode's electrical

characteristics and attenuation performance.

Both the Drude and Soref mode1s of free-carrier absorption predict that as the

doping concentration is increased, the refractive index decreases and the absorption

coefficient increases. Therefore, \Vith a high doping concentration there will be high

lasses in the off state if the doped sections are placed too close together. Part of the

mode traveling through the intrinsic region will overlap with the P and N regions if

they are placed to close together, resulting in high off-state lasses. The ridge width of

the active region should not be decreased since this leads to an expansion of the mode

into the slab, which would increase the spacing of the active regions. Several doping

concentrations and doped section separations were simulated with BP~[ CADTM using

Sorefs mode! of free-carrier absorption for the absorption coefficients and refractive

indices of the doped sections. The length of absorption regions of 1mm and 1em were

simulated, shown in Figure 2-24 and Figure 2-23, respectively. In these simulations, it

\Vas assumed that the P and N regions form abrupt junerions with the intrinsic region.
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Figure 2-23: Sïmulared resulrs of the etTecr of doped section spacing and doping concenttation
on the otT-state losses for a tmm long device.
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Figure 2-24: Simulared resulrs of the etTecr of doped section spacing and doping concentration
on the otT-stare losses for a lem long device.
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• Ta keep the off-state lasses below IdB, the loss due to absorption from the sicle

regions should be less than O.66dB, since O.34dB has been lost due to mode

mismatching with the input fibre.

These simulated results can be used to deterrnine the optimal doping

concentration and doped section spacing. They must be chosen to minimize the off­

state lasses and on-state power consumption while maximizing the device attenuation

characteristics.

2.4.3 Diode Electronics

A PIN Diode is a PN iunction with an intrinsic region in be~veen the highly­

doped P and N regions. Figure 2-25 shows the irnpurity distribution, space charge

density and electric field distribution of a PIN diode.

•
p N

I--...........:----~-~ X

Figure 2-25: Impurity distribution, space charge density, and electric field of a PIN diode [8].

Dnder forward bias, holes will enter the intrinsic region from the P-I contact

and electrons from the N-I contact. These hales and electrons will flow into the

intrinsic region where they recombine. The carriers that are lost due to recombination

must be iniected from the P and N regions to satisfy the charge neutrality. This flow of

injected carriers in the intrinsic region is the recombination current. The CUITent

density is given by:

where Ris the recombination rate, equal to 1\'/T. If N' is the average iniected e1ectron

concentration in the [ region, then

•

d

J == feRdx
-d

eN'd
J==--

Ta

2.42

2.43
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• where d is the intrinsic region width and 't'II is the ambipolar lifetime. If the carrier

concentration throughout the intrinsic region is assumed to be constant~ the diffusion

current can be neglecred. Since the injected carrier density is much higher than the

intrinsic carrier density in the 1 region~ the PIN diode is normally operated in high

injection under forward bias. The total drift current is then:

J = ell~N' E'+ellhN' E'

= q (b+l)2 D N'E'
kT 2b q a '

2.44

where b = Il/Illh Da =2De is the ambipolar diffusion coefficient~ and E' is the average

electric field in the intrinsic region. The voltage drop across the intrinsic region is:

where La =~Da'a is the ambipolar diffusion length. The total applicd voltage in

forward bias will he equal to the sum of the voltage drop across the intrinsic region and

the voltage drops across the P-I junction and the I-N junction:•
kT 2b (d)2

= e (1 +b)! La 2.45

2.46

•

The sum of the drops across the junerions (Vp +VN) i5 equal ta the voltage drop across

a PN junction. It cao be shawn that the voltage drop aeross the intrin5ic region i5 very

small and can be ignored [81. For an injected carrier density of 1014 to 1018
/ em\ the

ambipolar diffusion length will vary from 13.2J1m to 5.3J1m sinee it is proportional to

the square root of the mobility and the lifetime whieh deerease \Vith inereasing carrier

density. For an intrinsic region width of 7fJm~ VI will be from 0.003 ta 0.02V for an

injected carrier density of 1014 to 10Is/cmJ
, respectively. This voltage drop is small

compared to the voltage drop across the junctions which is about IV at the junction

threshold, before current begins to flow. Therefore~ the device will behave as a PN

junction in the high injection regime.

The IV characteristics of the PIN diode with a small intrinsic region under high

current injection can be found by using a modified PN junction diode equation. In
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• these caleulations, it is assumed mat the P and N regions form abrupt junerions with

the intrinsie region. The diode equation is given by:

1 = 1
0

(e qV
/
lcT -1) 2.47

where III is the reverse-bias saturation eurrent given by the equarion:

2.48

In this equation, a represents the diode juncrion area, whieh is the product of the

doped region's length, multiplied by its height. The minority carrier concentrations in

the depletion layers are given by np and p" respectively and can be calculated using:

2.49

•
2.50

where nn and Pp are the doping concentrations in the N and P regions, respectively.

Under high injection conditions, the minority carrier concentration in the

depletion layers approaches the majority carrier concentration of the P and N regions

and must be considered. This can be donc by observing what happens to the Fermi

levels when there is a high level of carriers in the depletion region. In the derivation of

the diode equation, it was assumed that the separation of the Fermi levels everywhere

must be less than or equaI to the applied voltage,

2.51

2.52

•

where ni is the intrinsic carrier concentration. Substituting np = Pp in 2.48 and Pn =nn

in equation 2.49 will cause the current to become roughly proportional to e qV
1!kT [8].

The diode equation for this device is then

1 = 1 (eqV/!/cT -1)
li •

This equation can be used ta determine the IV characteristics and pawer consumptian

of the attenuatar with varying intrinsic region width and doping concentrations.
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• 2.4.4 Deviee Attenuation Charaeteristies

As aIready mentioned, the current tlow in the active region is due to the drift

current from compensation of electron-hole recombinations. The rate of injectcd

carriers can be expressed as:

MI
R=­t' 2.53

where L1J.\[ is the density of injected free-carriers, and t'is the recombination Iifetimc.

When the device is forward biased, holes and electrons will be injected through the

junction area into the active region volume. The carrier injection rate can also be

expressed as:

R = _1_ or / = q~da
qda t' 2.54

2.55•
where 1 is the forward bias CUITent. The change in absorption coefficient with forward

bias current can be found by equating 2.37 and equation 2.54:

/'((/,).2 (1 1)
a = ., 3 ., + ., +a.1T

4n -c E nda "nt-Il , m- Il OJJ
d - ~rr! - hr/r

where it has been assumed that equaI amounts of holes and electrons are injected into

the intrinsic rcgion under forward bias. It is also assumed in these calculations that the

attenuation is uniform across the device. The intrinsic absorption coefficient, a,,!!, has

been measured by Sze [8] and is about O.023cm"'. The change in absorption coefficient

using Sorefs model can also be found by equating 2.41 and 2.54.

(

11 /t')a = 1.45 x 10 . qda +aoJ! 2.56

•

The absorption coefficient is then multiplied by an overlap factor, which is the amount

of overlap between the opticaI mode and the active region, shown in Figure 2-26.
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• Active Re Optical Mode

•

Figure 2-26: Overlap of active region with optical mode. Only the section of the opticaJ mode
overlapping with the injected current area will cxperience attcDuation.

The overlap factor will depend on both the waveguide dimensions and the separation

and depth of the doped sections. The mode shape will change with waveguide

dimensions thus changing the overlap. It will also change as a funcrion of current due

to the change in refractive index. This is not a large effect since a carrier concentration

of lOlK/cmJ causes a decrease in refractive index of 1.5xl0-J according to the Soref

mode! and 8.3x10-4 according to the Orude mode!. The attenuation for a given

absorption coefficient and overlap factor can be calculated using:

2.57

where A is the attenuation in dB, z is the length of the device, a is the absorption

coefficient, and 8 is the overlap factor.

