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Abstract
This thesis investigates the topic of near-end crosstalk, applied to optoelectronic
integrated circuits (OEICs). It concentrates on long-wavelength indium phosphide
based devices, developed for telecommunications applications.
The first example OEICs are emerging which combine the functionality of transmitter,
and also receiver, on the same monolithic substrate. The inclusion of elements which
operate with such greatly differing signal levels brings with it issues of crosstalk
isolation which it has not been necessary to examine in such detail before.
The thesis examines a representative set of experimental OEIC transceiver chips of
varying complexity, each including an integrated laser, photo-detectors and waveguide
structures on a single chip. These are incorporated into module packaging, and used as
a vehicle to demonstrate the crosstalk mechanisms which are likely to be significant in
future OEIC realisations. Modelling is presented which predicts the behaviour of
particular crosstalk contributions in such modules, and this is used to compare with
detailed measurements of real OEIC devices. Design rules are discussed for the
production of OEICs with enhanced crosstalk suppression and OEIC designs for other
applications are examined for crosstalk susceptibility.
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A b b rev iatio n s

A R ............................................................................... Anti Reflection (optical coating)
BER

Bit Error Ratio

C P F S K .............................Continuous Phase Frequency Shift Keying (modulation)
CW

Continuous Wave (as opposed to pulsed)

dBeiec...................................... dB’s Electrical Power - i.e. 201og(Voltage or Current)
dBopt............................................................... dB’s Optical Power - i.e. lOlog(Watts)
DFB

Distributed Feed Back (laser)

DBR

Distributed Bragg Reflector (laser)

FET............................................................................................. Field Effect Transistor
FP

Fabry Perot

G aA s...................................................................................................Gallium Arsenide
G R IN

Graded Index

HEMT..................................................................... High Electron Mobility Transistor
H B T........................................................................ Heterojunction Bipolar Transistor
HHI

Heinrich-Hertz-Institut fiir Nachrichtentechnik

InP......................................................................................................Indium Phosphide
I /P ............................................................................................................................ Input
LASER..............................Light Amplification by Stimulated Emission of Radiation
L E D .............................................................................................. Light Emitting Diode
L /I ......................................................................... Light/ Current (characteristic curve)
L O .......................................................................................................... Local Oscillator
MESFET

MEtal Semiconductor FET

MMI.........................................................................Multi-Mode Interference (coupler)
MOVPE...........................................................Metallo-Organic Vapour Phase Epitaxy
M O S FE T ...............................................................................Metal Oxide Silicon FET
MQW.............................................................................................. Multi-Quantum Well
n

Semiconductor with n-Type Doping

n g ................................................................................................ Group refractive index
np

Phase refractive index

NRZ.................................................................................Non-Retum-to-Zero (coding)
O /P ........................................................................................................................ Output
O EIC.......................................................................Opto-Electronic Integrated Circuit
p

Semiconductor with p-Type Doping

P IC ............................................. Photonic Integrated Circuit (US version of ‘OEIC’)
p in ............................................................... p-intrinsic-n Semiconductor (Photodiode)
R ....................................................................... Responsivity of Detector (Amps/Watt)
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R F ........................................................................................................ Radio Frequency
R Z ............................................................................................ Retum-to-Zero (coding)
SA W

Surface Acoustic Wave (filter)

S C H .................................................................. Separate Confinement Heterostructure
SM SR............................................................................. Side Mode Suppression Ratio
SPICE..................................Simulation Program with Integrated Circuit Emphasis^]
S Q W ............................................................................................. Single Quantum Well
S 11 ................................................ Reflection parameter, from port 1 back into port 1
S 2 1 ......................................................... Reflection parameter, from port 1 into port 2
T JS

Transverse Junction Stripe (laser)

WDM......................................................................... Wavelength Division Multiplexer
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1 .1

Introduction

In recent years there have been rapid advances in fibre-optic communications. In
order to bring about cost and size reductions in optoelectronic circuitry, an area of
intense activity has been the development of optical circuits where different
components have been integrated together onto a single substrate. Such a circuit
might be located at one or both ends of a fibre-optic link which operates in both
directions. In such an instance, it would be desirable for a single circuit to perform
the functions of both transmit and receive. Thus the circuit would be capable of
supplying a light output into fibre in response to an electrical drive signal, and take
an incoming light signal and convert it to an electrical output; it would also be
required to separate the incoming and outgoing signals appearing on the single
fibre. Once transmit and receive elements appear on a single chip, the opportunity
arises for undesirable interactions to occur between them. It is the occurrence of
such interactions which is the subject of this thesis, as current design practice
optimises the performance of individual sub components on a chip, without
considering the action of one on another.
In a normal communications link, there will be loss en-route between transmitter
and receiver. This loss will vary between particular applications, but might be
typically from one to six orders of magnitude. For a simple communications link
with no amplification, this implies that the received signal will be one to six orders
of magnitude smaller than the transmitted signal. Thus, the inclusion of a transmit
element in close proximity to a receive element, when each is operating with such
different signal levels, imposes stringent design requirements in order to stop the
incoming signal being swamped by the action of the transmitter.
Fibre-optics has close links with microwave communication design and
applications. It is usual in microwave applications to divide transmit and receive
functions into separate compartments, on separate links; it is also often possible to
switch the receiver off while the transmitter is operating, and vice versa. Such links
are usually narrow bandwidth analogue channels, where each direction may be
operated in different parts of the RF spectrum, allowing spectral filtering to separate
the signals.
Some near-term fibre applications have been proposed as ‘two fibre', i.e. different
fibres for transmit and receive, and also ‘ping-pong’, or half duplex, that is, receive
and transmit alternate. Both of these options are disadvantageous for a network
provider; two fibre solutions require twice the number of fibres, connectors.
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splices, splitters etc.; half duplex requires greater modulation bandwidth than full
duplex, and also has network time delay disadvantages. For these reasons, a large
portion of applications for fibre-optic links demand operation on a single fibre for
two directions, and simultaneous operation of both these directions. They also
demand digital (and therefore wideband) data to be sent. Added to these general
requirements, is the desire to integrate transmit and receive functions in close
proximity, on a single chip. A comparison between microwave and fibre optic
requirements is summarised in Table 1.1.1.

Typical Microwave Application

Specific Fibre-Optic Application

Two Directions on Different Physical

Two Directions on Same Fibre

Channels
Separate Transmit and Receive

Combine Transmit and Receive

Compartments

Elements on One Chip

Narrow Band Analogue Signals Sent

Wide Band Digital Data Sent

(Single Frequency Decade)

(Multiple Frequency Decades)

Transmit and Receive on Different

Transmit and Receive on Similar (or

Frequencies

Overlapping) Frequencies

Transmit and Receive at Different Times

Transmit and Receive Simultaneously

Table 1.1.1:

Comparison between operational requirements for
microwave and fibre-optic applications

As can be seen from the table, each of these requirements makes isolating the
receiver from the transmitter harder, but it becomes important to do so to very
stringent degrees. Therefore each of the operational criteria placed on fibre-optic
links creates new demands upon device design which have previously been avoided
in other applications, and which have not been examined in detail in the published
literature.

It is for these stringent applications that this examination will

concentrate.
In order to illustrate why the interaction between transmit and receive elements, or
crosstalk, is important, it is helpful to give a system example.
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1.2

System Example

A system operating as described in Table 1.1.1, is shown in Figure 1.2.1 In this
example, simultaneous communication occurs in each direction, the two channels
being separated in wavelength - one in the 1300 nm window, the other in the
1550 nm window. Each is at a data rate of 622 MB it/s, and the optical part of
each termination is an OEIC, where the passive optical circuit is a wavelength
dependent multiplexer (WDM). This distributes the outgoing and incoming signals
into, and from, a single fibre with low loss, while exhibiting a high loss for the
unwanted channel at the other wavelength.

WDM

Connector
OEIC
5km

OEIC

Connector

—o -

WDM

1550 nm

Figure 2.1:

Example bi-directional fibre-optic system, with an

OEIC forming the terminations at each end of the link.

Examining one end of the link, the signal level received might be in the region of
-15 dBm, or 30 }xW. This would translate to 15 |iA photocurrent from the
photodiode into the receiver front-end, assuming 0.5 A/W photodiode
responsivity. It is then assumed for this application that a signal-to-crosstalk ratio
of 10 dBopt is acceptable, i.e. that a sensitivity penalty of 0.5 dB can be
toleratedi^’^’^l by the system - this means that in order not to impair the system
performance significantly, the crosstalk must be a factor of ten below the wanted
signal level. This, therefore stipulates that the crosstalk may not exceed 3 |xW in
the optical domain, or 1.5 |iA in the electrical domain.
Within the same transceiver module is the near-end transmit laser, operating at the
same time as the receiver. Assuming a symmetric system operation (transmit levels
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and receiver sensitivities the same at each end), the transmitter might be giving out
+3 dBm optical power, for a drive current of 60 mA. In order to meet the
crosstalk isolation requirements set above, there must therefore be an optical
isolation of 101og(3p.W/2mW), i.e. 28 dBopt, and an electrical isolation of
201og(1.5p,A/60mA), i.e. 92 dB^ec*

These figures have been taken from

Reference [5], where the example is explained more fully. This example is not
particularly stringent, and yet the isolation requirements are already at 28 dBopt and
92 dBeieci both of these are levels which would require a significant design effort
to achieve.
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Scope of Thesis

Crosstalk can occur in many ways within a system, including reflections from farend components, poor isolation between wavelengths in WDM components,
imperfect operation of non-linear system components such as semiconductor optical
amplifiers, and other implementation-dependent mechanisms. These are all defined
as F ar-E nd Crosstalk, and are not within the scope of this thesis as they do not
directly impact OEIC design.
This thesis deals with N ear-E nd C rosstalk for a transceiver OEIC chip. For
such a chip, interactions between transmit and receive elements may have the
following origins:
(i)

Electrical

(ii)

Optical

(iii)

Thermall^l

The first two will be examined here in detail. The third mechanism is discounted in
this analysis; it is assumed that the thermal time constants of the devices under
examination are long compared to the modulation data rate, and that, therefore, a
thermal steady-state will be attained.
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1 .4

O pto-Electronic In teg rated C ircuits (OEICs)

The idea of integrating several components with different functionality onto a single
substrate, is not new - it is already a well-proven technology for both silicon based
integrated circuits, and also on Gallium Arsenide.

The integration of opto

electronic components on a single substrate is a more recent development, which is
still in the research phase.
Why Integration ?
There are a number of reasons for the attention given to the integration of
optoelectronic components onto a common substrate. Broadly these fall into the
following:
(i)

Cost reduction - The need for separately aligned optical interconnections
between subcomponents is eliminated and the consequent precise
alignments required are reduced to one or two input/ output fibres,
reducing costly assembly time. Also the component can be produced on
a wafer with many others, reducing the processing time per component,
as demonstrated for electronic integrated circuits.

(ii)

Size reduction - eliminating bulk optics and the number of interconnects
between elements in an optical circuit reduces the overall size of the final
component.

(iii)

Performance improvement - the speed/ sensitivity of components is
found to be higher with driver/ front end components integrated very
closely to associated optoelectronic elements, gains most noticeably
being through reduced capacitance and inductance.

(iv)

Reliability - experience in the field of electronic integration onto silicon
has shown the integrated version of a complex circuit to be much more
reliable than an equivalent composed of many discrete devices. This is
expected also to occur in OEICs.

(v)

May solve specific technological problems; e.g. data 'bottlenecks' on
silicon chips where chip to chip interconnection would be difficult using
discrete techniques.

These general advantages have, however, to be balanced against the potential
disadvantages. Many of these are related to the increase in complexity of the
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component, requiring complex processing, and, at present, a possible reduction in
device reliability and yield through the higher number of device process steps.
There is usually a reduction in performance associated with transferring the design
of a component from the optimised material and physical design developed for the
discrete device, to a design which is suitable for integration with other devices and
common substrate material. The closer proximity of active components will also
have crosstalk implications.
There are alternative approaches to integrated optics/ optoelectronics, however. The
main competitor is the use of bulk fibred components, an approach which offers
optimised designs for each separate component, reasonably low loss connections
between elements, more mature technology and better defined device parameters.
Another approach which offers similar gains in circuit performance is flip-chip
solder bump technology!^!. Similar reductions in capacitance and inductance to
those predicted for OEICs are feasible using of flip-chip to join dissimilar
components together - in a receiver, for example, the photodiode and front-end FET
would each be optimised using suitable materials and designs, and then bonded
together in very close proximity.
S u b strate Types
OEICs (also called Photonic Integrated Circuits, PICs) are being developed for a
number of applications, including sensing, computing and telecommunications.
Taking the subject area of telecommunications, devices have been developed
experimentally using a variety of substrate types (see Figure 1.4.1), each having
particular strengths which make them more suitable for one application than
another. A summary of each substrate type is as follows:
P o ly m ers

Large investment to produce cheap optical backplane
connections; commercial exploitation likely in the near-term.
Devices will be passive in the near-term.

L ithium N iobate

Used for modulators and switches commercially, probably
not easily extended to other applications, interest may wane
in this area as no active devices likely.

S ilica

Another system suitable for cheap optical backplanes, with
the advantage of easy interfacing to fibre. Commercially
exploited for hybrid components (WDMs, Couplers)

III-V on Silicon

Active devices integrated with passive waveguides. Aimed
at optical connections between chips, careful choice of
device required to circumvent problems from large defect
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densities. Good concept, but may eventually only be useful
in niche applications.

G aA s

Large amount of interest, mature technology for electrical
devices, optically being developed for short haul, short
wavelength applications. Highest complexity integrated
optoelectronic devices produced on this substrate.

In P

Long haul, longer w avelengths, mainly optical and
optoelectronic components; integrated electrical devices in
their infancy. Large amount of work world-wide.

OEIC
PIC

S ensing

C om puting

Telecom m s

InP

Long
Haul

Polymer

GaAs

Short
Haul

Back
Planes

m-v

SUica

on Si

Back
Planes

Chip-to
-Chip
'Actives'

Figure 1.4.1:

Switching

Passives

OEIC development tree for telecom munications
applications
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Polymer

Lithium
Niobate

Silica on
Silicon

III-V on
Silicon

Splitter

#

Mirror

e

e
e
e
e
e
e
o

e
e
e

Filter
WDM

e
e
e
o
o

#
o
o
0
0
o
0

#
#
o
o
e
o

Modulator
Switch

#
c

e
o

e
e

e
#

#
e
e
e
#

#
e
e
e
e
e

e
e

e
e

Component

GaAs

In ?

#

e
e
#
e
e
#
e

• Optical Passive
Waveguide
Y-branch
Coupler

• Optical Active
LED

#

e
e
o

#

e

e

FP Laser
DFB Laser
Monitor Photodiode
Photodiode

e

Amplifier

#

e

• Electrical
Transistor/FET
HEMT

#

#

• Optoelectronic
Laser + Driver

#

e

Photodiode + FET
Photodiode 4- Receiver
# Exists, Referenced

T able 1.4.1:

e
e

e
#

O Probable, Not Referenced

Summary of components developed on each of the 6
substrates illustrated in Figure 1.4.1

Table 1.4.1 summarises the potential for the development of integrated devices on
each of the substrate types. It shows a picture of the status of each technology,
ignoring whether a given example device has been developed ‘on waveguide’.
Some devices have not been found in the literature survey, but in some cases there
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is no obvious reason why such a component should not be developed, and this is
indicated with unfilled circles in the table. From the table, it may be seen that the
integration of complex active devices which is examined later, will only be possible
using III-V materials. (This table has been taken from the Transfer Thesisl^l,
where the references from which it was constructed are given more fully.)
This thesis is centred on the development of OEICs for long and short-haul
telecommunications, making the most likely substrate encountered Indium
Phosphide. As will be seen, extensive work has also been carried out on Gallium
Arsenide for use at shorter wavelengths, but work in this area concentrates on
building large electronic circuits which have some simple optoelectronic
functionality, rather than complex optoelectronic circuits. This thesis therefore
concentrates on indium phosphide OEICs, but the principles discussed here are
general.
Substantial work has been undertaken for the development of integrated structures;
integration of transmitter and receiver on the same substrate, and the challenges
which arise, have not been examined in the literature. A general picture of the
breadth of communications OEICs on both gallium arsenide and indium phosphide
follows.
1 . 4 . 1 Gallium Arsenide
This material system is the most developed, with both extensive development in
electronics, and also the longest history of experimentation in active
optoelectronics. Lasers in this material system range in wavelength from 600
|im up to typically 900 |im, with a maximum of 1060 |im reported. (However
a hybrid GaAs/ InP system is reported attaining 1300 nm.) As can be seen in
from Table 1.4.1, a large variety of component types have been developed, in a
form which is suitable for integration.
The first paper examined here is a review paper of 1986

This is a famous

review paper by Wada which looks at the position up to that date at some
length. It shows one of the first OEICs, produced by Yariv's group in 1979,
which is a simple repeater shown in Figure 1.4.1.1, with both circuit diagram
and schematic diagram of the device.

-19-

Chapter 1:

Figure 1.4.1.1;

Crosstalk Concepts

Optical Repeater monolithically integrated on an
SI-GaAs substrate

No performance details aie given for this early device, although at the time its
existence would have been enough of a breakthrough. Were a commercial
device to have been made in this form, packaging would have been awkward
with up to three optical interfaces to be arranged, on differing axes; it does,
however, have the novel benefit of being capable of supplying two separate
fibres with the boosted signal, making this type of device ideal as an active
splitter. Bearing in mind the background to this discussion is crosstalk, a
repeater chip is a particularly suitable example for expounding the virtues of the
technology without having to face up to some of its bigger challenges.
The article then goes on to list by example the benefits to be expected from
integration in its maturity. These are given as: multifunctions on a single chip,
increased speed / reduced noise due to reduced parasitics, and the reduced cost
when used in a system from the reduced number of components / interfaces
required. This is then followed by a discussion of key components required for
integration, and the development being undertaken to make them suitable.
These key components are given as laser, photodetector and transistor, which is
indicative of the differing paths GaAs circuits and InP circuits appear to be
taking: GaAs structures seem to be predominantly electric circuits with the
addition of O/E and E /0 components coupling into free-space - showing the
advantage GaAs has of its suitability to support FETs, and its maturity as a
material system for electrical circuits. This also accords with the short distance
communication applications usually associated with shorter wavelengths. InP,
on the other hand, has had limited success as a base for good integrated
electronic devices, but is eminently suitable as a means for developing devices
which exploit the low loss windows of optical fibre. Thus the InP integrated
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devices reported up to the present time are concentrating on optical
functionality, with optical connections made with waveguides.
MESFETs are listed as being well established in GaAs, but in the InP system
they "cannot be used because of the low Schottky barrier height on n-type
material of this alloy system". (Since then another approach using AlInAs has
been reported to resolve this problem - see later). Heterobipolar transistors
(HBTs) are also reported as having been developed, with characteristics giving
high current driving capabilities making them suitable for integration with lasers
as drivers. It is also stated that the structure of the HBT is similar to that of the
laser, making processing more efficient. Additionally, the HBT is put forward
as a candidate for efficient photodetection. Following this examination of circuit
elements, an overview of integrated optoelectronic circuits is given. These
range from a GRIN-SCH SQW laser integrated with some driver circuitry and
capable of 2 GBit/s operation (Figure 1.4.1.2), to a selection of more complex
circuits.

Aw

n*'-GoAs
S I. GaAs SUB

Figure 1.4.1.2:

05 mm

An AlGaAs/GaAs laser/ driver transm itter

circuit, cross-section and photograph
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pHOcesseo
la s e r m irro r
IMTECRATEO
LASER
STRUCTURE

m
m

Figure 1.4.1.4 :

OEIC transmitter with 4:1 multiplexer

A transmitter is shown in Figure 1.4.1.4 which is the largest OEIC in
integration scale so far reported. This incorporates a transverse junction stripe
(TJS) laser with a micro cleaved facet and an ion-implanted MESFET circuit for
laser driving and four-channel signal multiplexing. In fabricating the structure, a
planarisation technique has been used with electrochemical polishing of the
over-grown crystal around the laser part. Operation of this transmitter at a clock
rate of 160 MHz has been demonstrated.
It is interesting to note also that reported in this reference are several works of
optoelectronic integration for wavelengths near 1300 nm using a hybrid GaAsP/
InP alloy system, and HBTs - this solution getting over the difficulties of
producing MESFETs in InP based systems. An approach is also reported
where a team have used an intermediate layer of high bandgap material (InAlAs)
within a InGaAs MESFET 'to solve the gate leakage current problem' on a
long wavelength OEIC based on SI InP. This has proved to be a satisfactory
solution to the problem, but looks unlikely to provide competition to complex
silicon circuits.
MSM detectors prove a popular choice for small scale integration with
following transistor amplifiers, with the following examples reported!
MSM detector / amplifier - 15 dB gain, 1.5 GHz bandwidth
MSM detector / amplifier / clock recovery circuit - 1 GBit/s operation, -22 dBm
sensitivity
MSM detector / amplifier - 2 GBit/s, ~ -20 dBm sensitivity
MSM detector / amplifier - 5.2 GHz bandwidth, no sensitivity quoted
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PIN detector / amplifier / 1:16 demux -1 GBit/s operation, -30 dBm sensitivity
quoted for 300 MBit/s
Photoconductor detector / amplifier array of 10 elements
[11] is a continuation of this theme, whilst [12] reports FP laser integrated in a
novel quarter circle' with a waveguide, and [13] an FP laser and a more
conventional straight guide. More interesting still is [14] which is the first
report found of a DFB laser/ waveguide (1992), and [15] which is the same for
a DBR laser (1991). These latter seem to indicate a shift in direction recently
for GaAs integration, with the development of single mode sources and
waveguide based devices. These newly reported devices follow some way
behind the same devices being produced in InP, where the single mode
operation has long been desirable for long haul transmission.
In summ ary, GaAs is the furthest developed material system in both electrical
circuit terms, and also in the development of short wavelength optoelectronic
devices. Work is shifting towards single mode operation of sources; a variety
of detectors are being reported, integrated with whichever type of transistor/
FET is most convenient. Activity in the area of GaAs integration is still strong,
and shows the most promise for full integration of complex optical and electrical
circuits.
1 .4 .2 In d iu m Phosphide
This area of OEICs is predominantly aimed at longer wavelength operation long
haul applications where the intention is to exploit the low loss and low
dispersion windows in optical fibre of 1300 nm and 1550 nm. Waveguide
interconnections are used more often in these applications, and the bandgap is
suitable for active optoelectronic devices. However, less success has been
achieved with the production of competitive drive transistors on-chip, or other
relevant active electronic components.
Two approaches are evident in the processing of the reported OEICs. The first
approach, used by Caswell, is to have a number of growth steps in the
production of a given OEIC, allowing a flexible design, and consequently a
high performance. The penalty for having these extra growth steps is a possible
reduction in device reliability. The second approach, used by AT&T, is to limit
growth to one step only. This means that device design must reflect this, and
compromises in performance be expected.
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Work at Bell Labs is reported in a paper describing an OEIC designed to
produce short, high power pulses as a driver for non-linear fibre
experimentsB^l. The OEIC is composed of a strained layer multiple quantum
well (DBR) laser and associated grating, a mode expanding waveguide region,
an amplifier, and another mode expanding waveguide region (See Figure
1.4.2.1)

HR coating

________

AR coating

lateral _____________
AME

la se r

\

am plifier

vertical
AME

Figure 1.4.2.1 : Schematic top view of laser-amplifier OEIC
(AME = Adiabatic Mode Expansion)

This OEIC is reported to give a peak of 590 mW of optical power in the 1.5 |im
band, at a repetition rate of 6 GHz. As stated, it contains an amplifier and a
DBR laser.

This latter has the attraction for this experiment of having

separately controllable regions, allowing the necessary gain switching; in the
wider context, the DBR structure, along with the DFB structure, is readily
adapted to integration with a waveguide, not reliant totally on facet derived
feedback, and also has the advantage for medium to long haul communications
of being single moded under normal conditions. One point is made however,
particular to this type of circuit configuration - this circuit is very reflection
dependent as unwanted light in the reverse direction undergoes amplification
before arriving at the laser element. This raises a drawback of the DFB/ DBR
laser, that of a sensitivity to reflections not present at anywhere near this level in
Fabry-Perot designs. However, there are some direct detection applications
which would not be affected by any linewidth increase or mode / wavelength
hopping which might arise as a consequence.
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In another Bell papeH^^l, Alfemess describes a 'vertically coupled buried rib
waveguide filter' which is composed of two InP waveguides which are
configured to allow coupling between them in a wavelength selective manner.
This is achieved by growing a grating between the two guides, and this
provides the selective nature. This is accomplished by growing the grating
above one guide, and growing the second guide above that, making the device
non-planar. This has presumably been done because it is very difficult to
fabricate structures which have complex height profiles - the configuration used
here allows a similar grating structure already common in the growth of DFBs,
which is simple to grow.

U P P E R RIB
WAVEGUIDE

Figure 1,4.2.2:

Grating assisted vertical coupler filter with

InGaAsP/InP buried rib waveguides
However, the dissimilar levels of the output guides would seem to be a
disadvantage; level changes are likely to be required in an optical circuit, and to
achieve these, either difficult vertical processing is required, or another coupling
through a double-decker structure a second time to regain the original plane.
This latter might not be too costly, as in-band loss is quoted as being only
slightly over 1 dB, and optical interconnections might then take on the flexibility
obtainable from a multi-layer PCB. Caswell chips produced to date have all
been in one plane making routing of paths less flexible, but making I/O
coupling more straight forward than would be expected from the device in
Figure 1.4.2.2.
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Next is a review papeH^^i of some renown written in 1991 by Koch and
Koren, again of AT&T Bell Laboratories. An interesting point brought out at
the end of this paper is one salient for the OEICs investigated in the rest of this
thesis - that of the midpoints within the optical circuit being inaccessible to
external observation.

It is suggested that 'judicious use of amplifiers as

detectors', and detector structures which become transparent when forward
biased, 'can serve as a useful diagnostic'.
Among the examples given of advanced OEICs, three are illustrated here - an
integrated DEB laser / modulator, a receiver for coherent use, and a 4 channel
integrated WDM source. Considerable design and fabrication detail is given in
the paper which will not be reproduced here, where the intention is rather to
show the complexity of OEICs achieved.
(i)

D FB/ E lectro ab so rp tiv e M o d u lato r (Figure 1.4.2.3) - This is a

sensible choice of components to combine for applications such as coherent
links where a very high data rate is to be employed; the normal large frequency
excursions known as chirp which are seen when a DFB laser is directly
modulated, are avoided by leaving the laser to provide a good quality single
mode carrier, and modulating this light externally with the integrated modulator,
this particular OEIC has been produced by Fujitsu, and is claimed to exhibit
'very low chirp under 10 GBit/s operation with fibre-coupled outputs of several
mW and -10 dB extinction with only 3-5 Volts.'

burying loyer

F igure 1.4.2.3:

In te g ra te d DFB laser/ e lectro ab so rp tio n
m o d u lato r on In P
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M QW Balanced H eterodyne R eceiver (Figure 1.4.2.4) - This is a

complete coherent receiver on one chip; an incoming signal is combined with a
tuneable DBR derived local oscillator signal, mixing then occurring on balanced
photodetectors (these last being used to reduce LO noise effects). Results are
given for a 108 MBit/s link and a 200 MBit/s link, both achieving ICf* BER for
2^3-1 pseudo random NRZ coding, with the faster case having a receiver
sensitivity of -39.7 dBm.

This compares with a receiver sensitivity

approaching -60 dBm for similar discrete systems, indicating that either the
integrated LO power is low (possibly explaining the lack of a quoted figure for
this) or that the overall chip/ coupling loss is high. See also the HHI work
which is described later.

z e ro -b iQ S

MQW lAfOveguide
/

d e te c to rs

\

directional coupler
AK sw itch

partially tran sm ittin g
front B ragg section
MQW g am sectio n

m

p h a s e s e c ti o n

h ig h reflector
back B ragg sectio n
se m i-in s u la tin g la y e rs
b u rie d rib

semi-insulGting-clod
p a s s iv e guide

F igure 1.4.2.4:

sem i-in su Iatin g blocked
b u rie d h e te ro s tru c tu re
MQW-OBR w aveguide

M QW B alanced H eterodyne R eceiver O E IC on
In P

(iii)

4 C hannel W DM Source O EIC (Figure 1.4.2.5) - This comprises

four independently tuneable DBR lasers, passively coupled together into a
single amplifier structure, from which the output coupling is performed. This
OEIC is included here for a number of reasons. Firstly it is a promising
candidate for exploitation, providing a compact source of WDM channels;
secondly it appears to perform well, with 2 GBit/s operation of each channel
reported; thirdly and almost uniquely amongst the published literature, crosstalk
is mentioned as being a problem.
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amplifier electrode

possiw» waveguide
combiner
ARcooting
Brogg-6
Bragg-3
Brogg-2

Players

Brooo-1
Loser-6
L o ser-3

LaserLoser-1

P layers
S I b l o c k i n g la y e r #

Q

stocli
13 Q waveguide
n -ln P # u b # tro te

Figure 1.4.2.5:

H R .coating

4 channel WDM source OEIC

This latter point of crosstalk between channels is illustrated in a figure which is
reproduced here (Figure 1.4.2.6). Here the coupling between the four lasers,
which share a common substrate is examined over a range of data rates. The
common substrate WDM source is shown to have an inter-element crosstalk
ranging from -45 dB to about -20 dB, with occasional excursions to worse then
-5 dB. This is not attributed in the article to a particular mechanism. The text
points out that the penalty on transmission is small, and that with 'some simple
design improvements [the crosstalk] could be reduced to inconsequential levels
for digital transmission’.
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la s e r 3 m o d u la te d , la s e r 2 cro sstalk

25
frequency,G H z

la s e r 2 m o d u la te d , lo se r 3 crosstalk

25
freq u en cy , GHz

Figure 1.4.2.6:

Crosstalk between channels of WDM source
OEIC

A good overview of progress up to 1992 in long wavelength OEICs is given
in [19], and the following article [20] from the same volume, which is centred
on interconnects but gives a good overview of packaging and other related
issues for OEICs.

.OJ

—
Pi

Ouiput
Sagt

F ig u re

1.4.2.7:

Schematic diagram of OEIC pream plifier circuit

O f recent work, two papers are of particular interest. One reports development
by Alcatel of a straight-forward one-step growth DFB laser and integrated
monitorial], capable of operation at 10 GBit/s. This is very similar to work at
Caswell which provides the background to this thesis. The second reports the
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development of an integrated photoreceiverl^^l. This is closer to the work on
GaAs, where work has, until recently, concentrated on the electronics rather
than optics - in this case the pin is top entry (i.e. not integrated with a
waveguide), but substantial following circuitry is incorporated (Figure
1.4.2.7). The operation of this receiver is impressive, with -18,6 dBm (BER
10'^) sensitivity at 5 GBit/s being reported.
In direct comparison with the previous work at Caswellt^^^t^'^^f^lf^^lf^^^ the
most impressive work to date has been reported by HHJl^^l. This team has
been working for some time on a fully integrated polarisation diversity coherent
receiver OEIC, which has now been realised. This complex OEIC is 9 mm
long, and contains the following subcomponents: DBR laser, polarisation
splitters, polarisation rotators, polarisation filters, photodiodes, FETs and bias
resistors. This is constructed on an n substrate, but uses iron doped semiinsulating waveguides. A schematic showing the circuit is given in Figure
1.4.2.8. Good performance of all subcomponents is reported, with 680 GHz
tuning of the LO and 50 MHz linewidth measured. This OEIC is important for
the subsequent discussions for a number of reasons; firstly, it mixes complex
waveguide optics with simple electronics; secondly, it uses insulating
waveguides; thirdly, it is a considerably more complex OEIC in both design and
processing, than are under investigation in this thesis, although it is intended for
a less arduous application in crosstalk terms.