The attenuation was calculated for several intrinsic regton widths using the

optimal single-mode active region dimensions calculated in section 2.3.3. The intrÏnsic

region width \Vas varied from 6 to 8Jlm. These calculations were donc using both the

•

Orude mode! and Soref's model of free-camer absorption.

calculations are shawn in Figure 2-27 and Figure 2-28.

Results of these
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Figure 2-27: Attenuation vs. applied cuneot for varied intrinsic region width of a lcm long
device using the Dmde model. The Iànk in the graph is due to the non-Iinearity of the carrier
lifetime al that concentration.
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Figure 2-28: Attenuation vs. applied current for varied intrinsic region width of a lem long
device using the Soref model.
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Figure 2-29: Attenuation vs. applied CURent for different active region lengths. The attenuation
for a given CURent level is greater for a longer device.

It can be seen that as the intrinsic regton width is increased, the attenuation level

decreases for a given applied current, which is intuitive from equations 2.55 and 2.56.

For an intrinsic region width of 7J.lm, the Drude model predicts an attenuation level of

2.5dB, where Sorefs model predicts an attenuation level of 25dB. The Soref mode! is

more accurate since it draws from experimental evidence and thus will be used for

further calculations.

The effect of active region length was also simulated, shawn in Figure 2-29. It

can be seen that as the length of the device is increased, the attenuation leve! increases,

which is intuitive from equation 2.57. Therefore, to achieve a high level of attenuation

a longer active region length is desirable.

The device power consumption can be calculared using equation 2.51. There

are three factors affecting the device power consumption; the width of the intrinsic

region, the doping concentration of the P and N sections, and the active region length.

These calculations are shawn in Figure 2-30, Figure 2-31 and Figure 2-32.
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Figure 2-30: Attenuation vs. power consumption for varying intrinsic region widths. A doping
concentration of lOIS/cm] for the P and N regions was uscd for thcse calculations.

It can he seen that the power consumption for a givcn attcnuation level decreases as

the intrinsic region width incrcases, wruch arises from the dependency of the

attenuation on the inverse of the intrinsic region width (equation 2.56). The power

consumption is dependent on the doping concentrations as a result of equations 2.49

and 2.50, and it cao he seen that as the doping concentration increases, the power

consumption increases for a given attenuation level. The reverse saturation current,

given in equation 2.48, is proportional to the active region area, making the power

consumption dependant on the active region length. Therefore, a longer device IS

more desirable since it requires less power to achieve a given attenuation level.

•
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Figure 2-31: Attenuation vs. power consumption for varying P and N region doping
concentrations. An intrinsic region width of 7J.1m and a device length of lem were used for these
calculations.
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Figure 2-32: Attenuation vs. power consumption for different device lengths. An intrinsic
region width of 71Jm and a doping concentration of 1018/ cm3 was used for these calculations.

•
2.4.5 Optimal Deviee Configuration

The best possible configuration has many ttade-offs and is partly driven by its

application. Wbat is desired is an attenuator \Vith minimal loss in the off-stare \Vith a
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•

•

high level of attenuation and low power consumption in the on-state. To minimize

off-state losses, the intrinsic region width must he sufficiently wide such that the mode

passing through the active section in the off-state does not significantly overlap with

the doped regions. The active region length must also be short such that any off state

absorption will be minimal since the free carrier absorption present in the off state due

to the doped regions is exponentially proportional to the active region length. Also, the

doping concentration in the P and N sections must also be low since if there is sorne

overlap of the optical mode, the loss resulting from free-carrier absorption in the active

region will be minimal.

On the other hand, the power consumption in the on-state will be minimal if

the intrinsic region is narrow, the active regjon is long and the doping concentration is

low. This combination will require less power to achieve a high carrier concentration

in the intrinsic region, thus achieving a high level of attenuation. Conversely, the

carrier concentration in the intrinsic region can never be higher than that of the P and

N regions, thus the doping concentration in the P and N regions must he sufficiently

high to deliver a high enough carrier concentration to the intrinsic regjon under

forward bias. Also, the attenuation level in the on-state will be higher for a gjven level

of applied current if the intrinsic region is narrow and the active regjon is long. For a

long narrow intrinsic regjon, a higher carrier density can be achieved and thus a highcr

level of attenuation for a given level ofcurrent.

One method of ranking a device's performance based on its parameters is to

introduce a Figure of J\(erit. \~'hat is desirable is a large attenuation \vith low power

,:onsumption and low off-state losses. Taking these constraints into consideration, a

figure of merit can he gjven to each configuration:

Figure of Merit = FOM =~ 2... p. e .58

where A is the attenuation, P is the power consumption and I!. is the off-state loss for a

device \Vith a doping concentration of lO'KIcm3
, an applied forward current of 250mA.

Since high attenuation and 10\V power consumption are desirahle, a high figure of ment

is desirahle. Obviously there are Iimits to this Fü~( formula; intinite power is not

acceptable in arder to achievc zero off-state losses, and neither is increasing the

intrinsic region width indefinitely. The FüM was calculated for three doped section
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• lengths, five intrinsic region widths, and three doping concentrations. The results of

these calculations are shown in Figure 2-33.
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Figure 2-33: Figure of Ment calculations for devices varying in intrinsie region width, active
region length, and doping concenuanon. Deviees having a wide intrinsie region, low doping
concentration, and active region length ofO.5cm have the highest fOM.

As the intrinsic region width increases and the doping concentration decreases, the

figure of merit increases due to a decrease in insertion loss and power consumption.

Obviously there are limits ta this FO~[ formula; infinite power is not acceptable in

order ta achieve zero off-state losses. AIso, one can not increase the intrinsic region

width indefinitely. The ligure of merit of a device was taken into account \\,'hen

determining the optimal device configuration.

The target specifications for the attenuator for the purposes of this thesis are as

follows: maximum off-state loss of IdB, attenuation level of 20dB, and ma.~mum

po\ver consumption of l \Y/. The optimal design to meet these specifications has an

intrinsic region width of 7J.lm with an active region length of lcm and doping level of
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• tOIS/cml
. This design also gives a high Figure of Ment. The optimal design is shown

in Figure 2-34.

(a) Top (b) Sida

•

•

Figure 2-34: Optimal device design for on-state power consumption of IW, 20dB auenuation
range, and IdB off-5tate los5 using the thcoretical results pre5ented.

The theory and calculatians discussed in tbis chapter will be compared ta

experimental results in the next chapter from fahricated devices. The design shawn

abave will be proven ta be optimal.
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• 3 Experimental Deviees

Several devices were received from a supplier for analysis. The dimensions of

these devices varied~ and none were fabricated at the optimal configuration arrived at in

the previous chapter. However~ analysis of these devices provcd the theory developed

in Chapter 2 and provides useful information about the devices' characteristics.

The dimensions of the tested devices a.re shawn in Figure 3-1. Tapers \Vere

used to reduce the size of the optical mode traveling from the input facet to the active

regton.

Figure 3-1: Tested devices. The input facers raoged from 4.0 to 4.8J.Lm. The doped sections
were placed 4.25 and 5.75tJDl apart.

Si0
2

(b) Side View

r--""'I======:::::::::====-t-_~Si02
4.25. 5.75 Ilm

Si

(a) TopView

4.0­

5.0 1lmli.....::::?--=========-

•

Ca) (b)

Figure 3-2: (a) end·facet of 5.0Jlm waveguide (b) 4.25J.1m wide intrinsic region showing
metaUization over doped sections.

In these devices, bath the passive coupling and attenuating regÎons are single

mode. The input top ridge width \Vas varied from 4.0fJ.m ta 4.8J.lm in O.2J.1,m steps.

3-2

magnification pictures of the end facet and middle of the devices are shawn in Figure

•
The intrinsic region had two different widths; 4.25J.1,m and 5.75J.1,m. 100X
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3.1 Deviee Preparation
The devices obtained were cleaved into chips consisting of three attenuators

and three passive waveguides. Once received, the end facets were polished and anti­

reflection (AR) coated to eliminate losses due to Fresnel reflections at the interface

between the fibre and the waveguide.

Glass caps were glued on the top and the bottom of the chip so they could be

easily held in a jig and were protected against breakage. They \Vere then polished one

chip at a time in a special jig on a Seiko-Giken polishing machine to create a smooth

end-face. Several diamond polishing pads were used with different grit size, resulting

in a polishing quality better than O.OSJ.lm.

Without AR coating there would be losses due to Fresnel reflections since the

refractive index of the waveguide is not equal to the refractive index of the fibre. The

Fresnel equations give the refIection and transmission coefficients. The reflection

(transmission) coefficient is the ratio of the reflected (transmitted) electric field

amplitudes to the incident electric t"ield amplitudes. For normal incidence, these are

given by [11:

•

• E I-nr==_r = __
E l+n

1

J.l

where n == n2/nl is the relative refractive index. The fraction of power in the incident

wave that is reflected or transmitted is gÏven by the reflectance and the transmittance,

respectively. These are given by [1]:

Pr !
R=-=r

P;
J.2

J.J

•

P
T==_l =l-R

P,

The refractive indices of the silicon waveguide and of the fibre core at a wavelength of

1500nm are 3.476 and 1.56, respectively. Therefore the percentage of optical power

traveling from the silicon waveguide into the fibre therefore would be equal to 85.52%,

giving a [oss of O.68dB per facet. AR coating the waveguide facets after polishing can

reduce these losses.
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A multi-Iayer AR coating is best described by first considering the reflections

from a single film deposited on a substrate of index ns, illustrated in Figure 3-3. A

beam of light From a matcrial of index no incident on the surface of the film of higher

index nI will divide into [\Va parts~ one that is reflected and one that is transmitted.

Figure 3-3: ReRections (rom a single film. ft is assumed that ni>no. The rays may a1so pass
througb the mm. The multiple reflected beams will recombine and interfere constructively or
destructively depending on the relative phase diff'erence•

The beam transmitted through the thin film will be reflected From the second interface

and may experience multiple reflections \\o;thin the ftlm depending on the angle of

incidence. The multiple reflected beams \\o;ll recombine and interfere. Since they have

traveled different paths, a relative phase difference results that can produce either

constructive or destructive interference. The additional optical path traveled by the

beams reflected From the second interface is:

L\ =n(21) 3.4

•

where 1 is the thickness of the film and n = /ZiIlI. If n.'i > "f, then there will be no

relative phase shift between the two reflected beams since a TC phase change occurs on

external reflections. The type of interference will only depend on the optical path

difference. If the incident material is air, and the film thickness is À,/4 where ;, is the

wavelcngth in the ftlm, then 21 =Àj2 and the optical path difference will be 2nl =Ài2

since Ào = nl'.'i. Destructive interference will occur at the wavelength Ào• The

reflectance is given by
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• 3.5

This equation was obtained by applying the transfer matrix describing the retlection

from [\Vo interfaces ta equation 3.1. The reflectance will be zero if the index of the

film is nf = ~nons .

Since durable coating materials with arbitrary refractive indices are not generally

available and a single ftlm oruy produces zero reflectance at one wavelength, mulri-Iayer

films are often used to create a broader low reflectance region. For a three-Iayer film

having quarter- wave thicknesses and indices ni, n2, and n3, it can he shown chat zero

refleccance occurs when the film indices sarisfv

3.6

•

•

By increasing the nurnber of fllms, the wavelength range of low reflectance can be

broadened.

n2

nI

n s

Figure 3-4: Three layer antireflection coating. The substrate being coated has index n... AlI fllm
layers have a thickness of Àr/4.

By using AR coatings, the reflectance at a wavelength of choice can he decreased, and

therefore the lasses at bath the input and output of the device can be reduced.

3.2 Experimental Set-up
The insertion losses, polarizarion dependent loss (PDL), attenuarion with

applied current, wavelength flatness, and response time \Vere measured for several

devices. The experimental set-up is shown in Figure 3-1 .
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Power Supply
1 ! Il (la Workslalion)

6)6) 6) f----/

J.l-Drive Conlrollers

Figure 3-1: Experimental Set-up. The device was Dot probed during insertion 105s
measurements.

The chip was held in a vacuum chuck and aligned to the fibres using two six-axis piezo­

controUable positioners. Index-matching oil was used between the fibre and the

waveguide to fill any air gaps. For the insertion 105S measurements, a HeNe laser was

first used for rough alignment of the fibre to the end of the guide on each side. \Vhen

partiallyaligned, the visible light can be seen propagating down a few millimeters of the

coupling section of the waveguide. A 1550nm diode laser \Vas used for the insertion

loss measurements since the device is optimized for that wavelength. The insertion

losses \Vere then read from a Newpon 2ü32-C power meter. PDL was measured using

a JDS PS3 meter.

Current was applied ta the devices br a power supply connected to probes.

The probes were applied to metal contact pads on the edges of the chips. The

insertion losses, PDL and applied current were recorded on the workstarion through

GPIB interfaces. A program was written ta conrrol the CUITent applied ta the device

\Vhile reading the attenuarion and PDL.

Ta measure wavelength flatness a JDS Uniphase Swept \Vavelength System

(S\XfS) was used. Different CUITent values \Vere applied to measure the losses \Vith

wavelengrh at different auenuation levels on the SWS.

The response rime \Vas measured by applying a square wave to the CUITent

injected into the device by an HP function generator. A fast photodiode was used to
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• measure the fluctuations in the device's output power. The output current pulses of

the fast photodiode and the function generator were observed and compared on the

oscilloscope. From these observations, the response time of the devices was calculated.

3.3 ExperimentalResults

3.3.1 Insertion Lasses

Figure 3-5 shows insertion loss rneasurements for devices on two different

chips.

Figure 3-5: Insertion 1055 measurements for IWo difJerent chips. Waveguide numbers 1 to 3 arc
attenuators. The remaining are passive waveguides used for comparative loss measurements.
Losses decreased as a result of AR coating the facets.
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•
Ali insertion loss measurements are summarized in Tables 1-4. The insertion losses

were dependant on the facet preparation, interface width, and intrinsic region width.

3.3.1.1 Face! Preparation
The insertion lasses were measured at three stages of device preparation; before

polishing, after polishing, and after AR coating to determine the gain from these

procedures. Table 2 shows insertion loss measurement statistics for passive

•

waveguÏdes of ail interface widths. The differences in losses between unpolished, non­

AR coated and AR coated waveguides were calculated for each interface width of the

passive waveguides. From these data, it can be seen that the losses decreased

considerably after AR coating. Polishing the end facets did not have any significant

effect on the insertion losses which was expected since the devices \Vere cleaved upon

receiving. Polishing was still required after the glass caps \Vere glued on the top and

bottom of the chips such that the glass caps were flush \Vith the ends of the chips.
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Table 2: Insertion Loss Me:asurement Statistics: Passive: Waveguide:s, ail interface: widths
--

T l'Il/nIb,er ofSamples 1 Average Loss Ls J.J D . . I.~ 1
rype . lanClarll elJ1allon I(lDj

~:.:..::.:..======::===:::::::====~v!!!!!~_~!!!!!!@ ~ ",__
1 Not Polished, Not 1 24 LI [

AR Coated ,
:=========::.::::::::::::::.1

g:~~~~J 9 [_~=-__L ~~~ _
1 ~~~::~d, AR 1 21 1 -1.03 1 0.154

3.3.1.2 Interface Width

Five different interface widths were tested varying from 4.01lm ta 4.8f.lm to

determine the best intertàce width for low caupling losses. The mode field shapes of a

specialty fibre and a waveguide with a 4.01lm interface width is shawn in Figure 3-6.

The passive waveguides were measured after AR coating for a camparison of the lasses

due ta mode mismatch. Table 3 shows the results of these measurements.

The lasses due ta mode mismatch \Vere modeled, shawn in Figure 3-7, for

comparison against the experimental data.