Detector unit

TM
TE

Signal fibre

F igure

1.4.2.8:

Pol diversity
network
Polarization
rotator
Tunable laser

Schematic diagram of complex coherent
receiver OEIC
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In sum m ary, considerable investment is being put into producing opto
electronic devices integrated with waveguides to produce active circuits. Work
concentrates on exploiting the longer wavelength windows in monomode fibre,
to enable long-haul links to be established using integrated technology.
Historically work on GaAs concentrated on electronic circuits and the minimum
of optics, and work on InP concentrated on optics, with minimal electronics.
This division remains true (1994), although the two are drawing together
slowly - an 80 transistor OEIC has been reported on InPO^l, and DBR lasers
have been reported on GaAsOSl.
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1 .5

OEICs and Crosstalk: Literature

The subject of crosstalk has not been examined widely in the context of OEICs.
The most significant publication in this area is the thesis of a worker at Siemens
laboratory in Munich, Gerhard Heiset^^l. This laboratory is a partner in the
programme which is funding the development of the example OEICs used here, and
is researching similar devices. The work described in the thesis does not cover the
same ground as is given in subsequent sections, partly because it is only within the
last few weeks that their version of the integrated chip has become availablel^®!.
There is, however, some common ground and this is of enormous value in
comparing results which I have obtained, with extrapolated results from this
worker. These will be detailed in Chapter 5.
Earlier work is confined to either arrays of similar components, or crosstalk in
receivers. A good example is [31], where modelling is described of a pin array. In
this paper, modelling shows that the most significant coupling features are the feed
tracks to the array, and this is directly relevant to the discussion of Chapter 5. It is
from this paper that Heise derives his equivalent circuit model which will be
discussed later (Section 5.6). This theory paper claims to be followed by a second
part which reports practical results, but to my knowledge this was never published.
A footnote to this discussion comes with a recent paper from the University of
Twente, The NetherlandsU^l. This group are working on devices where a
photodiode is integrated with a front-end MOSFET and bias resistor. In this
publication they report observing the behaviour of the following circuit change due
to light impinging on the photodiode, generating interfering currents in the substrate
which affect the circuit. They tackle this interference using a biased guard ring
around the sensitive FET (for further discussion on guard rings, see Section 6.2.6).
This aspect of crosstalk is not examined in the subsequent chapters, as the
discussion is confined to circuits without integrated electronics.
Discussion of electrical crosstalk applied to other subject areas may be found in the
following papers: In bus lines [33], printed circuit boards [34], and in CMOS
circuits [35].
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Changes D uring Study

Work on this PhD started in 1991. At that time, GMMT was producing transceiver
modules which contained integrated chips which were intended for bi-directional
operation in several systems, at data rates from 20 MBit/s to 622 MBit/s. These
chips contained a DFB laser with integrated rear-facet monitor, along with passive
components such as waveguides, couplers and WDM devices. Transmission was
accomplished using the on-chip laser, whilst reception occurred by the OEIC
separating off the relevant signal and directing it to a discrete photodiode located
several millimetres away. Subsequently, these same chips have been used as a
basis for the example chips examined in this thesis, with the addition of integrated
photodiodes. Throughout this development, as with the developments world wide
on integration, the subcomponents have been optimised for their individual
performances, with little attention given to how they will interact when placed
together.
Throughout this period, little has been published on crosstalk. It is obvious from
the literature, however, that very few laboratories are tackling fully integrated
transceivers.
In summary, OEICs have continued to develop during the period of this study, but
the way that they are designed has not, with little attention paid to inter-component
interactions. The results of the forthcoming chapters prove that this approach is not
valid for OEICs which contain both a laser and a signal detector for incoming
signals.
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Outline of the Thesis

Having set the scene for OEICs, the remainder of this thesis will demonstrate the
relevant crosstalk issues in the following manner: The next chapter will describe
the set of OEICs which will be used as examples and identify the critical crosstalk
mechanisms for such chips. The next chapter will describe modelling of these
contributions, and make predictions for the levels of crosstalk which will be
expected in a set of experimental modules which contain the example chips.
Results are presented in the following chapter for such modules, giving both
system performance, and detailed crosstalk analysis. The results and predictions
are then compared, and the modelling revised in the light of knowledge gained from
the measurements. The next chapter examines methods for reducing crosstalk by
revising OEIC design, and the following one draws conclusions from the work
presented.
Chapter 2 will introduce the specific OEIC designs which are used to demonstrate
many of the ideas associated with near-end crosstalk, and its suppression.
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2. Origins of Crosstalk
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2 .1

Introduction

In order to illustrate the issues surrounding the subject of crosstalk, a set of indium
phosphide OEIC chips will be studied in detail. These chips have been designed to
operate as one end of a fibre-optic communications link, under the conditions of
Table 1.1.1. This section has the following aims:
(i)

To place the transceiver OEIC in context as one end of a fibre-optic
communications link

(ii)

To describe the OEIC chips which have been examined

(iii)

To describe the building blocks from which these chips are constructed

(iv)

To describe the likely crosstalk mechanisms which might be expected
for such chip designs

Coverage of these topics will give an understanding of the context within which the
OEIC chips are designed to operate, and lay the foundations for more detailed
crosstalk analysis in subsequent chapters.
2 .2

OEIC Sub-Components

The transceiver OEIC must perform several basic functions in order to operate as
one end of a communications link of the type described in Table 1.1.1. It must
generate light in response to an incoming electrical signal; it must be capable of
detecting incoming light and converting it into an equivalent electrical signal; it must
allow both of these functions to occur on the same single fibre. From these
requirements, it is clear, therefore, that in addition to transmit and receive elements,
the OEIC must provide a method of combining the incoming and outgoing light
signals, with minimal loss. Before describing the OEIC chips used for the
experiments and analysis, it is logical to describe the building blocks from which
the chips were constructed. The intention is to give enough detail to make
discussion on mechanisms possible in subsequent chapters. The detail given is not,
however, intended to be exhaustive, and does not form a series of growth recipes.
The main elements used in these chips are as follows:
(i)

DFB Laser

(ii)

PIN Photodiode

(iii)

Waveguide

(iv)

3 dB Waveguide Coupler
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Some versions of the chip types also contain a WDM componenti^^H^^l, but this is
constructed from two 3 dB couplers, and therefore in processing terms is identical.
For the discussions which follow, it is only necessary to describe the active
components and waveguide in detail. A generalised picture of the active end of a
Caswell OEIC is shown in Figure 2.2.1. In this example a DFB laser is placed
next to an on-waveguide photodiode, to provide an on-chip bi-directional
capability. Each device would then be connected to the passive optical circuit which
connects them together, and to the outside system.
250

ii
250

Laser

250 - 500

Photodiode

150

Figure 2.2.1:

Active end of generalised OEIC chip, showing

subcom ponents which will be described in the following sections.

2 .2 .1 General OEIC Construction
The substrate material for this type of OEIC is iron doped semi-insulating (SI)
indium phosphide. This is bought in wafer form at -400 |im thickness, and
subsequently thinned down to -1 5 0 |im for later ease of cleaving of the
finished devices from the wafer. The raw InP then has a buffer layer of n+ InP
grown onto it, to provide a suitable base for subsequent growth. On to this
buffer layer are deposited the other layers by Metallo-Organic Vapour Phase
Epitaxy (MOVPE); selective areas are removed by wet etching, following the
design pattern having been applied by the exposure of spun photoresist to UV
through a chrome-on-glass mask.

2 .2 .2 The DFB Laser Subcomponent
The type of systems for which these OEICs were designed require an optical
source with a narrow linewidth, single moded output. This suggests a DFB
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laser source as being a suitable component, and this design also has the
advantage of not being reliant on etched facets for feedback - a significant factor
when integrating such a device with an output waveguide.
The particular design chosen for these OEICs is shown in Figure 2.2.2.1. This
shows sections through the device shown as ‘1’ in Figure 2.2.1. Subsequent
analysis make use of the electron mobility and carrier concentration for the
constituent materials, as well as the device dimensions, and these are given in
this, and following Figures.

Overgrowth
1.5
0.25
0.15

0.6

InGaAs P+
InP P Type
InP
1 .1 5 0

0.45

InP

0.6

0.6

N+ InP Buffer
150

Senii-Insulating (Fe) Doped InP

250

Key:

Distances in p.m unless stated
✓"cSrier concentration
v ^ e le c tro n mobility

Figure 2.2.2.1:

/cm^3
cm‘^2 / V / Second

DFB laser structure on SI substrate used in the
example OEICs

This device is a buried ridge DFB laser which is coupled to the output
waveguide by a butt joint. A cross section through the device is shown, with
an inset showing the ridge dimensions (top left). This is processed as follows:
Over the n+ buffer layer, the layers of the laser are grown over the entire wafer.
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The areas which will become the laser are then precisely masked off whilst the
remaining material is removed by etching. Following this another growth is
made to put the waveguide layers over the remaining wafer area, and also the
layers which will become the photodiode. These photodiode layers are then
etched away down to the waveguide layers except in the specific area where
they are required.
Surrounding each of the pads of the DFB laser is an etched slot which is
designed to electrically isolate the pad from the surrounding material (‘2’ in
Figure 2.2.1). This is illustrated in more detail in Figure 2 2 . 2. 2 . In order for
current to flow from the pad to the surrounding material, it must pass down into
the iron doped substrate, along and up again into the more conductive upper
layers outside the pad area.

5-10
-►
InP

Regions
surrounding
etched slot

u
15oT

InP
N+ InP Buffer
Semi-Insulating
(Fe) Doped InP

Dimensions in p.m

Figure 2.2.2.2:

Details of the etched isolation slot which is used

for electrical and optical isolation in example OEICs

2 .2 .3 The Photodiode Subcomponent
The photodiode structure (‘3 ’ in Figure 2.2.1) is illustrated in Figure 2.2.3.1.
Light is guided under the structure in the darker shaded region of the diagram.
Above the waveguide are a series of layers which are designed to act as a block
to dc current, by forming a back-to-back diode structure. The upper of these
layers also forms the n contact layer of the detector. Above this is the detection
region of InGaAs, and the p contact region. Guided light propagating through
the shaded region has an evanescent tail which extends up into the InGaAs
detector layer; this is absorbed, giving photocurrent,
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InGaAs

5 X 10^17

100
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1.3 Q P-Type
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10*15
5 -1 0 ,0 0 0

10*15
5 - 10,000
X 10*18

N-f- InP Buffer
Semi-Insulating (Fe) Doped InP

10*9 î î c n O
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c o n c e n tra tio n ^ /cm*3

v » ^ e ^ t r o n m o b i l i t y ^ cm*2 / V / Second

Figure 2.2.3.1:

On-waveguide pin photodiode stru ctu re used in
example OEICs

2 .2 .4 The W aveguide Design
The waveguide layers extend over the majority of the OEIC (‘4 ’ in Figure
2.2.1). The local guiding action is caused by the etching away of material in
regions other than along the required path, leaving a ridge as illustrated in
Figure 2.2.4.1. This increases the effective index of the upper layer in this
region, causing the mode to be confined there preferentially.

2.6

0 .4 5

10*15
5 -1 0 ,0 0 0

Figure 2.2.4.1:

InP
1.15 Q InGaAsP
InP

0.6

The ridge waveguide structure
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Chip Types

2 .3

The current OEIC wafer reticle design includes circuits for the WDM project
demonstrators and a number of other related circuits to assist inthe crosstalk
analysis. Five varieties of OEIC chip have been examined, which are designated as
follows:
(i)

‘WDM’ chips for wire-bonded implementation

(ii)

‘WDM* chips for solder-bump implementation

(iii)

‘Volks’ chips

(iv)

‘3 dB’ chips

(v)

‘Test Structure’ chips

These are shown schematically in Figure 2.3.1, and are described as follows:

M

L
3dB
1.3 det

u —
1.5 det

dummy det

□—

WDM

WDM

□

M

Volks

WDM
1.5 det
M

L
3dB
,

det
M
M

L
L

3dB

[ r

— n ---------------n --------------n —
det
det
‘-'d e t
i—1 det
LJ

Figure 2.3.1:

|—1

LJ

det

Test
i—|det Structure
LJ

The OEIC example chip types
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These are the full functionality OEIC chips,

intended for incorporation into the project module demonstrators. The design
allows the chip to function as a telephony transceiver at 1300 nm, whilst also
allowing a broadband overlay to be received at 1550 nm. These chips have been
processed as part of two sub-batches, to produce a version for conventional
wirebond connection (an example chip is shown in Figure 2.3.2), and a second
version for flip-chip solder-bump bonding into an alternative module design. These
chips have been measured extensively, and form the baseline to which the other
module designs (iii to iv) are compared. A fully engineered module containing a
wirebonded WDM chip (Type (i)) is shown in Figure 2.3.3, and a specifically
designed module for the solder bump WDM chip (Type (ii)) is shown in Figure
2.3.4.
Volks C hips (iii):

The functionality of these chips is similar to the WDM

chips, with the omission of the 13(X) nm incoming channel. The chips are included
in this analysis because they have an added test feature of an extra photodiode,
which is placed symmetrically about the laser output axis, but is unconnected to the
optical circuit. This is intended to allow diagnostic analysis of electrical crosstalk
and any scattered optical contribution. Such a chip is shown in Figure 2.3.5;
examples of this chip were tested in non-optimised packaging, similar to Figure
2.3.7.
3dB C hips (iv):

Transmission from these chips is at 1300 nm, with

incoming light at any wavelength. These simple chips have the operational
disadvantage of a 3 dB loss on transmit and receive channels, and no wavelength
selectivity. For crosstalk analysis, these chips have no anti-reflection (AR) coating,
which gives an opportunity to examine the contribution of the facet reflection to the
induced crosstalk. An example chip is shown in Figure 2.3.6, and a packaged
version is shown in Figure 2.3.7;

this packaging was not optimised for

electrostatic crosstalk, but allowed low frequency testing to be carried o u t
T est S tru ctu res (v):

These are composed of a laser, with an output

waveguide, on which three detectors are placed at different points.

This

configuration is repeated in an identical adjacent circuit, running parallel (see chip
photograph shown in Figure 2.3.8). This design provides an opportunity to
examine the scattered light from the facet of one laser, into adjacent detectors which
are not optically connected to that laser.

Example chips were mounted in

customised packaging, as shown in Figure 2.3.9.
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Figure 2.3.2:

Photograph of the WDM OEIC Chip (Type (I))
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Photograph of the W ire Bonded WDM Module
(Type (i))
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Figure 2.3.4:

Photograph of the Solder Bump WDM Module
(T ype (ii))
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F igure 2.3.5:

Photograph of the Volks OEIC Chip (Type (iii))
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F igure 2.3.6:

Photograph of the 3 dB OEIC Chip (Type (iv))
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F igure 2.3.7:

Photograph of the Volks and 3 dB Chip Packaging
(3 dB Chip Shown)
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F igure 2.3.8:

Ori/^ins of Crosstalk

Photograph of the Test Structure OEIC Chip
(T ype (v))
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F igure 2.3.9:

Origins of Crosstalk

Photograph of the Test S tructure Customised
Packaging
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2 .4

Crosstalk Types

Having set the scene, it is now useful to examine each of the potential crosstalk
contributions in turn. The important crosstalk mechanisms for an OEIC chip can be
divided into four categories, two of them electrical in origin, two optical:
Electrical contributions:

(i)

Electrostatic Coupling

(ii)
Optical contributions:

Electrical Conduction

(iii)

Optical Reflected (Guided light)

(iv)

Optical Scattered (Unguided Light)

In the following sections, each will be introduced.

2 .4 .1 Electrostatic Coupling
This mechanism derives from the movement of charge in one part of the module
inducing movement of charge in another part of the module. It can therefore be
described either as electrostatic or electromagnetic coupling, and for this thesis,
‘electrostatic’ will be used. Under normal drive conditions of the laser, there is
an AC signal current flowing in the region of tens of milliamps. The feed tracks
to the OEIC, the bond wires, and the laser, all act as aerials to this drive signal,
coupling power across to the equivalent layout on the receiver side.
Electrostatic coupling is frequency dependent, increasing with increasing data
rate. For a given system, however, there is a counter effect, of decreasing
receiver sensitivity with increasing data rate. This means that the crosstalk
requirement becomes less arduous as the data rate increases.
Modelling of this contribution would ideally be carried out using a full 3dimensional electromagnetic device solver.

An alternative is to use an

equivalent circuit model, where the coupling between tracks and wirebonds is
represented by electrical equivalents.

2 .4 .2 Electrical Conduction
Unless special steps are taken, the material from which the OEIC is made
provides a conduction path between devices. This is not a particular problem
for laser arrays, or receiver arrays, where sensitivity to interference is less
marked. For the case of a transceiver module described here, the wanted signal
at the receiver is many orders of magnitude below the drive signal of the
transmitter, and therefore the degree of isolation must be very high.
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Two approaches are possible in combating conduction crosstalk. One is to
provide very high degrees of isolation between active components on the chip.
The other is to common one end of all of the active components together,
providing a common earth approach. The latter approach relies upon one end of
all active devices being connected to a perfect ground, unable to float
independently - and therefore unable to transfer crosstalk.
Modelling of this contribution can be achieved by use of an equivalent circuit
model, where the semiconductor layers are represented by electrical
components.

2 .4 .3 Optical Reflected (Guided Light)
With the requirement of single-fibre operation, at some point in the optical
circuit, transmit and receive branches will meet. The possibility then occurs that
transmitted light may be reflected by features further on in the optical circuit,
and reflected into the receive port as genuine signal. These features may be
internal optical components in the circuit, the edge facet of the chip, or even
reflections behind the chip, such as the end of the interfacing fibre.
Components closer to the point where transmit and receive branches meet, are
more critical, as the power is higher nearer to the laser, and the path loss lower
to the photodiode. This makes the common point of connection particularly
sensitive, as this is the lowest loss route from laser to photodiode. In addition
to the reflectivity of the combining component (3 dB coupler, MMI coupler,
WDM etc.), the return loss of following components is significant, as is the
facet reflectivity.

2 . 4 . 4 Optical Scattered (Unguided Light)
In addition to light which forms part of a guided mode of the waveguide, there
are two sources of light which do not: spontaneous emission from the laser,
and unguided coherent light. This light is not confined to the route ways of the
optical circuit, but propagates through the semiconductor substrate.
As this type of crosstalk arises mainly from processing variations and other
random features in the OEIC, it is challenging to model. Laser spontaneous
emission may be estimated, and order of magnitude calculations of the impact
on crosstalk may be made.
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Summary

This chapter has described the functionality and composition of the different OEIC
chips which will be examined in subsequent chapters. It has also introduced the
main mechanisms of near-end crosstalk in transceiver OEICs. These are the
mechanisms which I have identified as being important for the general case of a
transceiver OEIC. Later chapters will examine these mechanisms in detail for the
example chips used in this thesis, and show that such contributions pose a serious
problem for the design of future OEICs.
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3. Modelling of Crosstalk In OEIC Chips
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3 .1

Modelling o f Contributions

Introduction

In order to design an OEIC module which can provide the high degrees of optical
and electrical isolation required between receive and transmit sections, it is
important to be able to predict the likely magnitude of the crosstalk contributions
which may be presentP^l. Each of the contributing mechanisms requires a different
modelling approach, each of which may be applied genetically to OEICs, and are
not specific to the examples chosen here.
The modelling described in this section is directed at the most complex chip of the
set, the WDM OEIC, and is intended to predict the magnitudes of each crosstalk
contribution which will be present in the experimental OEIC modules. Each
mechanism will be examined in turn, giving the assumptions which have been
made, and describing the method in detail, including estimates of device
characteristics which have been used, results are presented for each of the
mechanisms, and summarised at the end for the system example of Chapter 1.
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Electrostatic Coupling
3 .2 .1 Introduction
Electrostatic coupling between structures is frequency dependent. Its magnitude
is dependent on upon physical geometry’s, and is generated from the rising and
falling edges of signals, appearing as spikes on the crosstalk signal.
In order to examine the electrostatic coupling between the transmit and receive
segments o f the OEIC, the module as a whole must be examined, and for this
analysis, it is useful to refer to Figures 2.3.2 and 2.3.3 for the m odule
configuration.
In order to perform an accurate analysis, ideally a full 3-D electromagnetic
solver would be used. Other options for such an analysis are to use a 2-D
solver, or to use an equivalent circuit approach. In the absence of a full 3-D
electrom agnetic solver, both of the other options have been examined, as
detailed below.
Early attempts at examining the electrostatic crosstalk used a model based
around the software package NEC (Numerical Electromagnetic Code), which is
predominantly a 2-D antenna m odelling package. This approximated the
problem as thin wires, but required the w avelength o f operation to be
comparable to the length of the features of interest^^l; as this condition does not
hold for the current situation (wavelengths 100 m to 30 cm, feature lengths
around 10 mm), the modelling failed to converge.
This leaves the equivalent circuit approach and this m ethod was used
extensively for the crosstalk analysis which follows. For the electrostatic
crosstalk contribution, a model has been developed using SPICE. (SPICE is a
computer program which allows models of electrical circuits to be constructed
from library elements such as resistors, capacitors, inductors and diodes.) This
modelling assumes that the behaviour of complex semiconductor devices can be
predicted by equating such structures to networks o f electrical components.
W ork of this kind has been carried out successfully beforel"^®!; while this is
demonstrably true, the critical features o f any such model are choosing the
correct equivalent circuit network, and making representative estimates for the
component values.
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For the construction o f a model o f the W DM module examined here, three
sections may be assumed to take part in electostatic coupling:
(i)

Feed tracks

(ii)

Bond W ires/ Solder Bumps

(iii)

Active Device Structures (i.e. the laser and photodiode)

Simplifying assumptions have been made for the construction o f such a model:
Feed tracks are included in this model, including their capacitance to the relevant
earth, but no inter-track coupling is included. Neither is coupling between
active device structures, which is assumed to be small com pared to the
contribution from the bond wires/ solder bumps.
The model which has been developed has been used to compare:
(i)

The crosstalk performance of the two connection methods to the active
devices: wirebonds and solder bumps.

(ii)

The effect on electrostatic crosstalk o f increasing the distance between
solder bum ps, as would be achieved by m oving the laser and
photodiode further apart

(iii)

Taking the standard solder bump case as a basis, com paring the
suppression perform ance o f d ifferent earthing approaches for
electrostatic crosstalk.

Those exam ined were the use o f separate

transmit and receive earths, and a common earth module earth.
Two variations on the model have been developed to achieve the above
comparisons, one for the solder-bump case, the other for the wire bond case.
Each case is based on the same model for the feed tracks, earthing and device
equivalent circuits, and only differs in the approach used for the coupling terms
which represent the connection method. For the solder bumps, modelling has
been carried out assuming the coupling relationship between each feature may
be represented as an individual capacitance, whilst the equivalent terms for
modelling the wirebond case are represented as a combination o f capacitance
and mutual inductance terms. Each model will be described, the solder bump
model in detail, while the wire bond model will be described only where it
differs from the solder bump model.
3 .2 . 2 T h e S o ld er-B u m p M odel
As explained in the preceding section, one crucial factor in the success o f a
model such as this, is the accuracy o f estimates which are used in the equivalent
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circuit, of particular importance in this model are the values which represent the
coupling terms between the significant features. These have been calculated
analytically, and are described in this section. However, before describing the
modelling, it is necessary to explain the physical system being examined in
more detail, showing the simplified physical model upon which calculations
were based. This is shown schematically in Figure 3.2.2.1.

Laier Solder Bump*
PIN Spider Bump*
Rx Berth
A hjm m aim

Nitride Cerrier

AiummmTik

Line Pins

Figure 3.2.2.1:

Schematic diagram of the topology used to model

the electrostatic coupling for the solder bump WDM module

Figure 3.2.2.1 shows an idealised view of an OEIC module. In the foreground
are the module pins, through which signals enter and exit the transceiver
package. These pins connect the external circuitry to gold tracks with a coplanar earth, which run along the surface of an alumina interface tile. Soldered
on top of the alumina tile is an aluminium nitride chip carrier, onto which the
OEIC chip is mounted. This chip carrier also has feed tracks which run along
the surface - at one end they are wire bonded to the alumina interface tile, and at
the other they terminate in a solder bump. Although not shown in the diagram,
it is onto these solder bumps that the OEIC is placed face down, and solder
bonded. Some features of Figure 3.2.2.1 are an approximation; for example
the tracks for the laser do not run parallel with, and next to, the detector tracks
in reality. Also the dimensions are also not to scale. It does, however, give a
general picture. As can be seen from Figure 3.2.2.1, separate earths are
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assumed for transmit and receive sides of the circuit, earth continuity being
maintained through the use of tape bonds.
The physical assumptions used to calculate the coupling capacitances are shown
in Figure 3.2.2.2, with a side view shown above, together with a plan view of
the carrier alone. As illustrated, the four solder bumps and two earth planes
have been numbered for reference, with 1 & 2 being the laser connections with
5 the corresponding earth, and 3 & 4 being the photodiode connections, with 6
being the corresponding earth. The coupling terms which were required are
given in Figure 3.2.2.3; this shows each feature having a couphng term relating
it to each of the other features. In order to provide an accurate model of the
coupling between laser and detector, it was first necessary to estimate values for
each of the coupling capacitances which relate each solder bump/earth feature to
all of the other ones.

Indium Phosphide

^Solder 0

1

Air

^Ground (

t
+ ^

300 jun

(OEIC)

HI #9

.

18 ^

1 lun thick)

1

Figure 3.2.2.2:

Aluminium Nitride

600 (un

(Chip Carrier)

1

The physical details from which the equivalent

coupling capacitances were modelled:

side view (upper) and plan

view of carrier (lower)
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C 14'

C34;
C23

C24l
C35

C IS

C 26

C25

C 46

C 36

C 16

C 45
C 56

Figure 3.2.2.3:

Interrelated coupling terms between the solder

bumps (1-4) and the separate earths (5 & 6) (Cij= equivalent
capacitance between nodes i and j)

Estimates for the coupling capacitances were produced by discretising the three
dimensional picture onto a variable pitch finite difference grid of rectangular
blocks, with a node at the centre of each block. For the circular solder bumps,
this involved some approximation of the shape, as shown in Figure 3.2.2.2,
which were not deemed significant. Different combinations of nodes were then
forced to either one or zero volts, and the resulting potentials calculated using a
Laplace solver. From this information, the fields around each volume of fixed
potential could be found, and then integrated to provide a total capacitance for
each of the combinations. These results were then combined to produce a set of
simultaneous equations, which, when solved, yielded the coupling capacitance
terms^^ti.
The coupling capacitances ranged in value from 10 to 100 fF, and are tabulated
in Table 3.2.5.1. These values were at least two orders of magnitude higher
than initial estimates obtained by assuming a simple parallel plate capacitor
formed between the facing sides of each solder bump. This shows that the top
and bottom surfaces of each solder bump add significantly to the coupling
capacitance. This can be seen from Figure 3.2.2.4, which shows a side view
of the equi-potentials predicted for one case, and shows a complex field pattern.
This figure is a slice taken through Bump 3, section A-A in Figure 3.2.2.2, and
the features are as follows: From the left, photodiode earth (6), photodiode
Bump 3, photodiode earth (6) again, the break in the earths, then laser earth (5).
As can be seen, the field extends above and below the immediate vicinity of the
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solder bumps, concentrated by the aluminium nitride and indium phosphide and
making the coupling stronger than would be expected in free-space.

Figure 3.2.2.4:

Side view of the modelled electrostatic equipotentials

The SPICE model which has been developed to model the laser/photodiode
solder bump crosstalk is based on the circuit diagram o f Figure 3.2.2.5,
which, in turn, is loosely based on the schematic diagram of Figure 3.2.2.1.
The track resistances and capacitances, and the solder bump distances, are all
based on particular, representative, OEIC and chip carrier variants. The chip
carrier is shown in Figure 3.2.2.6; from this picture, the coplanar screens are
evident, as are the separate screens for receiver and transmitter.
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Figure 3.2.2.5:
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Circuit Detail

Solder bump equivalent circuit

(Second Photodiode)

Metalisation

(Monitor)

(Monitor)

L aser

Figure 3.2.2.6:

The WDM chip carrier

A simplified representation of the modelled circuit is shown in Figure
3.2.2.5 (a), showing the transmit laser and receiver pin, and associated earths.
Figure 3.2.2.5 (b) shows the circuit in more detail, but neglects: (i) the coupling
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capacitances (see Figure 3 2 2 3 ) and (ii) the track earth capacitances, both of
which have been omitted for clarity.
One important assumption which has been made is that no coupling terms are
included between the tracks and other tracks, or tracks and solder bumps. This
was supported by some of the theoretical modelling, but, as will become
apparent in Chapter 5, this assumption may not be valid in some cases.

l.OOE+04

l.OOE+05

l.OOE+06

Frequency, Hz
l.OOE+07

l.OOE+09

-20
-40

“

-80

-100
-120
-140
-160
-180

-200

Figure 3 2 2 . 1 :

Solder bump crosstalk coupling against

frequency, showing the standard case of the WDM module.

The results of the modelling are shown in Figure 3 2 2 .1 . This graph shows
the variation in crosstalk coupling with frequency, with the crosstalk expressed
in dBeiec» and the frequency shown on a logarithmic scale. This predicts that
electrostatic crosstalk will increase with increasing frequency, which is
intuitively correct. The levels which are predicted indicate that at 10 kHz, such
crosstalk would be below 200 dBeieo and therefore would be unlikely to be
detectable.

At 622 MBit/s, the induced crosstalk has risen to -84 dBeieo

which using the system example of Chapter 1, translates to 3.9 pA induced at
the receiver front-end; this compares to a wanted signal level of 15 pA. This
case is used as the standard case for comparison with all of the subsequent
electrostatic crosstalk modelling, and is also of particular note, as it represents
the case of the standard experimental case, the solder-bumped WDM module.
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3 . 2 . 3 The Wire Bond Model
This version of the solder bump model has been modified to describe the case
of an OEIC chip mounted in the more conventional manner, accessed by wire
bonding. In this case, the OEIC is mounted face-up, and fixed in position
using conductive epoxy. The chip is mounted on a common ground plane, i.e.
one which is not divided into transmit and receive sections.
Adjustment of the SPICE model involved re-calculation of the coupling
capacitance values to describe the wire bonds and associated pads, and also a
calculation of the mutual inductance between bonds. In the solder bump case,
the bumps were approximately rectangular blocks, and were deemed to have
minimal mutual inductance; wire bonds were treated as wires, and the mutual
inductance therefore examined. This calculation of capacitances did take into
account the coupling between feed tracks, but as will be seen in Chapter 5, the
values used proved to be a significant underestimate despite the integrity of the
method used to calculate them.

Mutual Inductance
p in

Drive
Laser
Output

Figure 3.2.3.1:

Modification of the SPICE model to include

mutual inductance terms to represent wire bonds

Capacitance values were evaluated as already described for the previous case
(section 3.2.2). In order to provide values for mutual inductance, the curved
wirebonds were approximated as a series of short straight sections. For each of
these sections, the mutual inductances relating that section to each of the
sections forming the wirebonds on the opposite side of the circuit, were
calculated. This calculation was achieved by use of standard equations which
performed double integration over the input and output circuitsl'^^] The track
and pad capacitances were implemented as replacements for the solder bump
terms from the previous model. The mutual inductance terms were added as
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shown in Figure 3.2.3.1, with a coupling factor of 1 between the two sides of
the circuit.

3 . 2 . 4 Wire Bonded Compared to Solder Bumped
A comparison of the results from the two models is shown in Figure 3.2.4.1.
This shows that in this case, the solder bump implementation yields an
advantage in crosstalk suppression over the wirebonded implementation, but by
only about 7 dBeiec- The coupling inductance has not been significant in these
results, with the pad capacitances being dominant. This will be discussed
further in Chapter 5.
Frequency, Hz
l.OOE+05

l.OOE-t-06

l.OOE+07

1 OOE+08

l.OOE+09

-50

§■ -100

-150 ■

W ire Bond

Solder Bump

-200

Figure 3.2.4.1:

Comparison between wire bonded and solder
bumped module implementations

3 . 2 . 5 Solder Bump Separation
In order to establish the effect of increasing the distance between laser and
photodiode elements, the solder bump model was re-run.
Having established the finite difference mesh, and the SPICE model, it was
then straight forward to increase the separation between the pairs of solder
bumps.

The coupling capacitance estimates were recalculated, with an

additional minor modification: the break between the two earth regions was
altered in orientation, to be North/South when viewed as Figure 3.2.2.2
(lower).

This simplified the grid, and represented the most probable

implementation in a real application. Having established the new coupling
capacitance values, it was then straight forward to re-run the SPICE model with
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the new parameters. The coupling capacitance values are given in Table
3.2.5.1.

Table 3.2.5.1: Solder Bump Capacitive Coupling Terms
Capacitor

Standard

1000 |im

2000 |im

3000 |im

C12

16.3

14.7

14.7

14.7

CIS

0.6

.05

.003

.0002

C14

0.4

.03

.002

.0001

C15

84

82

85

86

C16

8.8

4.3

1

0.2

C23

1.4

.06

.003

0.0002

C24

0.7

.03

.002

0.0001

C25

80

85

88

89

C26

15

4

1

0.2

C34

1.3

1.1

1.1

1.1

C35

4

1

0.2

0.06

C36

14

16

17.1

17.3

C45

2.9

0.7

0.2

0.04

C46

16

16.5

17.1

17.2

160

167

165

C56
130
(Capacitance in fF)
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Figure 3.2.5.1:

Electrostatic crosstalk coupling with increasing

distance between laser and photodiode
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The effect of increased solder bump distance is shown in Figure 3.2.5.1. Here,
the standard case from before is shown again, where the receive and transmit
bumps have a minimum separation of about 200 |im. Also shown on the graph
are the cases where this distance is increased to 1, 2 and 3 mm (the latter
being the maximum separation achievable on the current chip length). As
would be expected, there is considerable benefit to be gained from separating
the laser and photodiode(s) as much as is physically possible within the design
constraints.

3 . 2 . 6 Earthing Variations
There has been a long debate regarding the use of separate earths between
receive and transmit sides of the circuit. In principle, when both receive and
transmit sections use the same earth return, there exists the possibility that large
currents generated by the transmit circuit might be fed past sensitive areas of the
receiver, inducing pick-up. For the situation under examination here, separate
earths have been used. It was, however, an interesting exercise to vary the
earthing pattern within the SPICE model, to demonstrate whether separate
earthing was an effective crosstalk reduction mechanism.
The results are shown in Figure 3.2.6.1, where the examples are as follows:
Case 23:

Standard solder bump case

Case 27 :

Capacitance between Rx and Tx earth halved

Case 28:

Capacitance between Rx and Tx earth doubled

Case 29

No coupling between Rx and Tx earths

Case 30:

Short circuit between Rx and Tx earths (i.e. common earth)

As can be seen from Figure 3.2.6.1, there would appear to be no change in the
crosstalk performance from applying any of these changes, up to approximately
1 GHz; beyond this, the modelling is unlikely to be sufficiently accurate to be
representative. The results indicate that for this model, pick-up through the
earthing network is not a dominant mechanism.
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Figure 3.2.6.1:

The modelled effect of differing earthing

arrangements on electrostatic crosstalk
3 . 2 . 7 Summary
An experimental circuit model has been developed with the aim of modelling the
behaviour of electrostatic crosstalk in the modules under consideration. Using
this model, the level of electrostatic crosstalk in current OEIC modules has been
predicted to be:
Solder Bump WDM Module (Type (ii))

20 MBit/s

622 MBit/s

Electrostatic Crosstalk Contribution

20 nA

3.9 ^lA

The model has also been modified to examine possible design variations, with
the following conclusions;
•

The solder bump case is likely to be an improvement over the wire

bonded equivalent, but only by around 6 dBeiec•

Moving the detector away from the laser improves the crosstalk

performance significantly.
•

A theoretical examination of the use of separate transmit and receive

earths suggests that no significant advantage is gained below 1 GHz, with or
without the earths separated; above this frequency, separate earths might be
advantageous.
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Recommendations from this Modelling:
( 1)

Solder bumps/flip-chip should be implemented wherever possible.