Waveguide 1/e 2 intensity

4.0

l:I2 2.0
aJ=- 0.0ltl
>
)( -2.0

-4.0

-6.0 -4.0 -2.0 0.0 2.0 4.0 6.0 8.0 10.0 12.0

Y values

I
l.000

0.875

0.750

:.. o~oo

0.J75

0.250

0.12!)

0.000

•

Figure 3-6: Waveguide and fibre MFD for experimental devices. The mode field of the
waveguide has a difTerent shape man that shown in Figure 2-11 of Chapter 2 since this
waveguide has a thinner ridge and a thicker slab.

The lasses due ta mode mismatch were found by caiculating the ovedap integral of the

fibre and waveguide mode fields for each interface width. These values are different

from those calculated in Chapter 2 since these waveguides have different shapes.
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Figure 3-1: (a) calculated and (h) measured lasses due ta mismatch of 4f.&m specialty fibre mode
and waveguide mode of tested devices. The calculated losses varied from O.J9dB/facet to
O.47dB/facet. Experimental data foUowed the same trend, varying Crom 2.56dB/facet to
1.7SdB/ facet.

•

It can be seen mat the measured data follows the same trend as the calculated

overlap integrals. However. there is an arder of magnitude difference between the

measured and calculated difference in lasses between the best and worse case overlap

integrals. This indicates that the losses are not due to the interface width alone, there is

another contributing factor such as free-carrier absorption from the doped sections.

As the interface width increases, the mode will overlap more with the doped section

resulting in higher lasses. Nonetheless. the fibre mode best matches the waveguide

mode with the 4.8Jlrn wide interface. The calculated lasses show a minimum for the

Thl mode and least difference in TE and Thl mode 10ss at a waveguide \vidth of

approximately 4.8fJ.m.

Table J: Insertion Loss Measurement Statistics: Passive Waveguides AR coated

A t!erage Loss (dB)
NI/mber ofDeviees

Aleasllred111/eiface width (JJm) Standard Deviation (dB) 1

-_-~~-~T-__6 --- --.1- -_·2~56-H~-_=I-~ __~67-- ---~I

1__. ~~ L . .l~ . ~ 1 ~~;?~ L Q·qQ~__ . _
L~__~ ~ L !Q ._ L_~_~l~_~ __J ~~qg .
1 4.6 1 6 1 2.01 1 0.086

l__ 4.8 . l~__ ~_~~ '- ):75. .1._...... Q~O?~ nU --J

•
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3.3.1.3 Intrinsic Region Width
To determine the effect of the intrinsic region width on insertion losses, the

losses were measured for AR coated devices having the same interface width, but

different intrinsic region widths.

Table 4: Insertion Loss Measurement Statistics: Active devices, polished, AR coated, 4.21Jm
interface width
------ -_.- _.._--_.._- - -- .._-- .--------~~-- ..__ ._~-----_._-- -- - --_ .. _------

1
. . "J cL 1 NJiH/ber ofDeviees

ntnnsze W'lCl/'J ·1 Lr d. J.VJeasnfe,
..::::=::=============
[ 5.75J.lm [ 6 1 2.66 I Q__oE~~ _
L. ~.25~m _1 .~ .__.[u__..~.:.~~ u L. _. ~:O.?~ .

The AR coated devices with diodes placed 4.25flm apart had insertion lasses 0.2 ±

0.029dB greater than those AR coated devices with diodes placed 5.75f.lm apart. As

expected from the theory of Chapter 2, the insertion losses increase as the width of the

intrinsic region decreases. The insertion loss difference calculatcd theoretically for

these diode spacings was 0.54<1B.

The experimental data of Table 4 includcs losses due to mode mismatch. For

an interface of 4.2J.lm this was measured ta be 2.28dB, leaving 0.58dB and 0.38dB

lasses due ta absorption in the active region for intrÏnsic region \VÏdths of 4.251lm and

5.75J.lm, respectively.

The doping concentrations and profiles of the devices tested were not disclosed

by the supplier duc to proprietary information issues. Therefore, a wide range of

doping concentrations and diode spacings were used for theoretical analysis of the

insertion losses and attenuation characteristics. As seen in chapter 2, the insertion

losses of the attenuator in the off-state depends on both the doping concentration and

the intrinsic region width. This was calculated for the structure of the devices tested,

shown in Figure 3-8. These calculated off-state losses are higher than for the structure

calculated in Chapter 2 since the slab is thicker, the ratio of slab height ta rib height is

greater, and the rib is not as wide. This causes the mode to spread out more in the slab

region, resulting in more ovcrlap with the doped section and thus higher lasses.
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Figure 3·8: Insertion losses with intrinsic region width and doping concentration for the
structure of the devices tested. The structure of these devices is different from those discussed
in Chapter 2 since these devices have a different shape. Therefore the mode is a different shape,
resulting in different loss values for the same doped section spacing and concentration.

The range at which an irnpurity reaches full concentration in a junction in a

semiconductor can vary frorn a few hundred angstroms to IJ.Lm. If the junction is

fabricated by ion implantation, this range is depending on the type of impurity and its

implantation energy. If the junction is fabricated by diffusion, the depth at which the

impurity reaches full concentration is dependant on the diffusion temperature, impurity

type and exposure rime. Therefore, the intrinsic regjon widths may actually be different

from 4.25J.lm and S.75J,lm depcnding on how the junction was formed. The measured

losses due to absorption is smaller than the calculated losses since the calculations

assumed an abrupt junction. If the losses for a diffused junction were simulated, the

losses due to absorption would also be smaller since the doped sections do not reach

the full concentration until further away from the intrinsic regjon.

There is a large number of doping concentration and intrinsic region \\oidth

combinations to arrive at the insertion loss due to off-state absorption measured. For

an insertion loss of O.38dB, the diode separation and corresponding doping

concentration can range from 6.54J.Lm at Sxl01iIcmJ to 7.65flm at lO2l1
/ crnJ. For an

insertion [oss of O.58dB, the diode separation and corresponding doping concentration
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can range from 5.92J.lm at Sxl01i/cmJ to 7.23Jlrn at 1021I/cmJ. These ranges of doping

concentrations and intrinsic region widths will be used in the attenuation and power

consumption theoretical analysis of these devices.

3.3.1.4 Tolerance Ana/ysis - Insertion Lasses
The attenuator insertion losses in the off-state is dependent upon a number of

factors. At the input of the device, the coupling losses could increase or decrease

depending on the waveguidc shape. The polishing and AR coating quality could affect

the input coupling efficiency. The shape of the waveguide, width of the intrinsic

regÏon, and diode doping concentration in the attenuation region of the device can

affect the propagation losses. The quality of silicon used could a1so influence the

insertion losses by scattering due to defects. The etch quality of the waveguide ridge

could also affect the losses. Several calculations were done to analyze the effects of

typical fabrication tolerances on the insertion losses. The active devices with an

interface width of 4.2IJ.m and intrinsic region widths of 4.251J.m and 5.7SIJ.m were

analyzed theoretically to compare with the experimental devices. A ±0.2fJ.m tolerance

was used for uncertainties duc to mask \vriting, lithography, and etching. Results of the

tolerance analysis calculations are shown in Table 5 and Table 5 for the cases with the

lowest and highest losses, respectively.