(2)

Laser/ PIN separation should be as large as possible

(3)

Separate receive and transmit earths should be maintained if practicable.
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Electrical Conduction
3 . 3 . 1 Introduction
Most OEICs reported are produced from growth of epitaxial material onto an
n-type semiconductor substrate which is, of course, conductive. The devices
under examination here have material grown onto a substrate type known as
‘semi-insulating’ (SI), which, for practical purposes means it is insulating;
however, subsequent growth is of N-type semiconductor, which is conductive.
Therefore, in both of these device designs, there is the possibility of conduction
occuiring between transmit and receive elements.
It is possible to approximate the resistance presented by each layer of bulk
semiconductor material in the current OEIC, using the mobility’s and carrier
concentrations present following the OEIC growth. This is an approximation
which does not take account of the physics of any P-N junctions which are
formed within the OEIC structure, but is useful for initial illustration. Using
this approach, an equivalent resistor network is presented in Figure 3.3.1.1,
which shows paths which might be possible as conduction routes between laser
and photodiode; the network shown does not include the photodiode structure,
which, being reverse biased, presents a more complex problem. Although quite
crude estimates have been used for the dimensions in some cases, the overall
results are not changed by this: The main features are the high resistance of the
SI layer (in reality unlikely to attain these levels), and the very low resistance of
the N - buffer layer. Using this method, the pad to pad laser resistance is
calculated as around 5Q, which acts as confirmation of the validity of this
approach. Another conclusion which may directly be drawn from this, is that
isolation slots around the laser which do not cut through the output waveguide,
are not effective forms of isolation - the crosstalk current is forced out of the
front of the laser, but this extra path length does not add significantly to the path
resistance.
Developing the idea further, the equivalent resistance network has been used as
the basis for a SPICE model. The model assumes that the physical problem
may be sub-divided into a series of lumped components which are then easily
manageable by SPICE. These are mostly standard (for example ascribing to
each wire bond an equivalent resistor and inductor), but others are less so. For
example, the model makes allowance for the P-N junctions which the previous
method lacked, by approximating them as diodes.
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The conduction SPICE model has been used to evaluate the following aspects
of the module operation:
(i)

Circuit biasing

(ii)

The effect of imperfections in circuit earthing i.e. deviating from the
perfect earth available in a model, to more realistic conditions likely
within a transceiver module

(iii)

Diode-like detector blocking layers compared to the absence of any such
barrier to crosstalk

(iv)

The effectiveness of using iron doped waveguides on top of the N
buffer layer, to provide extra photodiode insulation

(v)

Common N substrate versus SI substrate plus N buffer layer (as used in
current OEIC devices)

3 . 3 . 2 The Basic Conduction SPICE Models
In order to visualise the basis for the conduction models, a simple
approximation of the physical situation is shown in Figure 3.3.2.1. Here an
OEIC of current design is shown, with a basic equivalent circuit, suitable for
inclusion in SPICE.
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Figure 3.3.2.1:

Schematic diagram of the OEIC and simple
equivalent circuit

This representation is the basis for two models of the current devices, i.e.
devices formed from an SI substrate, with an N buffer layer grown on top of it.
The two models examine the current OEIC design, with blocking layers
between the photodiode and the waveguide, and a hypothetical version of the
same OEIC, which has no blocking layers.
The two models are shown in Figures 3.3.2.2 and 3.3.2.3. These two models
are identical except for the areas shaded in the two Figures. The difference
centres around the way the epitaxial layers beneath the PIN are designed. The
case without blocking layers omits two epitaxial layers present in the other case,
removal of these layers would be advantageous for module performance, as this
would improve the optical coupling to the detection region of the photodiode.
The case with blocking layers has the two extra layers, which, when combined
with the n-contact layer, form an n-p-n pair of back-to-back diodes.
In both cases, the laser drive is formed from a current source with both dc
(bias) and ac (signal) components, driven at representative levels. Similarly, in
both models the detector is modelled as forming the input to a FET buffer, with
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biasing as would be appropriate for such a case. Subsequently it has been
demonstrated that the FET circuitry is not necessary for the model to be valid,
and therefore the results presented are derived from the signal appearing in the
PIN bias resistor. In both cases, the n contacts of the two active devices are
modelled as if connected by a common ground on a separate earth plane, for
example a package base, or mounting tile. This in turn is connected by a wire
to the power supply return. The estimates for the resistances associated with
both of these paths are based on measured values from previous modules of a
similar design.
The model representing the current device structure, is shown in Figure
3.3.2.2. This has a laser diode (left of diagram), which is being driven from an
AC current source. The photodiode is shown towards the right of the diagram,
with the first stage of the following receiver front-end. The two sides of the
circuit are bridged by the blocking layers. The extra layers form a stack of p-n
junctions, such that a reverse bias barrier is formed with the intention of
electrically isolating the pin from the laser/ substrate. However, a capacitor-like
structure is also formed between the n-buffer layer and the base of the pin
which reduces the effectiveness of these layers. This has been simulated by
using two back-to-back diodes, modifying the standard SPICE diode model in a
manner appropriate to the material and device structures in use. Examination of
the layer thickness and geometry lead to an estimate for the capacitances of
0.2 pF and 1.5 pF in series for the two back to back diodes. Also visible in
the diagram is the earthing arrangement; this represents the realistic situation
where the transmit and receive parts of the circuit are brought together within
the transceiver module, as explained above.
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The second model is very similar, and is illustrated in Figure 3.3.2.3; this
illustrates the case where no blocking layers are present. In this model, the
estimates of resistance for the waveguide layers and N buffer layer of Figure
3.3.1.1 have been used instead of the two diodes; a capacitance term is also
included, between the buffer layer and PIN base. Establishing this second
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model allows an assessment to be made of the effectiveness of the detector
blocking layers.
The limitations to these models are as follows: The models are limited in the
frequency range over which they remain valid - above about 1 GHz a more
specialist modelling tool would be more appropriate which takes into account
the more complex equivalent circuits required at microwave frequencies. In the
plots given here, frequencies beyond 1 GHz are shown as a rough guide only.
Other general limitations are: the semiconductor layers are assumed to be purely
resistive in the non-blocking layers case, with no account taken of the detailed
behaviour of semiconductor material (barrier potentials, hole movements etc.);
this would be very complex to include in this type of model. The back-to-back
diode approximation of Case 1 is also limited, particularly in the estimation of
the capacitances formed between the various layers. The estimates are order of
magnitude only.
3 .3 .3 C ircu it Biasing
The first conclusion which may be drawn from this modelling concerns the way
that the circuit is biased. In usual fibre optic applications, the transmitter and
receiver are separate, and isolated. Under these conditions, the designer is free
to choose the biasing arrangements of both laser and photodiode; often, the
laser is driven with the P pad positive, and the N pad at earth, while the
photodiode N pad is held at a positive potential, and the P pad at a lower
potential (often a virtual earth input to an amplifier). Examination of Figure
3.3.2.2 shows, however, that this is not an available option on the current
OEIC devices - if the Laser N is held at earth, and the photodiode N held at
some other potential, this effectively joins two supplies together through the
blocking layers. As the blocking layers have associated leakages, and owing to
their small thickness may also have imperfections, they are likely to allow a
constant current to flow between the two circuits. It is therefore highly
desirable to configure the circuit such that the two N pads are held
(independently) at the same voltage, and logically this should be earth. Hence,
the two models shown in Figures 3.3.2.2 and 3.3.2.3 show the laser driven
from a positive current source, and the photodiode obtaining bias from earth.
Both models, however, include the fact that the earthing for both sides of the
circuit is imperfect - that is, earth potential may only be obtained through wire
bonding, and soldering/ epoxying of the chip to a ground plane.
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3 .3 .4 Imperfect Earthing
It is a well known practical result that the effectiveness of the circuit earth has a
major effect on the crosstalk level present. It is therefore a useful exercise to
vary the earthing in the model, both to predict the sensitivity to this in the
example modules, and to validate the model.
The model assumes that the OEIC chip is fixed to an earth plane using
conductive epoxy, and that this earth plane is connected to the power supply via
a copper wire. In the model, the transmit and receive sides of the circuit are
assumed to achieve connection together on the ground plane, having passed
through the epoxy. A measured value for the epoxy resistance is used, taken
using a four point resistance measurement of a representative OEIC carrier. A
measured value is also used for the wire resistance. In order to explore the
sensitivity of conduction crosstalk to earthing variations, the values of earthing
resistance were altered as illustrated in Figure 3.3.4.1. In this figure, the
“mixed” case is the one which is described above, and forms part of the
standard model. Of the other two cases, one assumes high earthing resistances
in all three legs, corresponding to an inefficient common earth in addition to the
chip epoxy (“0 .70 x 3”), while the other case is of an idealised circuit with very
low path resistances (“ 12mO x 3”).

0 .7 0 X 3’

F igure 3.3.4.1:

Resistance to earth - modelled path variations
for conduction crosstalk

The results of running the model with the three cases in place is shown in
Figure 3.3.4.2. This shows there to be minimal difference between a high
(0.70) and low resistance (12mO) in either of the individual transmit or receive
arms; there is, however, a considerable difference when the resistance to earth
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from the common point, where transmit and receive circuits meet, is varied.
Both of these results are logical. Extra resistance placed between the true
(generator) earth, and the common point where transmit and receive meet, will
allow a significant voltage to develop across it, and thus cause the “fixed” earth
point to vary with modulation current. It should be noted that 40 dBgiec
degradation in crosstalk has been caused by the addition of less than IQ in the
earth return. Additional resistance in the individual transmit and receive legs
has proved to be of little consequence, with voltages developed separately
across having little influence on crosstalk coupling. This result accords well
with practical experience, where the quality of earth returns is crucial to the
suppression of crosstalk.
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l.OOE+04
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l.OOE+08

l.OOE+09

-100 .
0 .7 0 x3
-150
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Figure 3.3.4.2:

Modelled effects of earthing variations on
conduction crosstalk

3 .3 .5 Effectiveness of Detector Blocking Layers
A comparison between the conduction crosstalk with and without blocking
layers, is shown in Figure 3.3.5.1, using the two models described initially.
Given the 'realistic earthing resistances' used in the two models, the passive
(N) end of the laser is allowed to vary by approximately 20 mV at low
frequency, up to about half a volt at 1 GHz; this in itself is undesirable for a
connection which is intended to be solidly fixed at earth potential. Moving
along to the bias (N) end of the photodiode, without blocking layers the
variation is from about 1 mV at 1 MHz up to 200 mV at 1 GHz, in a linear
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fashion. For the blocking layers case, however, the variation is smaller, and
rises more rapidly at high frequency, as would be expected considering the
series capacitance - to a maximum of 12 mV. Again this should be a solid earth
point. In both cases, the voltage at the critical P-end of the PIN is very
frequency dependent, as the crosstalk signal is passed through the capacitance
of the reverse biased photodiode; by 1 GHz the voltages have attained the
values present at the other end of the PIN.
The most important parameter is the induced crosstalk current coming from the
photodiode, and this is shown in Figure 3.3.5.1. For the case with no blocking
layers, as might be expected the crosstalk current is significant. However, the
capacitive features exhibited by the blocking layers also ensure that in this case
the crosstalk is likely to be significant.
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l.OOE+06

l.OOE+07

l.OOE+08

l.OOE+09

-50

i-1 0 0

-150

-200

Conductive, N o Blocking

Conductive, With Blocking

-250

Figure 3.3.5.1:

The effect of diode-like detector blocking

layers on conduction crosstalk

3 .3 .6 Iron Doping of the Waveguide Layers
The models have been re-run in order to assess the effect of using iron-doped,
electrically insulating, InP waveguides in place of the semi-conducting guides
used on current OEIC chips.
Iron-doped waveguides have the advantage of being electrically insulating.
They are being suggested in this OEIC context for a number of reasons; the
main one being an attempt to curb a leakage which is present within the OEIC

-79-

Chapter 3:

Modelling o f Contributions

laser device, currently thought to be down the front facet of the laser device at
the waveguide butt-joint. Another reason for examining iron-doping is that this
positions an insulating region directly beneath the on-chip detector structure,
where previously there was a semiconductor. Thus, it would seem of great
benefit for the reduction of substrate conduction crosstalk.
Previous modelling has assumed that current has primarily passed along the Nbuffer layer which is grown on top of the SI InP wafer. Current then passes up
through the slightly more resistive waveguide layers, and into the detector.
This model has been modified, with the waveguides layers now insulating, and
a capacitor being formed between the buffer layer and the detector. A value for
this capacitor has been taken as 1 pF, from the dimensions of the detector and
the assumption that iron-doped InP will exhibit the same dielectric constant as
undoped InP.
The model used makes the following assumptions:
•

The iron doped InP is a perfect insulator (in reality it is a good insulator
for electrons, but a poor one for holes).

•

The detector lower (N) contact and the laser lower (N) contact are both
held at zero volts. This is intended to reduce the conduction crosstalk as
much as possible, as previous modelling has shown. The earthing
does, however, have imperfections included to make it more realistic,
such as wire resistances, and wirebond inductances.

•

The terms included within the model are probably only representative up
to about 1 GHz.

Four cases have been examined. These are detailed in Figure 3.3.6.1, and
correspond to the two cases from previous modelling of semi conducting
waveguides, with and without detector blocking layers. The second two cases
are similar, but assume insulating waveguide layers.
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B locking L ayers
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The four modelled cases of waveguide and
blocking layer variations

The results for the four cases are shown in Figure 3.3.6.2. This shows the
reference case of conducting guides and no blocking layers (case 1), along with
the three variants (cases 2,3 & 4 in Figure 3.1).
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Figure 3.3.6.2:

Com parisons of Fe doped guides, and use of
detector blocking layers

As can be seen from the graph of Figure 3.3.6.2, an improvement can be seen
by using either of the two measures discussed of blocking layers, or iron-doped
guides. This improvement is, however, small, at approximately 6 dBeiec up to
about 100 MHz. It is interesting that there is virtually no difference between the
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two cases where blocking layers are included - with and without iron-doping;
presumably a further capacitance in series with the diode-blocking layers
capacitances is of minimal significance. The other conclusion which comes out
of this is that a similar improvement to that predicted from the use of blocking
layers is obtainable using Fe-doping alone, up to about 100 MHz, where the
behaviour starts becoming less effective.
Conclusions from this modelling are the following:
•

Limited additional crosstalk isolation may be obtained by the use of
either blocking layers, or iron-doping of the waveguide layers.

•

The gains in isolation are only about 6 dBeiec over most of the range of
interest, rising to perhaps 20 dBeiec at higher frequencies.

•

Applying both blocking layers and iron-doping of the waveguides yields
no additional improvement over using either one alone.

The Fe-doping of all three waveguide layers is likely to be problematic, the
behaviour of the guiding layer being difficult to predict. The modelling above
shows, however, that such a step would only be of use if it were combined
with the elimination of the conductive n-buffer layer, either by etching it away,
or by Fe-doping of this layer in addition to the guiding layers. The former
allows connection to the laser N-pad, but makes alignment of the waveguide
layers to the laser facet difficult (owing to the large amount of material which
would be need to be deposited in one step). The latter approach does not have
this drawback, but an alternative method would be required of connecting to the
lower laser contact.
Elimination of the n-buffer layer would reduce the substrate conduction
crosstalk to a level where surface contamination and process variations provided
the only coupling mechanism. It is therefore recommended that Fe-doped
waveguides should not be applied on crosstalk suppression arguments alone,
unless combined with the elimination of the n-buffer layer.
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3 .3 .7 Com m on N vs. Buffered SI S u b strate
A particularly important debate is ongoing between chip designers, concerning
the use of SI substrates, compared to common n substrates. This debate
involves many issues, concerning ease of production, reliability and cost, but
there are also crosstalk concerns. In theory, a common earth point for transmit
and receive, held solidly at one potential, should provide good crosstalk
suppression; this is used as a case for a common n approach. Conversely,
another idea is to isolate completely the two sides of the circuit such that no
conduction can take place, and this is the SI substrate approach. It has already
been noted that the current approach used on the example modules falls between
these two extremes, being an SI substrate, with conductive semiconductor
grown onto it. This is a very poor approach, as it is neither a good insulator,
nor can access be gained to the buffer layer in order to form a good earth.
The conduction model which represents the current SI/ conductive buffer
design, has been modified to represent the common n approach. This has been
achieved by carrying out the modifications shown in Figure 3.3.7.1. A resistor
network has been used to represent the n substrate, with values obtained from
application of Ohm’s law to the bulk semiconductor. Following this are
components which represent soldering of the chip to a ground plane, and pad
and wire resistances to the generator.
Initial calculations using the common n model examined the idealised case
where the base of the chip was held at the generator earth, without even a solder
resistance interfering with earthing. As theory predicted, the crosstalk coupling
between the two sides of the circuit was extremely small, being around
-300 dBeiec at 1 GHz. However, introducing more practical factors into the
model as illustrated previously, increased the crosstalk coupling. Comparisons
between the conduction crosstalk with and without blocking layers, and also the
case simulating a common n substrate, are shown in Figure 3.3.7.2.
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The results of Figure 3.3.7.2 lead to the following conclusions:
•

Common n, soldered to chip carrier, is the worst case up to 100 MHz.

•

Pseudo-SI, with no blocking layers, becomes worst case above
100 MHz.

•

pseudo-SI with working blocking layers is the best case of those
modelled

•

The best case would be proper SI, with no n buffer layer.
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3 .3 .8 Summary
An examination of the electrical resistances formed by the semiconductor layers
which constitute the OEIC, has shown both the waveguide layers, and the n
buffer layer will form significant current paths between transmit and receive
parts of the circuit. This has shown that the use of a semi-insulating substrate
in these chips has no benefit to the conduction crosstalk, owing to the
subsequent addition of the conductive buffer and waveguide layers. The SI
substrate complicates earthing, as it prevents the chip being soldered to an
effective earth.
An experimental circuit model has been developed with the aim of modelling the
behaviour of conduction crosstalk in the modules under consideration. Using
this model, the level of conduction crosstalk in current OEIC modules has been
predicted to be:
Solder Bump WDM Module (Type (ii))

20 MBit/s

622 MBit/s

Conduction Crosstalk Contribution

12 nA

0.6 |iA

The model has also been modified to examine possible design variations, with
the following conclusions:
•

The transmit and receive circuitry surrounding the OEIC should be
configured such that the n contacts of laser and pin are maintained at
similar potentials, to discourage dc current flow between them.

•

The maintenance of a high quality, low resistance earth path for each of
the circuits is crucial in the suppression of crosstalk.

•

Detector blocking layers provide some suppression of conduction
crosstalk, but as they are necessarily thin, a capacitive coupling route is
formed for crosstalk which limits their effectiveness to between 6 dB
(20 MBit/s) and 30 dB (622 MBit/s).

•

Iron doping has minimal additional effectiveness in suppressing
conduction, compared with the detector blocking layers. It is only likely
to be effective as part of a broader solution which also prevents the n
buffer layer being conductive.
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The inclusion of realistic earthing resistances causes a common n
substrate to become ineffective as a means of suppressing crosstalk.
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Optical Reflected (Guided Light)
3 .4 .1 Introduction
This contribution to the module crosstalk derives from reflection of laser output
light by components in the optical circuit, which arrive at the photodiode. It is
independent of data rate. Modelling of this contribution has been carried out as
the addition of the contributions from each of the possible points in the optical
circuit, weighted by the corresponding path loss. The critical information for
accurate analysis are the return losses for the features in the optical circuit Two
return losses are relevant for this topic, which, for ease of description will be
labelled in ‘S’ parameter terms: S n and S2 1 as defined in Figure 3.4.1 for 4
port structures such as couplers and wavelength division multiplexers.

Figure 3.4.1:

Illustration defining reflection parameters.

Modelling of the two parameters is not straight forward. A simple approach is
to evaluate the step in effective index which is presented by a component, and to
apply the Fresnel reflection formula. The Fresnel formula relies on the
difference between two refractive indices; for these integrated structures the
indices are very close for the step, and the difference may be in the third or
fourth significant figure. Therefore, calculations or measurements of the
indices must be very accurate, or else large errors in the result may occur.
Therefore, alternative modelling approaches to the same problem can yield very
different values for the returned signal level.
For simple features such as the chip facet, the return loss may be calculated
easily, and this will be presented in the next section. For more complex OEIC
features, estimates will be used for the required parameters.
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3 .4 .2 Reflection from the Chip Facet
A well known cause of reflected light is the refractive index mis-match at the
waveguide-air interface. Without any form of crosstalk suppression applied,
the reflection level is given by:

R=

substrate

^<dr

)

which for indium phosphide is around 30%. Because the reflection level is so
high, it is routine practice to add an anti-reflection coating to the end of the chip
facet. The current batch of chips have a single layer of alumina centred mid
way between the 1300 nm and 1550 nm bands to help suppress reflections;
this gives a power reflectivity for the facet of 4% (-14 dBopt) in either band,
although centring the coating in one of the bands reduces this to around 1%
(-20 dBopt). Greater suppression is obtainable through the use of multi-layer
coatings, to typically -40 dBopt, although more is achievable. Multi-layer
coatings do, however, become wavelength specific to such an extent that they
must be tailored to the laser output wavelength, and their success depends
directly on the closeness of this match. Outside the operating band, the coating
rapidly decreases in effectiveness. This becomes important where the coupling
of external signals into the chip is considered, and unless the incoming signal
coincides in wavelength with another region where the coating is efficient, a
penalty may be expected in the received signal level.
In addition to applying an anti-reflection coating to the chip facet, another
approach for suppressing unwanted reflections is to introduce an angling of the
chip facet with respect to the incoming waveguidesl'^^l; back reflections are
deflected into the substrate rather than back along the waveguide. A calculation
showing the effectiveness of such a scheme is shown below, with a graph
showing the results from this given in Figure 3.4.2.2.
n=3.2

Refractive index

W =2.6xl0'^ Modal spot size
R=1

Power reflectivity of facet (set to 1 in order to isolate this

A.=1300 nm

effect from the AR coat etc.)
Wavelength

0= 0.1 - 5°

Facet angles

-89-

Chapter 3:

Modellinff of Contributions

Isolation = 10 log R e

This calculation describes the passage of a Gaussian beam along a waveguide of
dimensions given in Section 2.2.4. The angle ‘0’ is defined in Figure 3.4.2.1.
A practical aspect of this is that although much is to be gained by angling the
facet a large amount, two fibre interfacing trade-offs become relevant. Firstly,
for large angles the coupling efficiency decreases, and difficulty increases.
Secondly, for large angles, the edge of the coupling fibre starts to clash with the
chip facet.

I

s

Figure 3.4.2.1:

s,

\ ;

Defining the chip facet angle

Isolation,
dBopt

-60
Facet Angle, 0 .1 - 5 '

Figure 3.4.2.2:

Effectiveness of an angled chip facet on the

suppression of reflected light crosstalk.
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An alternative implementation of the angled facet which is equivalent to the
above, is to have a ‘square’ end facet, as would normally be produced by
cleaving, and arrange for the waveguide to meet the facet at a slight angle. This
is the approach which is used for module types (i) to (iv), with an angle of 2°
chosen as a compromise between coupling and reflection suppression. In
addition, the modules have a 4% anti-reflection coating, which for module type
(iv), the 3 dB module, is subsequently removed by cleaving. For the modules
with both AR coating and angled facet, the graph of Figure 3.4.2.2 is
effectively shifted down by 14 dB.
Taking the WDM chip (i.e. module types (i) and (ii)) as an example. Figure
3.4.2.3 illustrates the passage of laser output light through the optical circuit,
and reflected from the facet to each of the on-chip detectors. The case used is
for the 4% coating, which yields 7.5 p.W and 1.9 }iW of reflected light
crosstalk at the two detectors. The same exercise carried out for a -40 dB
coating yields 19 nW and 4.7 nW respectively for the two contributions. In a
real chip, the end facet is not the only contribution to the unwanted reflections,
and these extra contributions have to be added in to the equation.

3dB
C o u p le r

3dB
B u tt J o in t

6m W

3m W

1 dB
WDM

2dB
W G . B ends
etc

1.2 m W

1.5 m W

0 .7 5 m '

3dB
C o u p le r

TPON
O u tp u t

1 dB
WDM

2dB
W G . B end^

14 d B
(4 % )
E n d F ace t
R eflectio n

etc y

1 9 jiW

10 d B
WDM

BPON
O u tp u t

ac
1.9 itW

(*

Figure 3.4.2.3:

2dB
W G , B endv

y

19 ^iW

P a s sa g e th ro u g h W D M a t re je c tio n w a v e le n g th )

End facet reflection assuming standard 4% AR
coat
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Continuing the example of the WDM chip, Figure 3.4.2.3 illustrates some of
the possible routes which reflected light might take in order to arrive at the
detectors as crosstalk. These routes have been used to build up a spreadsheet
model of the reflection which might be expected at the detectors, by summing
the reflections and weighting them by the path loss for each route.

Cm ] Cl
W DM

W DM

"4 M l I

W DM

W DM
I^> C -> W D M -> N -> W D M -> B
( T h ro u g h W D M b lo c k in g A ctio n )

W DM

L -> C -> M 1 -> C -> T

{ED
W DM
L -> C -> W D M -> N -> F ibre->
N ->W D M -> B

“TmTI
W DM
L -> C -> W D M -> U -> W D M ->B
(W D M b lo c k in g A ctio n on ce)

Figure 3.4.2.4:

Some examples of crosstalk emanating from
reflected laser light
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For some features, such as the chip facet, it is straight forward to calculate the
return loss; for more complex structures, in the absence of modelled or
experimental data estimates have been used. These have usually been arbitrary,
and this exposes a lack of usable data with which to make crosstalk predictions.
This will be addressed in Chapters 4 and 5.

Losses
Butt Join
Coupler Loss
WDM Wanted
WDM Unwanted
WG Loss
Fibre Coupling Loss

3
3
1
10
2
3

Reflectivities
Coupler
WDM
Facet
Fibre
System
Monitor M1

Rou t e

30
30
14
33
17.5
30

33
38
29
35
43
38
35

4(a)
4(b)
4(c)
4(d)
4(e)
4(f)
4(g)

Totai I
Totai B

Figure 3.4.2.S:

Detector

Crosstalk

T
B
T
B
T
T
B

- 27. 1 dB
-31 .0 dB

Summary of crosstalk contributions to the two

on-chip detectors (Routes refer to Figure 3.4.2.4)
Figure 3.4.2.5 is a spreadsheet analysis giving the reflection levels expected at
each of the two detectors, summing the effects from Figure 3.4.2.4. For a
3 mW laser output, a crosstalk signal of the order 6 }iW (TPON port) and
2 }iW (Broadband port) might be expected. The Caswell system model
'Model 26't^l, when run with the values in the above spreadsheet, furnishes a
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crosstalk level of 5 p,W when the whole link is considered (assuming a TPON
implementation), where the wanted signal level is 50 nW at the receiver.
3 .4 .3 S um m ary
The most likely paths for internal reflection within the WDM OEIC have been
identified, allowing modelling of crosstalk contributions to the detectors to be
carried out using a spreadsheet summation. The spreadsheet has used a series
of estimates for both the sub-component losses, and reflectivity’s (S n and
S2 1 ). From this calculation, the end facet reflection is predicted as being the
dominant cause of crosstalk.
Continuing with the example of a type (ii) module giving 3 mW from the laser
element for 60 mA of drive current, the crosstalk ciurent induced in the detector
(R=0.5 A/W) nearest the laser would be:
Solder Bump WDM Module (Type (ii))

20 MBit/s

622 MBit/s

Optical Reflection Contribution

3 p.A

3 |iA

Reflected light which does occur may be suppressed later in the circuit by
applying on-chip grating structuresl^^l immediately before the photodiode; for
maximum effect, these must be accurately matched to the laser wavelength.
Chapter 6 examines this in detail.
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3 .5

Optical Scattered (Unguided Light)
3 .5 .1 Introduction
This section is concerned with the behaviour of ‘stray’ light which is present
within the OEIC substrate, or within the waveguide layers, but is not
constrained to the intended routes set by the waveguide ridge. Such light may
originate from radiation loss at bends, or effective index steps such as occur at
interfaces to passive optical components, or more crucially in the chips
examined here, at the laser butt-joint. The unguided light crosstalk contribution
is by far the most difficult to model. Indeed, little headway has been made in
published literature to predict the behaviour of such scattered light. A further
contributor to the stray light is likely to be the laser spontaneous emission. This
is light which is given off by the laser active region in all directions, and is
therefore not confined to the waveguides.
3 .5 .2 Unguided Light
This mechanism arises from a possibly significant amount of unguided light
within the chip. Light is lost at each bend in small amounts, and is lost at
features such as Y-branches, which form coupler and duplexer components.
Light also is lost in large amounts at device interfaces - the laser to waveguide
joint disperses up to half of the output power of the laser into losses', the
power being dissipated as absorption, or scattered light into the substrate. A
further possible (but probably insignificant) path is the light which exits the
back of the laser, passes through the monitor and then is emitted from the edge
facet. Depending on the package geography, some of this light may be reflected
back to the chip and re-absorbed. (See Figure 3.5.2.1.)

fM l [T

irtf I
WDM
U Scattered Light
and External Reflections

F igure 3.5.2.1:

Crosstalk from scattered light
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The difficulty in modelling this contribution stems from the random nature of
the light; for guided modes of the waveguide, Gaussian beam approximations
may be used to model the behaviour, but scattered light will have no predictable
modes. Modelling of the behaviour of bends and other waveguide features
using the Beam Propagation Model

is primarily directed at

examining the transmission loss of such structures; it can therefore give some
indication of the amount of energy which might be radiated, but no indication of
the proportion which will appear as scattered light, and the remainder which is
absorbed into the substrate. However, a simple estimate of the magnitude of
the scattered light may be obtained, as follows.
The laser to waveguide butt-coupling will form the main source of scattered
coherent light. 50% of the light output of the laser fails to couple into the
waveguide, forming a powerful source of scattered light. The laser output is
approximately a gaussian beam, travelling towards the butt joint; light which
does not couple into the waveguide will continue to travel forwards, spreading
into the waveguide and substrate layers. The spreading of a gaussian beam into
an unguided region can be described by the following formulat^^l:
g
0=

ri'71' beamwaist

where 0 is the half angle of the spread, n is the refractive index into which the
beam is spreading, and the beam waist is as is usually defined for a gaussian
beam. As an order of magnitude examination, the OEIC will be treated as a slab
with no interruptions (Figure 3.5.2.2). Applying the formula to the horizontal
component of the beam leads to the light spreading at a 6° angle along the chip
towards the front facet, for a beam waist of 2 |im. This is too shallow an angle
to interfere with the photodiode on the first pass, and the light propagates to the
end facet. The end facet is AR coated, leading to a 14 dB loss for the reflected
light. On the return journey, the photodiode falls within the travelling field,
causing crosstalk. The light continues and is reflected from the rear facet of the
chip, undergoing a further 5 dB loss before reaching the photodiode a second
time (Figure 3.5.2.3). From this, the following may be estimated:
On-axis distance travelled between laser and photodiode is around 6 mm,
which leads to a spread width of about 1300 |im; the photodiode presents an
absorbing width of about 5 |im, leading to the photodiode share of the light
being -21 dB. Inclusion of the 14 dB facet reflection loss, and the original
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3 dB lost at the butt joint brings this down to -38 dBopt below the laser output
power.

Laser
pm

F igure 3.5.2.2:

U ninterrupted box approxim ation for the OEIC

R ear Facet
F ro n t F a c e t

pin

L aser
-14 d B o p t
L oss

pm
-5 d B o p t
L o ss

3 .7 5 m m

F igure 3.5.2.3:

Spreading of light from the butt joint

The above ignores the vertical spread of the beam, and multiple reflections of
the light from chip faces; it also assumes no interruptions. The real chip has
isolation slots (~8 pm deep) around the waveguides, and isolation slots
forming the 'herring bone' feature between the laser and photodiode.
Examination of Figure 3.5.2.4 shows that the path between the laser, front facet
and photodiode does not form a clear path, and the scattered light contribution
should therefore be much smaller than indicated above.

11' JDn utu

m m

F igure 3.5.2.4:

WDM chip antiscattering features

Heise[27] has carried out an extensive examination of scattered light which
concentrates on ray tracing of beams which are reflected from the substrate
many times and enter the photodiode. His examination treats the chip as a box.
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with the laser and photodiode placed on the top surface with interfaces facing
downwards. He concludes that scattered light forms a major crosstalk problem
within some OEIC chip designs. This approach is inappropriate for the case
under examination here, as the laser output is directed towards the end facet,
rather than downwards facing.
Having established an estimate for the maximum level of scattered light which
will be present in the chip, it is useful to examine one of the main forms of
isolation which are used to combat scattered light - etched slots. The following
analysis has been carried out in order to examine the effectiveness of slots as a
means of deflecting light away from sensitive areas. The first treatment
assumes that the approaching light is in the form of a Gaussian beam, which
might be valid near the laser butt Joint; the second takes a classical ‘ray’
approach. In both cases, the light is assumed to approach at normal incidence,
which will be the case where the slot will have least effect.
Effectiveness of Etched Slot:

Gaussian Beam Approach

The following formula describes the passage of a beam across an unguided
region between two guides M9][50].

Gap

2w

2w-

where
Gap k * 2

Figure 3.S.2.5:

Gaussian across a gap
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For this case noap is 1; assuming k = 2n / 1.3 |im, and W2 = wi = 1 |im in the
vertical direction, w%= wi = 3 |im in the horizontal:

Slot Width, ‘D’

Loss, ‘T’

5 |im

3.3 dB

10 |im

7.4 dB

20 |im

13.4 dB

T able 3.5.2.1:

Losses across and etched slot of differing
w idths

The current batch of chips have a series of slots around the laser, which will be
between 5 and 10 |im wide.
Effectiveness of Etched Slot:

‘Ray’ Approach

This approach assumes that the Fresnel reflection formula (see section 3.4.2) is
applied to each interface (Figure 3.5.2.6).

100%

70%

30%

F igure 3.5.2.6:

50%

30%

Passage of a ray across an etched slot

Thus, for the first interface, ni=3.4, n%=l gives 70% transmission, and
following the second, this falls to 50%, or 3 dBopt- This approach takes no
account of the width of the gap, which is likely to be an over-simplification. In
reality, light will be arriving at the slot in various random directions, with a
substantial portion undergoing total internal reflection away from the slot.
3 .5 .3 L aser Spontaneous Emission
Below threshold, the laser output is incoherent. This light is emitted in random
directions from the laser active region, with only a small proportion finding its
way into the output waveguide. As a first approximation, the laser active region
can be considered as a point source which produces light in a sphere. Beyond
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the laser active region, this sphere will be modified by the surrounding features
- some may absorb light, some reflect it, and some guide it. In crosstalk terms,
the worst situation is a substrate which acts as a guide to this light, providing a
low loss route to the receiver photodiode (Figure 3.5.3.1).