Table 5: Insertion los5 tolerance analysi5 - worst case scenario

1 Paromeler 1_AOIolm~ Cha!!ge~_ [ Efficl (dB)

1 Rib.'\Vid~_. _ __ _ __ L~9.~l-lm _,-+-g-.O-41----
1

1 ~~ab Height .__ .. _ . __ L~_O:2_IJ.m __ .'-_+0.086

1 ~b_ ~id~h,_ Sla~~~i~ht_ .~ __ .. __ ou L-O~Jl~,..+9·~~~_ .. __.u_, . ...lI"'"""".+-0-,.-12-.8---.-~

1_~_Q:>~~g ._~__ [_=!:"}_S!~~~~~~i~~_.. ___ L~Q)_~i .. .. __

L~~~~~c_~~gi~~t~!-.~}~~_~I-=~~~ __ ~~_~ . 1 :O__~14
1}_~trin~ic_~c:gi~_~'~!~!~'_~'??fJ.f!1 [__~.q~~~~ U. ~ .. n__ [-+-_-O.-J-96-.-----

1_~~!Îve_ ~~~~~!_~.~~~_, .... 'u__n' .1_ ~9.~~IJ._m ~b-!.-!=q.~~~~b nU .1_-+_-._1_.~_~ ,

[A~tive ~~~~=.~~ t+~2~1ll rib,~~.~~~~ 1+0.211. _ _ _

[_I?_~.i~g_ço.r:t_c~_~~~~()n,~}5~1!1__ l:-~_~o/~ .. __n ou n I,+~·1_1~__ __ __ u __ u_

1p_'?Eing ç~~c~f!!f~~O?, ~~7?J.~~_ nO L.~~~O(o ,_~~ u_ _ 1~~~0_2~ ,__ u __ w __

1 Device Length 1 +1mm 1 +0.11

80



Table 6: Insertion loss tolerance analysis - best case scenario• 1 Parameler 1 Amounl Changed [}~ct(dB)

•

•

1
Rib Width 1 +0.2IJ,m

1
-0.022

1 Slab Height
1 -0.21J.rn [0.038

1
Rib Width, Slab Height

1 +0.2Jj.m, -0.2J.1,m 1
-0.055

,1_~_Co~~~g_ n _____
_L__~~anc!~d~ C!e~ia_ti~n 1 -0.154

- -------- .-- -

1
Polish 1 -1 standard deviation [-0.001

1 Intrinsic Region Width, 4.25J.lrn
1

6.651J.rn ~9

Ontrinsic Region Width, 5.75Jj.m
1

8.151J,m 1 -0.256
1

1
Active Region, 4.251Jrn [Q.2J.lrn rib, -O.2IJ,m slab 1 -0.282-------~-~._._-~-~-

I_Acti_~(:_Reg!on, 5.75Jl~______ [-O.2Ilm rib, -O.2Jlm ~lab 1_-=~·045 ~__
-_.- ---- _ .._--- -~

[ Doping Concentra~o~,4.25Jj.m 1.-300~__._.__.___~ ________ L-9:1!~~ _.-'---- --------

!Doping Concentration, 5.75J,lm !-30%

1
-0.048

1_l)e~j_ce ~ng~h.. __ ... _~ 1.-1~__ nn_______ 1
-0.11

- -- - _.- - --- - ----~-- -- .-

The first parameters cansidered in the analysis were the waveguide dimensions

at the interface. According to Figure 3-7, as the width of the rib is decreased, the [osses

due ta mode mismatch at the input increases. Alsa, as noticed in the BP~[ averlap

integral simulations, as the lawer siab height increases, the losses due ta mode

mismatch increases. When these dimensions are changed as such, the mode spreads

out more into the slab region of the waveguide and becomes lcss circular in shape. The

total height could aIso change, which would affect the coupling losses as well. The

largest increase and decrease in mode mismatch losses due ta processing tolerances are

+0.128dB and -O.055dB, respectively.

The AR coating quality could also increase or decrease the insertion losses.

From Table 2, the insertion lasses of polished devices with and withaut AR coating

had standard deviations of O.OOldB and O.054dB, respective1y. Using these measured

statistics, the quality of AR coating would lead ta an increase or decrease of 0.054dB.

Therefare, the effect of the polish quality on the insertion losses is negligjble according

to the measured stacistics since the quality of polish was fairly constant.

The next paramcter considered was the intrinsic region width. Consider a long

projected range of the impurity during junction formation. The impurity may not reach

full concentration until O.SJlm into the junction. Assuming a constant doping
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concentration of 1018/cm\ this would result in a decrease in insertion losses of 2.79dB

for the 4.25J.lm marked waveguide width and 0.63dB for the 5.75J,lm marked

waveguide. If the intrinsic region wiclth were decreased by OAtJ.m due to processing

tolerances (O.2J.lm on each sicle), the intrinsic region width would actually be 3.85J.lm

and 5.35J.lm for devices marked with 4.25tJ.m and 5.75J.lm intrinsic region widths,

respectively. This would increase the losses by O.614dB and 0.196dB for the 4.25J.lm

and 5.75J.lm marked devices, respectively. Conversely, if the processing tolerances

increased the intrinsic region width by OAJ.lm, the doped sections would be 4.65J.lm

and 6.15J.lm apart resulting in a decrease in insertion losses of O.859dB and O.256dB,

respectively.

The effect on the insertion lasses due to the shape of the waveguide in the

attenuating regian was also taken inta account. If the rib width and slab height are

increased, the amount of mode power in the slab section of the waveguide increases.

This would lead to an increase in absorptivc lasses in the active region due to

absorption in the P and N regions since more of the mode overlaps with these regions.

An increase in rib width and slab height of O.2J.lm would result in an increase in

propagation losses of 1.31dB for a 4.25J.lm intrinsic region width, and O.21dB for a

5.75J.lm intrinsic region width. Altematively, a decrease in rib width and slab height

would result in a decrease in propagation lasses of 0.282dB for a 4.25J.lm intrinsic

region width and 0.0451 for as 6.75Jlrn intrinsic region width. This is because the

amount of optical po",,·er in the slab region has decreased.

As seen in Figure 3-8, the range of doping concentration can also have an effect

on the insertion losses. A processing tolerance of ±JOO/o is assumed. By increasing the

doping concentration from 1.0xOIHcm-J to 1.3xl0IHcm-\ the lasses increase br O.17dB

for the 4.25J.lm intrinsic region width and O.03dB for a S.75J.lm intrinsic region width.

This is because the lasses due to absorption in the intrinsic region are propartional to

the doping concentration of the rnaterial. Therefore, as the doping concentration of

the P and N regions is increased, the insertion losses increase and vice-versa. As the

intrinsic region width is increased, the effect of doping concentration on the absorption

losses decreases.
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The last parameter to be consiclered is the clevice length. Since the amount of

free-carrier absorption in the off-stace is proportional to the length of the clevice,

increasing the device length wouJd therefore increase the absorptive loss. The lengtb

of the experimental devices was determined by measuring the length of the

metallization on either sicle of the centre ridge. This assumed that the dopant was

clepositecl under the fulliength of the metallization. If the dopant extended beyond the

metallization or vice-versa the device length was not determined properly and the loss

calculations are effected. A measurement uncertainty of 1mm in determining the

device length by a microscope measurement is assumed here. By varying the device

length by Imm, the loss due to absorption can vary by O.11dB.

Any of the changes in the parameters analyzed could occur simuJtaneously,

increasing the insertion lasses significantly. The most significant increases in insertion

losses are due ta the effects of the intrinsic regjon width and shape of the mode in the

attenuating region. The critical parameters to control, therefore, are the doping process

and etching of the centre rib 5uch chat the intrinsic region width and mode shape do

not vary significandy. The worst case scenario wouJd arnount to a total increase in loss

of 2.99dB. The best case scenario would amount to a total decrease in [05S of 2.05dB.

3.3.2 Wavelength Dependence

According ta the Drude mode1 of free-carrier absorption, the attenuation is

proportional ta the square of the wavelength:

31' ( JA _ q A,- !:J.N,.. ~h
Lola - , 3 -,-+-,--

41r-E"e n m; J.J,.. m;;J.Jh
3.7

•

A theoretical plot of the wavelength dependency on the attenuation is shown in Figure

3-9. The wave1ength flatness was also measured experimentally, shown in Figure 3-10.