Spontaneous
Light

Laser
Active
Region

Semiconductor
Substrate

F igure 3.5.3.1:

Photodiode

Spontaneous light guided by substrate

Spontaneous emission rises with current drive to the laser, until threshold is
reached - beyond this the level of spontaneous light remains roughly constant.
The degree to which this hazard is problematic is very dependent on the
particular chip design. However, there follows a worst case example for the
current chip design:
A laser and photodiode are separated by 250 |im. Assuming a laser threshold
of 20 mA, at around 1 volt, and assuming half of the power into the laser is
converted into radiative output, the optical power available as spontaneous light
immediately below threshold is P = 1/2 V I, which gives 10 mW. Assuming
that the exposed portion of the active region of the photodiode is 5 p.m long, by
1.5 pm high, this gives an area of 7.5x10'^^ m^.
(i)

Assume as sphere:

assume the spontaneous light radiates into a

sphere uniformly, with no interruption, and no loss - the sphere has a radius of
250 pm, a surface area of 47tr^, i.e. 7.85x10-^ m^, compared to a target area
of the photodiode of 7.5x10'^^ m^; i.e. the photodiode will receive about
-50 dBopt of 10 mW, or 100 nW.
(ii)

Assume as disk:

assume all of the light radiates into the substrate

as a disk, with no interruption or loss - the disk has a radius of 250 pm, and
height of 1.5 pm;

thus the portion of light reaching the photodiode is

-

100

-
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circumference of photodiode divided by circumference of disk (27cr), i.e.
5x10-^ / 1.6x10-3, i.e. -25 dBopt, or 32 p,W from 10 mW.
In reality, the path from laser to photodiode will not be uninterrupted, nor
lossless, neither will all of the light be confined to the disk of case (ii).
Therefore the spontaneous contribution is more likely to be at the level of
example (i). It will therefore be this figure which will be used as the prediction.
3 .5 .4 S um m ary
Although modelling such a random quantity as the unguided light in the OEIC
has not proved possible, it is believed that this quantity will be low in the
current chip design. Of the sources of unguided light which are likely to be
present, it is thought that the laser spontaneous light will be the most
significant. For the system example, the predicted level of scattered light
reaching the photodiode from a 3 mW laser will be:
Solder Bump WDM Module (Type (ii))

20 MBit/s

622 MBit/s

Scattered Light Contribution

30 nA

30 nA
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D iagnosis of C rosstalk Types

Each of the mechanisms above will contribute towards the crosstalk level present at
the receiver. In order to differentiate one mechanism from another, it is possible to
operate the OEIC under different conditions, as shown in Table 3.6.1. With the
laser under CW drive, it is possible to ensure no electrostatic contribution is
present. Below threshold, it is possible to ignore any scattered or reflected light
contribution as being insignificant.

Below Threshold

CW Laser Drive

AC Laser Drive

Conduction

Electrostatic

Spontaneous

Conduction
Spontaneous

Above Threshold

Conduction

Electrostatic

Reflection

Conduction

Scattered/Spontaneous

Reflection
Scattered/Spontaneous

T ab le 3.6.1

C rosstalk m echanisms present u n d er different drive
c o n d itio n s

Beyond these, knowledge of the characteristic shapes of the crosstalk contributions
must be used. For example, in order to differentiate between conduction crosstalk
and spontaneous light crosstalk, the laser can be driven CW, below threshold, and
the results plotted. If the crosstalk is predominantly conduction related, plotting
drive current against induced photodiode current will yield a straight line. If it is
spontaneous light related, plotting fibre output power against induced photodiode
current will yield a straight line. (This argument assumes that the fibre output power
is accurately related to the spontaneous output of the laser - usually a practical
assumption.)
Electrostatic crosstalk can be diagnosed in two ways - from using the operating
conditions depicted in Table 3.6.1 and looking for differences with and without
modulation, and also by examining the induced photocurrent on an oscilloscope
while modulating the laser - electrostatic contributions are likely to appear as
differentiated spikes at the beginning and end of the modulated pulse.
Differentiating between scattered light and reflected light is more difficult, and for
this reason, it is advisable to include representative test structures on the OEIC
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reticle which simplify the situation - for example, the laser/ photodiode relationship
is identical to the real chip, but the photodiode waveguide does not connect to the
main circuit, i.e. there is no direct connection to the laser.
A further aid to diagnosis is possible for reflected light crosstalk, which may give
information relating the positions and magnitudes of the primary sources of
reflected light. If the integrated photodiodes have sufficient bandwidth, detailed
examination of the leading and trailing edges of an induced crosstalk signal should
provide information about the internal structure of the chip (Figure 3.6.1).

Stronger reflection,
further away \

Reflection,
near \
to laser \

Current

Time
F ig u re 3.6.1:

Exam ining the s tru c tu re of the crosstalk signal edges

For such a scheme to provide useful information, the detector bandwidth will need
to be wide for a chip as short the examples used here - assuming that two sources
of reflection are separated by 1 mm, the detector bandwidth would need to be
around 40 GHz; longer chips with greater distance between features would allow a
narrower bandwidth photodiode to be useful. This will not prove a relevant
technique for the current chips, which have a designed detector bandwidth around
1 GHz.
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Summary and Predictions

Modelling has been undertaken for each of the crosstalk contributions. For the two
electrical contributions, SPICE equivalent circuit models have been used to simulate
the behaviour of the example modules. The reflected light contribution has been
calculated by using a weighted summation of all of the significant paths between the
laser and photodiode, assuming estimates for S n and S2 1 for each case. The
scattered light contribution has been assumed to originate predominantly from the
laser spontaneous light, and an estimate has been made of the proportion of this
which reaches the photodiode.
The predictions for the relative levels of each of the four crosstalk contributions in
the solder bump WDM module (type (ii)) are shown in Table 3.7.1.

Solder Bump WDM Module (Type (ii))

20 MBit/s

622 MBit/s

Electrostatic Crosstalk Contribution

20 nA

3.9 nA

Conduction Crosstalk Contribution

12 nA

0.6 |iA

Reflected Light Contribution

3 tiA

3 \iA

Scattered Light Contribution

30 nA

30 nA

Table 3.7.1:

Summary of predicted crosstalk signal

levels for the Type (ii) module in the example system of
Section 1.2

As illustrated in the table, the contributions to crosstalk which have an electrical
origin increase with increasing frequency. The contributions which are optical in
origin are independent of frequency.

-104-

Chapter 4:

Measurements

4. Measurements

-105-

Chapter 4:_______ Measurements

4 .1

Introduction

This chapter examines measurements taken for the specific OEICs described
previously. The measurements made serve to illustrate the basic crosstalk types,
and demonstrate measurement techniques for the analysis of both the crosstalk
origin, and magnitude, for a generic chip design.
4 .2

Optical Low Coherence Reflectometry Measurements!^^]
4 . 2 . 1 Introduction
It is of considerable importance when predicting levels of reflected light
crosstalk, to have accurate measurements of both S2 1 and S n for particular
integrated components, as has been highlighted in Section 3.4.2.

The

estimates available for the initial modelling were order of magnitude at best, and
often arbitrary. This shows the need for accurate measurements of both
parameters. Measurements of either have associated difficulties; for S2 1 , it is
difficult to arrange a measurement system which can differentiate between the
reflected signal, and the adjacent strong signal from the rear end of the laser;
for S 1 1 » the main difficulty comes with introducing light and measuring
returning light from the same port.

The following technique, however,

addresses this latter point, and provides a practical method of measuring return
loss for integrated structures.
Optical Time Domain Reflectometry (OTDR) is a well known technique for the
measurement of S n in optical fibre systems.

However, a more recent

technique with approximately the same features is Optical Low Coherence
ReflectometryI52][53][54][55][56]^ which is producing impressive results in both
spatial resolution and dynamic range. Owing to the smaller size and improved
robustness of this technique over OTDR, it has been possible for a commercial
instrument to be constructed, based on OLCR.
Using such an instrument, manufactured by Hewlett-Packard (HP8504A), a
series of measurements have been carried out exploring the internal performance
of In? based Opto-electronic Integrated Circuits (OEICs). These measurements
are described, along with a summary of the results obtained, both for OEICs,
and some more general optical components.
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4 . 2 . 2 Optical Low Coherence Reflectometry
This technique is described in some detail in reference [52]. In summary, it is
based upon a Michelson interferometer, and a wide spectral-width optical
source. The main elements are shown in Figure 4.2.2.1

L2
LED

Wavelength
Independent
Coupler

]

Device
I Under
Test

Lens
Movable
Reference
Mirror

Rx

Figure 4.2.2.1:

Signal
Processor

Schematic diagram of the HP8504A Michelson
interferometer

The output of the LED is fed to a 3 dB coupler, which splits the output power
equally between the two arms of the interferometer: the reference arm, with a
variable one-way path length LI, and the test port arm, with a fixed one-way
path length L2. The reference beam is reflected by the movable mirror, whilst
the test port power is reflected by the different discontinuities within the test
device.
The two reflected signals are then combined in the wavelength independent
coupler, and fed to the receiver. The receiver detects the envelope of the
interference fringes, and this signal is then sent to the signal processor and on to
the display.
The LED optical source has a particularly wide spectral width, which in-tum
means that it has a low coherence length, of the order of 10 |i.m. Assuming,
as an example, that the test port is terminated with a simple cleaved fibre end,
and also that the reference and test port arms are of equal length, i.e. L1=L2.

-107-

Chapter 4:

Measurements

The reference and test port signals will constructively interfere, and the receiver
will detect an intensity peak. Movement of the reference mirror will increase the
path length difference (L1-L2), and interference fringes will occur as the two
reflected signals first constructively, and then destructively, interfere (see
Figure 4.2.2.2). As the LED source has a short coherence length, the contrast
of the interference fringes decreases with increasing path-length difference, until
the fringes become undetectable.

140
Coherence Length = 10 pm

120

g 100

Path-Length Difference, LI - L2, (pm)

F igure 4.2.2.2:

Interference fringes as the reference arm m irror

is moved from the equal path length condition
In practice, the reference mirror is swept through a reflection, and the
interference build to a maximum where L1=L2, and then decay.
The HP8504A reflectometer is fitted with a fibre input port, together with a set
of reference fibre lengths, which connect externally in order to balance the two
arms of the interferometer. The test port fibre is measured, and then the
reference length of fibre installed which brings the reflecting features within the
movement range of the reference mirror. Using this technique, the instrument
is able to place the position of reflections by relating them to the movement of
the reference mirror, to a claimed accuracy of 25 pm, using a 1300 nm source.
An internal 1550 nm source is also available. The spectra of these two sources
are shown in Figures 4.2.2.B and 4.2.2.4.
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^5 d B m

5dB
/div

-60dBm

-75dBm

1.3p.m
20nm/div

F igure 4.2.2.3:

Spectrum of the 1300 nm source

-45dBm

5dB
/div

-60dBm

-75dBm
1.45|im
RES: Inm

F igure 4.2.2.4:

1.65|im
20nm/div

Spectrum of the 1550 nm source
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4 .2 .3 M easurem ents
A Hewlett Packard HP8504A measurement system was used to examine a
number of different OEIC chips, interfaced to lensed single mode optical fibre.
For comparison, several common optical components were also examined:
lensed fibres, splices, and a fibred 3 dB coupler. For each measurement, the
position of a given reflection, and its magnitude were obtained. In order to gain
confidence in the accuracy of the reflectometer, a simple OFIC structure,
consisting of DFB laser butt-coupled to a straight waveguide, was measured
using a travelling microscope, in order to compare positional accuracy. The
OFIC structure is shown schematically in Figure 4.2.3.1.

Monitor
Photodiode

Waveguide

Input/
Output
Lens-ended

fibre

In?

F igure 4.2.3.1:

Laser/waveguide test stru ctu re

4 .2 .4 R esults
A typical result for the example OFIC is shown in Figure 4.2.4.1. The
horizontal scale is optical distance (length x group refractive index [see
Appendix A]), the vertical scale is logarithmic, where 0 dB corresponds to
100% reflection. The first peak of Figure 4.2.4.1, (a), is due to the combined

reflection of the lens-ended fibre and OFIC chip front-facet, which is uncoated.
These features are separated by ~8 p.m, and both reflect strongly.

The

instrument has a two-event resolution of 25 p,m maximum and consequently
the two features cannot be resolved. This is not a fundamental limit. Moving to
the right, there is no signal due to the straight waveguide which is shown to
have no discontinuities and hence no reflections. Following this, the front facet
of the DFB laser is visible as a peak (b), followed by the etched slot which
separates the laser and rear-facet monitor photodiode (c). This is then followed
by the rear chip facet (d).

-
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For the laser/waveguide straight, the path lengths derived from the measured
optical distances were as Table 4.2.4.1. The results show good agreement with
the measurements taken with a travelling microscope, which would have a
measurement error of 2%; the 1300 nm readings for total length agree to 0.8%,
the 1550 nm reading to 3%.

i

a

73
O

c
73
O

-L500 |im / Division
F ig u re 4.2.4.1;

R eturned light energy against distance, fo r the
O E IC of F igure 4.2.3.1

F eatu re

1300 n m

1550 nm

P h y sic a l
M easure

atob

3.19

3.24

3.23

b to e

0.24

0.25

0.26

c to d

0.20

0.24

0.25

Overall chip length

3.75

3.63

3.72

T a b le 4.2.4.1:

C om parison between m easurem ent m ethods for

featu res o f laser/w aveguide O E IC of F igures 4.2.3.1 & 4.2.4.1.

A polarisation induced splitting of the reflection peaks was observed. Figure
4.2.4.2 shows the front facet of the laser (peaks e and f), and also the laser rear
facet/monitor front facet (g and h). There are no features on the chip which
correspond to these spacings - they are caused by a slight birefringence of the
waveguide structure, i.e. the different effective refractive indices for TE and TM
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polarisations. The difference between the two peaks e and f corresponds to
0.3% of the total (return) path length in the passive waveguide material; detailed
examination of the waveguide stmcture shows the difference in effective mode
indices between TE and TM corresponds to 0.2% (TE: 3.24824, TM: 3.24196
at 1550 nm).

Within the accuracy of the experiment, this shows good

agreement with the theoretical result

o

50 pm / Division
F ig u re 4.2.4.2:

Expanded view of the laser section of the O E IC
o f F ig u re 4 .2 .3 1 .

Choice of probe wavelength is important in OEIC measurements where
wavelength selective structures such as gratings are present. Figures 4.2.4.1
and 4.2.4.2 were taken at 1550 nm, examining a laser structure designed to
operate at 1300 nm. The DFB laser contains a distributed grating, centred in
the 1300 nm band, and effectively transparent at 1550 nm; therefore, this
structure is not apparent in the 1550 nm plots of Figures 4.2.4.1 and 4.2.4.2.
However, at 1300 nm, the probing signal is strongly reflected along the length
of the laser grating and this was evident as spatially broadened reflections
(Figure 4.2.4.3).
In order to analyse return loss results (return loss is the reciprocal of the square
of the reflection coefficient), it is necessary to know quantities such as the fibre
to waveguide coupling loss, the waveguide material loss, and the inherent loss
of any optical components within the OEIC path accurately. Results taken for
particular OEIC features are shown in Table 2. Also shown are results for
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some common commercially available laboratory components, which are shown
in Table 3.
The fibre/facet reflection measurements were as would be expected, as were the
laser/ waveguide butt joint return loss results. The latter can be estimated from
the difference in mode indices calculated via the usual Fresnel formula, and is
estimated to be ~-50 dB at 1300 nm. The measurement of the laser/ monitor
etched slot reflection gave significantly different values for the two
measurement wavelengths; only a course estimate of the loss through the
1300 nm laser for a 1300 nm probe signal was possible. The 1550 nm result
differs markedly from the high reflection level expected at a semiconductor-air
interface (-5 dB), suggesting the quality of the dry-etched surface requires
examination.

100 \im / Division
Figure 4.2.4.3:

Reflection from a 1300 nm DFB laser, when
probed with 1300 nm.
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Description

X (nm)

Value (dB)

Gn l (dB)

Lensed Fibre/ OEIC Chip Facet Reflection

1300

24.8

1.6

1550

20.9

1.8

1300

52.8

4.5

1550

48.8

4.6

1300

50

8

1550

30

2

1300

64.9

0.8

1550

>57

-

1300

>70

-

1550

>57

Laser/Waveguide Butt Coupling
Laser/Monitor Etched Slot
3 dB Coupler
Waveguide Bend, Minimum Radius 3 mm
Table 4.2.4.2:

Optical return losses for InP OEIC structures

Description

X (nm)

GTE Lab Splice

1300 & 1550 34

8

Lightbridge Splice

1300 & 1550 41

5

3M Fibrelok Splice

1300 & 1550 55

15

Ground Lensed Fibre, 6 pm Radius

1300

36

1.4

1550

24.5

0.7

1300

-

-

1550

24

1.4

1300

>70

-

1550

>60

-

Etched Lensed Fibre, 10 pm Radius
Sifam 3 dB Coupler
Table 4.2.4.3:

Value (dB)

Gn_l (dB)

Optical return losses for miscellaneous fibred
com ponents

The measurements showed clearly that indium phosphide based waveguide
bends are a low source of reflections. Also, the levels of return loss from
coupler structures are higher than expected - estimates used in previous
modelling have assumed the reflectivity of such couplers to be in the region of
-30 to -40 dB, rather than of the order of -60 dB measured here. This shows
such structures to be less of a source of near-end crosstalk than expected.
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In conclusion, OLCR provides a powerful means of probing the internal
workings of components which would be difficult to examine otherwise. It has
potential as both a research/design tool, and as a quality control tool in OEIC
production. Gaining detailed information about the performance of specific
OEIC subcomponents requires a considerable amount of ancillary information
concerning group refractive indices, wavelength behaviour and, most critically,
optical losses within the component.
The technique has provided detailed information about the location and
magnitude of sources of reflection within sample OEIC structures.