Wave1ength flatness is defined here as the change in attenuation with wavelength over

the shown range. The wave1ength dependence on injected current is shawn for the

Drude model and the measured devices in Figure 3-12.
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Since the Drude mode! was used ta calculate the wavelength flarness, there are

discrepancies in attenuatian level and wavelength flatncss between the calcuIations and

the measurements since it does not predict attenuation as accurately as the Soref

model. However, the Soref model can not he used to predict the wavelength tlatness

since it is only valid at a wavelength of 1.55J.1.m. Soref's model is only valid at this one

wavelength since it was derived from analytical data of the effects of impurity doping

on the optical properties of silicon, measured at 1.55J.Lm. The Soref model could be

improved by analyzing these effects at different wavelengths. \Vithout this, the Drude
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model is an important too1 in predicting attenuation changes with wavelength and the

degree ofwavelength flatness with injected current level.
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Figure 3-11: Wavelength Ramess vs. injected current level for experimentaUy measured devices
and theoretical calculations. The experimental data foUows the same upward trend as the
theoretical data. The Drude model is thus useful in predicting a wavelength Ramess trend with
increasing injected current.

3.3.3 Attenuation Characteristics

The attenuation with applied current was modeled for these devices using the

method developed in Chapter 2. The change in attenuation level with applied current

for the 4.25 and 5.75 fJ.rn separated diodes are shawn in Figure 3-12 and Figure 3-13,

respectively. These curves have been normalized to show the attenuation

•

characteristics and merefore do not reflect the insertion lasses of the devices. Also

shawn in these plots are the theoretical attenuation curves, based on the intrinsic

region widths shown for a 1cm long device with a doping concentration of lx10!8/crn3.

These cao only serve as a guide since many parameters such as the doping

concentration, doping profile, and device length were unknown.
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Figure 3-12: Measured attenuation vs. applied cuneot for three experimental devices with
diodes marked at 4.25J.1m spacing. Also shown is the theoretically calculated attenuation curve.
Notice the theoretical curve only reacbes about 20dB of attenuation with 250mA of applied
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Figure 3-13: Measured attenuation vs. applied cunent for three experimental devices with

diodes marked at 5.75J1m spacing. Also shown is the theoretically calculated attenuation curve•
Notice in this case the theoretical curve reaches 19dB of attenuation with 2S0mA of applied
cunent, where the experimental devices only reach attenuation levels of about 14dB.
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The theoretical curve for the 4.25J.1m separated diodes is above the experimental curves

and the theoretical curve for the 5.7SJ.1rn separated diodes is below the experimental

curves. It is not fully understood why this occurs, however it is know that the

attenuators with different diode spacings were not fabricated on the same wafer; the

process may have changed between the two attenuator types. The 4.ZSJ.l.m intrinsic

region width may acrually be narrower than indicated and the 5.7SJ.l.m intrinsic region

width may be wider than indicated. Looking at the experimental curves, it is dear from

Figure 3-12 and Figure 3-13 that the attenuation level for a given applied current

increases as the intrinsic region width is decreased. This is in agreement with the

theory provided in section 2.4.4.

Since the exact device dimensions and doping conditions \Vere unknown, many

parameters \Vere varied in determining the best and worst-case scenarios in terros of

attenuation characteristics. This is discussed in the next section.

3.3.3.1 Tolerance AnaIYsis - Attenllation Characteristics
The device attenuation characteristics are dependent on a large number of

variables. Unfortunately, a device with good attenuation characteristics as a result of

dosely spaced diodes will have high insertion losses, and vice-versa. Nlany of the same

parameters that were varied in the insertion loss tolerance analysis were varied again

since they a1so have an effect on the attenuation characteristics. The same

manufacturing tolerances were applied here as were in the insertion loss tolerance

analysis; ±0.2Jlm. Table 7 and Table 8 show results of calculations performed to

determine the change in attenuation level at 200mA of applied CUITent.

Table 7: Attenuation characteristics tolerance analysis - best case scenario

I_r:t!,:-~nle!!! I_!l_'!!O!~'!_'_Ç!!'!'!g~(L_. __ . I.Ej[ecl (d!Jl_
I-~-_·.d-g-e-W-id-t-h_----_-_ - -._.1_.~Q.2J1n:t_ __ _ 1 +2.3

1Sl~~_ f-Ieig~~_ _ __ _ ___ .. 1~O:~J.lr:n_ __ __ 1-+-1-.0---
1

I-_~-n-~-.·-n-si-c-R-e-w-·o-n-.. -\Y/-i-d-th-.-.-__-.-__~-I·g~~~m . J+0.3

1 De~ice Length '-+-lm-m-----------jr-+-O.-Z----'
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Table 8: Attenuation characteristics tolerance analysis • worst case scenario• '~nleler

1 Ridge Width

1 Slab Height

1 Intrinsic Region Width

Amolm/ Changed

+O.2Ilm

-O.2IJ.m

+O.2Ilm

-lmm

•

The important parameters considered in the tolerance analysis of the device

attenuarion characteristics are those which affect the shape of the optical mode and the

overlap of the optical mode with the distribution of free-carriers. These parameters are

the waveguide ridge width, the slab heigh~ and the intrinsic region width. The length of

the active region \Vas also an important factor in the device's attenuarion characteristics

and was also considered.

The first parameter considered in this tolerance analysis was the slab height. As

observed in Chapter 2, decreasing the slab height will decrease the amount of mode

energy in the slab region of the waveguide and therefore decrease the overlap of the

optical mode and the frce-carrier distribution. This is given in equation 2.57,

3.8

•

where a s the attenuation coefficient in cm"l, A is the amount of attenuation in dB, z is

the length of the device and 8 is the amount of overlap between the optical mode and

carriers. Decreasing the amount of optical power in the slab region of the waveguide

will decrease the overlap and therefore have the effect of decreasing the attenuation for

a given amount of applied current. Theoretically, a O.21lm decrease in slab height

would cause a decrease in attenuation of 1.OdB for both intrinsic region widths of

S.75J.lm and 4.25Ilm. Similarly, a O.21lm increase in slab height \Vould cause an increase

in attenuation of 1.0dB for both intrinsic region widths.

The width of the waveguide ridge will also effect the mode shape and therefore

the percentage of overlap with the distribution of frec-carriers. It \Vas calculated that

for a O.2J.lm decrease in ridge width there is a corresponding increase in attenuation of

2.3dB for both intrinsic region widths of 4.251lm and S.7S)lm. This increase in

attenuation occurs because as the ridge width is decreased, the amount of mode energy
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in the slab region of the waveguide increases and therefore increases the amount of

mode energy overlapping with the free-camer distribution. It was also calculated that if

the ridge width is increased by O.2J,1m, the amount of mode energy in the slab region

decreases and the attenuation decreases by 2.3dB for both intrinsic region widths.

The width of the intrinsic region will not affect the shape of the oprical mode,

however it will affect the overlap of the optical mode with the free-carrier distribution.

According ta equarion 2.55 and 2.56, the change in absorption coefficient is inversdy

proportional to the intrinsic region \vidth. Therefore, as the intrinsic region width is

decreased the attenuation will increase as can be seen from equation 3.8. Theoretically,

if the intrinsic region width is decreased by O.2)J.m, there will be an increase in

attenuation of O.3dB for both starting widths of 4.25J.lm and 5.75)J.m.

The last parameter to he considered is the length of the active region. Equation

3.8 predicts that as the device length is increased, the attenuation will increase with

applied CUITent. Since the device length was unknown, a 1mm tolerance \Vas added to

this parameter. lt was calculated that an increase in length of 1mm will cause an

increase in attenuation of O.2dB for both 4.25)J.m and 5.75J,lm intrinsic region widths.

Also, a decrease in length of Imm will cause a decrease in attenuation of O.3dB for

both intrinsic region widths.

~[any of the changes analyzed could occur simultaneously, causing an increase

or decrease in the overall attenuation with applied current. The crirical parameter to

control in terrns of attenuation characterisrics, is the processing of the waveguide shape

in the attenuating region of the device since the effect of ridge \\tidth and slab height

have the greatest effects on the attenuation. The best case scenario would lead to a

relative increase in attenuation \Vith applied current of 3.8dB. The worst case scenario

would lead to a relative decrease in attenuation with applied CUITent of 3.9dB.

3.3.4 Current Voltage Characteristics

The current versus voltage plots for the deviccs \Vith diodes placcd 4.25J.lm and

5.75J,lm apart are shown in Figure 3-14 and Figure 3-15, respectively.

89



0.25

°1 -TheorwtIc.14.25

- Expertmenr.l 4.25

0.20

:
0.10 ï

1
1

0.05 1
!

0.00 _1- -~_"'?---=~----------,

~ 0.15 i
i 1
~

::s
U

•

o 2 3 4 5

Volt8ge(V)

•
Figure 3-14: I-V curves for experimental devices with diodes placed 4.25J1m apart. Also shown
is the theoretical IV curve. The difference in knee voltage and intemal resistance between the
theoretical and experimentai curves are duc to the device's contact potential and series
resistance
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Figure 3-15: I-V curves for experimental devices with diodes placed 5.75J.1m apart. Also shown
is the theoretical IV curve.
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The deviaoons of the experimental cun'es from theory are mainly contributions

from the series resistance and where the knee voltage occurs. The series resistance

arises from voltage drops outside the depletion regions between the intrinsic region and

the heavily doped P and N regions. The knee voltage, or the point at which the current

increases rapidly with increasing voltage is theoretically equal to the contact potential

for heavily doped junctions. There are a number of factors causing the knee voltage to

deviate from this contact potential. Both the series resistance and the knee voltage are

important parameters to discuss since they affect the device's power consumption

Realistically, there exists a resistance in the P and N regions of a PIN diode,

which were previously assumed to be neutral. With an applied forward voltage, most

of the voltage drop appears across the transition regions, however a small drop in

voltage occurs in the neutral P and N regions on either side. Theoretically chis voltage

drop has been assumed to be very small and has been ignored. If the cross-sectional

width of the doped sections are small compared ta their area and the doping

concentration is sufficiendy high, the resistance will be low and only a negligible drop

in voltage will occur in these areas. However, this is not always the case and a large

resistance can arise under forward bias. The voltage drop across the transition regions

depends on the forward currenr, which in euro is dictated br the voltage across the

junction. As the forward bias increases, the series resistance will also increase. A large

series resistance can he avoided by heavy doping of the P and N regions and decreasing

the junction cross-sectional area. The series resistance for each device was calculated

by taking the inverse slope of the linear region of the data in Figure 3-14 and Figure 3­

1S is shown in Table 9 below. Uncertainties \Vere calculated br variations in the slopes

of the rneasured curves.

Table 9: Calculated series resistancc for expcrimeotal deviccs

1 De~ice-~- -------nn~--------I·~-S::....-·e~-n:.....:.·es..:..··--Re-'Sl--·-~;..:....(J=-~~-e:.....:.~-Q-V------------.--------------1
1-4-.2-S---A-·-----------, 9.47 ± 0.012 1

1-4-.2-S---B-----------'-7-.1-S-±-0-.0-0-4---------

.------------------.------------------1
, 4.2S - C 1 6.99± 0.003 1

j.--S-.7-S---A---------1r-
9
-.
6
-±-0-.1-3---------1

Ir--"S-.7-S---B---------1 S.81 ± 0.051 1

Ir--S-.7-S---C-------__- __- -__-_-.- !r--8-~?-4_-~-0-·9_-63---------1
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The PIN diode equation (equation 2.52) derived in Chapter 2 is dependant on a large

number of factors which can affect the knee voltage. Vmations in the diode surface

area, doping concentration, and diffusion length will cause the knee voltage to change.

Funhermore, the diffusion coefficient and diffusion length are dependant on the free­

carrier mobilities and lifetimes, respectively, which may he less than ideal due to traps

or crystal defects. Theoretically, the effect of changing the surface area and the

diffusion lengilis by the manufacturing tolereances discussed is very small. An increase

in surface area of +OAJ.1m2 only leads to an increase in knee voltage of O.07V and a

30% increase in doping concentration only results in an increase of 0.01V.

The type of contact \\-ill also affect the knee voltage. The theoretical model

assumed ohmic contacts between the doped regions and the metal contact pads, \Vith

minimal resistance and no tendency to rectify signais. However, such an ideal metal­

semiconductor contact can be difficult to fabricate and a Schottky barrier junction

often results. A Schottky barrier junction indudes a termination of the semiconductor

crystal, in which the exterior of the semiconductor material contains surface states due

to incomplete covalent bonds leading to charges at the metal-semiconductor interface.

A thin oxide layer can also exist between the silicon and the metal which the electrons

must tunnel through. This extra contact potential must be overcome before current

flows through the diode and therefore will also increase the knee voltage.

3.3.5 Power Consumption

The power consumption versus attenuation plots for the devices \Vith diodes

placed 4.25J.1m and 5.75J,Lm apart are shown in Figure 3-14 and Figure 3-15,

respectively.

Since the experimental devices have a series resisrance and knee voltage larger

than the contact potential, their po\ver consumption is much greater than the

theoretical calculation. Reducing the series resistance and knee voltage by the methods

discussed in the previous section can reduce the power consumption.
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•
Along with the series resistance and knee voltage, there are three main factors

affecting the device power consumption. These are the width of the intrinsic region,

the doping concentration of the P and N sections, and the active regjon length. These
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were discussed in section 2.4.4 of Chapter 2. The difference between the theoretical

curves and the experimental power consumption curves suggest that the devices were

longer than expected, and/or the intrinsic region was wider than expected, and/or the

doping concentration was heavier than expected, or a cornbination of these. Table 10

shows the relative change in power consumption with a change in these parameters at

an attenuation level of 15dB for bath intrinsic region widths.

Table: 10: Power consumption tolerance: analysis
-- - --_.. - --- --- - ---, - - --_.-.-----~._----------- ~_.- ,-, ',- -- ..._----~-- -~ _._~----

1 Parame/cr l-~A-~-,!!-~_-I~n-!-Ç-}-_f!.-!!-~~-d-__~~_-~-_.-.-__-__-_-.-_-_-_-_-~_ Lf}1Ii~~~~)_

llntrinsi~ ~egion Width _1. -0.2Jlm _1 -0.02

[Doping Concentration 1-30% ~ 1-_--Q-:9-_~-_-__-__- __-__.
1 Attel1:uation Region ~ngth 1 -lrnm [ -0.05

From these caicuIations it can be seen that the most critica! pararneter to control the

power consumprion is the device length, however as the length is increased the

attenuarion will increase as welle Reducing the series resistance and knee voltage by the

methods discussed will aIso kcep power consumprion low.

3.3.6 Response Time

The response rime can be modeled by a first-order low-pass filrer with a step

response [2]:

g(t) = u(t)ll-e-28
,t J 3.9

where Br is the 3dB electricaI bandwidth of the device and urt) is the unit step funcrion

which is 1 for t ~ 0 and 0 for t < o. The response rime tr of the device is defined as the

rime interval between g(t) =0.1 and g(t) =0.9. Therefore, if B,. is given in ~[Hz, then

the rise rime in nanoseconds is:

3.10

•
The 3dB band\vidth \Vas found by adjusting the driving frequency of the function

generator to find the roll-off in attenuation level as the frequency was increased. The

response shape is shown in Figure 3-18.
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Figure 3-18: Response curve of attenuator to a square pulse. The response rime, te, is measured
as the rime taken Cor the device 10 increase in attenuation level from 10% 10 90%.

The 3dB bandwidth was measured to be 1.3 ± O.OSNIHz for an increase in attenuation

level of 25dB. The level of 25dB was chosen since at trus level there is a sufficient

difference in aptical power level between the on state and the off state. This

bandwidth remained constant for input power levels ranging from 1 to 10m\V. Using

equation 3.10, these devices have a response speed of 269 ± IOns. Theoretical1y, the

speed of response is limited to the slowest carrier lifetime. The slowest theoretical

speed is the recambination lifetime at lo\.v carrier densities, which is 100ns as discussed

in Chapter 3. Therefore, the experimental devices have sorne irnpurities forming traps

or crystal defects causing scattering wruch increase the lifetime. This response time is

not expected ta change at higher power levels; however a heat sink or thermoelectric

cooler may be required as the number of photon-electron interactions increase.

3.4 Experimental Deviee Summary
In the analysis of these experimental devices, it is important to remember that

only the waveguide dimensions of the experimental devices were known \Vith sorne

precision; aIl other parametcrs \Vere either infcrred from physical rneasurernents or

performance characteristics. The doping conccntration was assumed ta be in the range

of lxlOIRIcmJ ta lxl021l/cmJ
; enaugh to give sufficient attenuation \Vithout excessive

off-state lasses. The intrinsic region \vidth \Vas only given as the CAO dra\Ving width

and not an exact measurernent. The device length \Vas measured by the length of the

rnetallization, ho\Vevcr this rneasurement is not certain since it is the doping which
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contraIs the length. The metallization could have covered more or less of the doped

section length than what was measured. Furthermore~ the two different intrinsic region

widths were fahricated on different wafers and it was unknown if or how the process

had changed between them.

AlI things considered~ the experimental devices did validate the theory

develaped in Chapter 2. Severa! important parameters were found that affect the

device's behavior~ such as careful facet preparation to minimize insertion losses. The

difference in attenuation level between the device with a 4.251.lm intrinsic region and

the device with a 5.75fJ.m intrinsic region showed that the attenuation increases with

decreasing intrinsic region width. The response rime was close to that which \Vas

calculated. The wavelength flatness showed the same characteristics as predicted by

the Drude modeL Overall~ the experimental devices did show that the PIN diode is a

feasihle device as an electronically controlled variable attenuator.
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4 Conclusions and Suggestions for Future Work

4.1 Conclusions ofResults

A free-carrier absorption attenuator was designed for [ow [osses and low power

consumption with the ability ta achieve high attenuation [evels. The theory developed

in the design of the theoretical device was challenged br the comparison of the

experimental devices' performance. Comparison \Vas difficuit since the exact

specifications of many of the parameters of the experimental devices was unknown.

Hawever, the results gained were usefui in proving the theary and gaining insight into

the challenges of experimental analysis.

There \Vere two main goals in the theoretical design of the free-carrier absorption

artenuator. Optically, the goal was to minimize off-state lasses incurred due to

geometry of the device. Electrically, the goal was ta minimize aff-state losses incurred

by the doped sections while maximizing the on-state attenuation characteristics and

minimizing power consumption. The maximum [oss budget was set at 1dB, the

minimum attenuation at 20B, and the maximum power consumption at 1\Y/.

Low-Ioss coupling from a small core fibre to a single mode waveguide was

achieved through the use of adiabatic tapers. The input and output sections were larger

than the single mode waveguide conditions wauld allow ta increase the coupling

efficiency between the small core fibre and the waveguide. Adiabatic tapers narrowed

the top waveguide ridge down such that the device \'lould opcrate single mode. A

300fJ.m linear taper resulted in the lowest loss of less than 0.006dB. By using tapers,

the total coupling loss was decreased from 0.74dB ta 0.34dB while still allowing single

mode propagation.
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• There were severa! trade-offs in the e1ectrical design. Loss due to free-carrier

absorption is at a minimum when the intrinsic region width is large, the active region

length is short, and the doping concentration of the P and N regions is low. On the

other hand, the attenuation level is maximized when the intrinsic region width is smalI,

the active region is long, and the doping concentration is high. Also, power

consumption is minimized when the intrinsic region width is small, the active region is

long, and the doping concentration is low. The dimensions were tailored to meet the

design specifications by reaching a compromise between insertion loss, attenuation and

power consumption. This lead to a final active region design having an intrinsic region

width of 7Jlrn, length of lem and doping concentration of 1018lem" in the P and N

regions. The optimal design is shawn in Figure 4-1 .

• (a) Top View (b) Side View

•

Figure 4-1: Rest device design for lW on·state power consumption, attenuation range of 20dB,
and off-state loss of IdB.

Facet preparation \Vas important ln reducing the insertion losses of the

experimental devices. It was found that the loss could he decreased on average hy

more than 1.03dB by AR coating the facets, and that polishing the end facets after

cleaving did not lead to any signjficant decrease in insertion loss. Gluing glass caps on

the top and bottom of the device resulted in easier handling during polishing, coupling,

and probing of the device.

\Vhen the calculated overiap integrals and experimental data pertaining to the

effect of changing the interface width with coupling loss was compared, it \Vas found

that the experimental and theoreticai curves followed the same trend. Both curves

showed that as the waveguide interface width increased, the insertion loss due to mode

mismatch decreased.
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The experimental devices verified that as the intrinsic region width decreased,

the insertion loss increased. The difference in insertion loss between the diode with an

intrinsic region width of 4.251J,m was on average O.2dB greater than that of the diode

\vith an intrinsic region width of S.75IJ,m. Theoretical tolerance analysis showed mat

the intrinsic region width and shape of the mode in the active region had the largest

effect on off-state losses. The critical parameter to control in device fabrication is the

doping process and etching of the centre rib.

The response time of the experimental devices was 269 ± IOns, close to the

theoretical rime of 100ns. The discrepancy could be due to the presence of impurities

causing traps or defects causing scattering, both of wrnch would slow down the free­

carriers and increase the response speed. If response time is critical, proper steps

should be taken during processing ta minimize defects and impurities.

Device attenuation was modeled using both the Drude model and the Soref model

of free-carner absorption. Since me Soref model gives a much higher attenuation with

a given injected current level and more accurately predicted the experimental results, it

was concluded that this model \Vas more usefuJ in determining attenuation with

injected current level.

Wavelength flatness predicted br the Drude mode! was tested in a qualitative sense

by the attenuation versus wavelengrh data of the experimental devices. The attenuation

increases with wavelength, and the slope of this dependency increases \Vith increased

injection current level. This showed that the Drude model is an important tool in

predicting attenuarion changes with wavelength and degree of wavelength flatness with

injected current level.

The attenuation characteristics of the experimental devices proved that the

attenuation level increased with decreasing intrinsic region width. The devices with an

intrinsic region width of 4.251J,m had an attenuation level on average of 10dB higher

than those devices with an intrinsic region width of 5.75fJ.m. Theoretical tolerance

analysis was also performed for the attenuation characteristics, and it \Vas found that

the critical pararneter to control in device processing is the etching of the ridge in the

active region since changes in the waveguide shape have the greatest effect on the

maximum attenuation level.
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The cunent voltage characteristics of the experimental devices showed the

presence of a series resistance and a contact potential. The series resistance can be

reduced by increasing the doping concentration of the P and N regions and/or by

decreasing the junction cross-section area. These changes7 however7 would lead ta

higher off-state loss and lower maximum attenuation. Both the series resistance and

the knee voltage increase the power consumption. Reducing these can keep power

consumption down.

The free-carrier bascd waveguide attenuator has many good characteristics which

makes it a promising candidate for many applications in optical communication

systems. Advantages include low PDL7 a powerless off-state and a fast response time.

Disadvantages are high power consumprion and wavelength sensitivity.

4.2 Suggestions for Future Work
The opportunity remains to carry trus work further. The optimal device design

arrived at in Chapter 2 could be fabricatcd and tested against the theory developed and

compared to the devices tested in this work. This would give better insight into the

effects of the device geometry since this would accurately he known. The cffect of

optical input power on device performance could be investigatcd; looking in particular

at operation under high input powers (> 1\V). Packaging and assembly considerations

as well as environmental testing would aIso be needed to determine if the attenuator is

a legitimate product.
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