In

particular, it has shown that waveguide bends and waveguide couplers have
reflection levels lower than -60 dB.
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Module Measurements

As previously described, 5 varieties of OEIC chip were examined, which have been
labelled as followst^^h
Type (i)

‘WDM’ chips for wire-bonded implementation

Type (ii)

‘WDM* chips for solder-bump implementation

Type (iii)

‘Volks’ chips

Type (iv)

‘3 dB’ chips

Type (v)

‘Test Structure’ chips

Each of the above were tested as modules, with the chips mounted on suitable
carriers and soldered into dual-in-line packages, with laser-welded lens fibre optical
interfacingt^S].
4 . 3 . 1 Test Conditions
Each of the modules was tested in a test board, which contained suitable sockets
for accessing on-chip lasers and monitors, and also amplifiers and bias circuitry
for the receiver photodiodes, as shown in Figure 4.3.1.
In this circuit, photocurrent generated by the PIN develops a voltage across the
50Q. resistor, which is then amplified by the 50Q amplifiers following. Some

test boards have two gain stages, as illustrated, although some only used one.
Such amplifiers are designed to operate at more than 1 GHz.
The circuit of Figure 4.3.1 illustrates a common earth configuration. Also
evaluated was the circuit of Figure 4.3.2, where the photodiode is isolated from
the board earth and laser earth, in order to restrict conduction currents.
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39R
+9V
lOOn
270

220
lOOn
T o bi**/ C )
P icoam m eter

lOOn
S ig n al
O/P

-T ■

50R

MAR-1
lOOp

lOOp

Photodiode bias circuitry and following

F igure 4.3.1:

am plifiers using common earth

+9V

39R
120R

lOOn
270

220
To bias/
P icoam m eter

lOOn

lOOn

50R
lOOp

F igure 4.3.2:

M A R -1

MAR-1

lOOn

lOOn

lOOp

lOOp

O/P

Photodiode bias circuitry and following

am plifiers using an isolated earth

The majority of the crosstalk measurements were carried out using 50 ns, 1 in
20 duty cycle pulses, with the pulse driving from zero. Pulsed operation was
used to aid cooling of the laser, and to aid clear identification of any visible
crosstalk mechanism.
4 .3 .2 M odules
A summary of the modules tested is given in Table 4.3.2. Modules 3 and 4
were used for fibre interfacing stability trials, which are not reported here.

-
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Module

Design^

Implementation
2

Optimised

Measurements

Optimised Dummy

Packaging^ Optical

Detectors^

Coupling^
Module 1

WDM

Wire-Bond

Yes

Yes

Module 2

WDM

Wire-Bond

Yes

Yes

Module 5

WDM

Solder-Bump

Yes

Yes

Module 6

WDM

Solder-Bump

Yes

Yes

Module?

WDM

Solder-Bump

Yes

Yes

Module 8

WDM

Solder-Bump

Yes

Yes

Module 9

WDM

Solder-Bump

Yes

Yes

Module 10

3 dB

Wire-Bond

Module 11

3 dB

Wire-Bond

Module 12

3 dB

Wire-Bond

Module 13

Volks

Wire-Bond

Yes

Module 14

Volks

Wire-Bond

Yes

Module 15

Test

Wire-Bond

Yes

None

Wire-Bond

Yes

None

Wire-Bond

Yes

None

Structure
Module 16

Test
Structure

Module 17

Test
Structure

Table 4.3.1

Module Summary

Notes:
1

Chip Design refers to the previous descriptions of OEIC chip.
Implementation: refers to both the chip mounting method intended, and
therefore also, the chip sub-batch from which the OEIC originates.
Optimised Packaging: refers to whether the packaging used for a
particular module was custom designed, and therefore optimised to
reduce electrostatic coupling between feed tracks, or adapted from
industry standard packaging.
Optimised Optical Coupling: for ease of construction, the fibre
interfacing of some modules was only intended to provide a
representative output power, to indicate lasing action.
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Dummy Detectors: One chip design included an additional detector
placed symmetrically about the laser centre line, but not connected to the
waveguide circuit; this was for diagnostic purposes.

4 . 3 . 3 Results - General Module Performance
Devices from the measured modules originated from two sub-batches, where
the final processing stages of each differed only.

Thus the basic chip

performances of the modules were broadly similar.
Most general characterisation was carried out on Modules 1-9 (the ‘WDM’
modules), with limited further work carried out on Modules 10-17. Of the
results for Modules 1-9, a summary is presented below, as a guide to
subcomponent performance on these wafers.
Some general results of module performance for Modules 1-9 are as follows:
(i)

Laser performance was poorer than measured on previous OEIC
devices, with devices exhibiting higher threshold currents, and lower
output powers, than expected (Table 4.3.3.1). This proved beneficial in
aiding crosstalk diagnosis, as the region below threshold was more
pronounced. A typical L/I curve is presented in Figure 4.3.3.1, this for
Module 2, pulsed. Other modules were similar, with kinks apparent in
modules which had double-moded spectra.
Wavelength Threshold SMSR

Peak Output

(nm)

(mA)

(dB)

Power (tiW)

Module 1

1281

60

35

21

Module 2

1280

60

30

54

Module 5

1280

55

4

30

Module 6

1280

Module 7

LED-like

45
•

4
•

140
•

Module 8

No O/P

•

#

•

Module 9

1281

45

25

-23

Target

1265-1300

10-40

25

400

Table 4.3.3.1:

Laser output characteristics, Modules 1-9
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80

. .

60

- .

40

. .

20

40

F igure 4.3.3.1:

(ii)

SO

60

100

120

1 40

160

Typical module light/ current characteristic

The majority of photodiodes were leaky when dc bias was applied
(Table 4.3.3.2); this did not, however, usually inhibit their ac
performance. No difference in ac performance was noted between
biased and unbiased, and therefore, in order to standardise,
measurements were made with photodiodes unbiased.

1.3 Detector

1.5 Detector

Module 1

25 nA @ -5V

25 nA @ -5V

Module 2

1 mA @ -0.3V

7nA @ -5V

Module 5

4 ^lA @ -0.5V

4 pA @ -0.5V

Module 6

4.7 nA @ -0.2V

7pA @ -0.1V

Module 7

177 [lA @ -0.05V

2.8 mA @ -0.2V

Module 8

6tiA @ -O.IV

47pA(g) -O.IV

Module 9

500 nA (a)-1.5V

160|iA@ -0.1V

Target

10nA @ -5V

10 nA @ -5V

T able 4.3.3.2

-

Detector leakages

120

-
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Chip loss was higher than expected, combined with a higher excess
loss, also, for the WDM chip component; these combined to show
poorer overall module responsivities than expected (Table 4.3.3.3).

1.3 Detector (A/W)

1.5 Detector (A/W)

Module 1

0.005

0.05

Module 2

0.009

0.16

Module 5

0.033

0.14

Module 6

0.32

Module?

0.08
•

Module 8

.

0.15
#

Module 9

0.032

e

Table 4.3.3.3:

Module responsivities (input power in module

fibre compared to detector photocurrent)

(iv)

The WDM component wavelength selectivity is highly dependent on the
differential loss between paths in the Mach-Zehnder interferometer, and
the large excess losses therefore effect the WDM performance, which is
shown in Tables 4.3.3.4 and 4.3.3.5.
The first of these tables gives the measurements which were taken of
ratios of signals from each of the two detectors; the second uses the
modelled responsivities of the detector subcomponent (which differs by
a factor of 2 between the two wavelength bands), in order to derive the
performance of the WDM.
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1.3 Detector

1.5 Detector

Module 1

-3dB

9.9 dB

Module 2

13.3 dB

4.3 dB

Module 5

OdB

10.5 dB

Module 6

5.7 dB

Module?

12.5 dB

14.8 dB
•

Module 8

•

Module 9

4.9 dB

T a b le 4.3.3.4:

Measurements

-2dB

M odule w avelength rejection (for each

detector, ratio of response a t w anted w avelength w ith response to
unw anted w avelength, for equal incident powers)

1.3 Detector

1.5 Detector

Module 1

OdB

6.9 dB

Module 2

16.3 dB

1.3 dB

Module 5

3dB

7.5 dB

Module 6

8.7 dB

Module?
Module 8

15.5 dB
•

11.8 dB
#

Module 9

7.9 dB

Assumes:

$
-5dB

1300 detector responsivity to be 0.35 A/W,
1500 detector to be 0.7 A/W

T a b le 4.3.3.S:

D erived duplexer w avelength rejection (i.e. as

m odule wavelength rejection, but sub tractin g the effect of the
differing d etector responsivities fo r the two w avebands)

(v)

As most of the laser pulsed measurements were taken by setting the
voltage across the device, in order to translate this into current, it is
necessary to establish the laser resistance, with applied voltage. This
was measured by applying a CW drive, and measuring the current on an
ammeter. Typical device resistance results (Module 10) are shown in
Figure 4.3.3.2, with drive current.
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20
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F ig u re 4.3.3.2;

F igure 4.3.3.3:

50
Currant

80
(CW),

70

80

90

1 00

mA

Typical OEIC device laser resistance

Evolution of spectrum with increasing drive
(M o d u le 2)

(vi)

In order to be able to attribute some of the crosstalk mechanisms to
optical origins, it was necessary to prove that the spectra of the OEIC,
and therefore the general behaviour of the device, was as would be
expected for a discrete DFB source.
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Example spectra are shown in Figure 4.3.3.3, where the plots show
wavelength along the horizontal axis, and power in decibels on the
vertical axis; the pulsed drive voltage to the laser is increasing from top
spectrum on the left hand side, to the bottom spectrum, and then top
right to bottom right
Figure 4.3.3.3 shows that as the drive level is increased, more
spontaneous emission occurs, but no coherent output is present until
threshold (2.8V on the Figure).

Once threshold is exceeded, the

spontaneous background stays constant, whilst the coherent mode
rapidly rises in power.
This shows that below threshold, no coherent power is present.
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4 .3 .4 .

Planned E xperim ents

The main measurement of interest from a system implementation standpoint, is the
total amount of crosstalk current from the laser on to the detectors in each module.
However, for diagnostic purposes, other techniques allow insight into the
mechanisms which are present. The measurements which have been carried out on
some, or all, of the modules are as follows:
W aveform Shape:

Driving the laser pulsed, the induced crosstalk may be

viewed on an oscilloscope following test-board amplification. This provides useful
information as it helps to identify the dominant crosstalk mechanisnL For example,
electrical coupling may appear as spikes on rising and falling edges; optical
contributions and electrical conduction may appear for the full duration of the drive
pulse. Rapid increases in crosstalk at threshold may also readily be seen using this
method.
C rosstalk C h aracteristic C urve:

This is the crosstalk equivalent of the

laser light/ current characteristic, giving the total induced crosstalk current in a
detector as the laser drive current is increased. From this, the magnitude of the
induced crosstalk current is obtained, with increasing laser drive current. This may
further be used to correlate the results to particular mechanisms, by fitting the
results to the laser drive current, or the laser optical output power.
F requency R esponse: Using an RF sinewave generator, a small signal may be
placed on the laser. This may be swept across the frequency band of interest, and
the (amplified) detector output viewed on a spectrum analyser. The electrical
mechanisms are frequency dependent, whilst the optical mechanisms are not,
making this an examinadon of the electrical contributions only.
T herm al Droop:

Overdriving the laser element causes it to heat up, and

the output power to reduce. Examination of the crosstalk current while this
happens gives an indication of whether the crosstalk is light related (i.e. is also
reducing with time) or whether it is current related (staying constant with time).
In order to carry out the analyses described above, each module type was tested on
an individual test board, which provided earthing, access for laser drive, and
following amplification for the photodetectors.
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Results - Module Crosstalk Performance

The WDM modules have been examined most closely, and are used as the baseline
for comparison with the other modules. A summary of the measurements taken to
date for each of the module types, is given in Table 4.3.5.1.
Module Type

Experiment:
Waveform

Characteristic Frequency

Thermal

Shape

Curve

Response

Droop

WDM Wire-Bonded

Yes

Yes

Yes

Yes

WDM Solder-Bump

Yes

Yes

Yes

Yes

Volks

Yes

Yes

3dB

Yes

Yes

Test Structure

Yes

Yes

Table 4.3.5.1: Summary of crosstalk measurements taken for
each module type.
Some general comments on device crosstalk measurements are as follows:
Each variety of test board was initially constmcted so as to use a separate earth for
transmit, receive and case; transmit and receive separation is required for the
detector blocking layers to function.
In each case, the minimum crosstalk condition was found to be when all three
earths were commoned together on the test board (see Figure 4.3.5.1); i.e. separate
earths were found to be ineffective; this could have been because earthing occurred
via test equipment supply connections, but measurements of photocurrent using
isolated (battery operated) ammeters showed the same results as those using non
isolated equipment The measurements reported here are for common earth.
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4.3.5.1 (a) Separate transm it/receive & case earths
(b) commoned earth

4 .3 .6

Results on WDM Modules (Types (i) and (ii))

As already explained, the main body of crosstalk performance data was taken from
these module types.
4 .3 .6 .1

WDM Module Crosstalk Waveforms

Driving the laser from zero bias with 50 ns pulses and a 1 in 20 duty cycle, the
module crosstalk performances were examined on an oscilloscope. A typical
evolution of the resulting crosstalk in a pair of receiver photodiodes is shown in
Figure 4.3.6.1.1, illustrated for pulse shape only. These observations apply
equally to the other module types also.
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♦ Det 1

r
F igure

4.3.6.1.1: Typical crosstalk waveform s

In this Figure, the resultant test board output is represented, following on-board
amplification. Beside each pair of traces is the peak voltage setting of the test
generator, which is proportional to the current supplied to the laser.
At 0.2V, the laser has not switched on, and Detector 1 (Dl) is showing the first
signs of electrostatic coupling. By 1V Dl now has both a marked electrostatic
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contribution on leading and trailing edges, and also another contribution causing
the main body of the pulse; this is a conduction contribution, as will be shown
later.
As the drive level rises through 3.5V up to 8V, D l continues to grow (the scale
changes between the second, third and fourth pictures of D l).
Detector 2 (D2), meanwhile, shows no evidence of crosstalk until the drive
current reaches threshold, and the laser starts producing an appreciable light
output At this point (see the 3.5V trace), a full duration pulse becomes evident
which is light related, with no sign of electrostatic contribution on rising or
falling edges. This continues to rise with increasing drive level - however, for
D2, all four traces are on the same scale, showing that the total crosstalk
contribution is much lower than for D l. It is noted that detector D l exhibited
much higher leakage current than detector D2.
4 .3 .6 .2

W DM M odule C rosstalk C urves

Another method of viewing the crosstalk performance of each module, is by
varying the drive current to the laser, and plotting the induced crosstalk current.
This has been carried out for both constant (cw) laser drive, and also pulsed 1
in 20, as previously described.
Results tend to be one of two broad types of characteristic: those which show a
gradient change corresponding to laser threshold, and those which do not.
Of the first type, a type (i) module shows typical results:
Figure 4.3.6.2.1 shows a crosstalk characteristic, for cw laser drive. Here the
two on-chip detectors show slightly different crosstalk levels, although both
show the same features.
Induced current is apparent below threshold, but becomes more significant at
the same drive current at which the module optical output rapidly increases, i.e.
laser threshold. Thereafter, the crosstalk rises more steeply with increasing
current.
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1.3 D#l

1.5 DM

D r lv C u rren t (CW), mA

F ig u re

4.3.6.2.1: Crosstalk characteristic, Module Type (i)

25 - ■
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70

Drive Current (CW), mA

F ig u re

4.3.6.2.2: Fitting drive current to crosstalk current below
threshold

Examining the region below threshold firstly, Figure 4.3.6.2.2 shows the
crosstalk current as a ratio with the laser drive current, placed into dB's for
convenience. This shows extremely good agreement with the crosstalk below
threshold being drive-current related.
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F ig u re

SO
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C urrent,

1 00

120

mA

4.3.6.2.3: Fitting causes to crosstalk current above
threshold

Above threshold, the same exercise yields a less precise correlation. This is
also the case when it is compared with the optical output, although the
behaviour at threshold strongly suggests some correlation. In order to obtain a
good correlation, it has been necessary to assume that the conduction current
contribution, which dominates below threshold, continues to grow at the same
rate above threshold. This is illustrated for the 1.5 detector, in Figure
4.3.6.2.1, as a dotted line on the crosstalk characteristic. This is also shown in
Figure 4.3.6.2.3 (on an arbitrary dB scale), where the upper line shows the
correlation of optical power to crosstalk current, and the lowest line shows the
correlation to drive current; only the middle line, following subtraction of the
conduction current, gives a good correlation.
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I
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Driv* Current (CW), mA
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4.3.6.2.4: Fitting causes to crosstalk current above
threshold

Subtracting the extrapolated conduction contribution from the crosstalk current,
and then taking a ratio of the remaining contribution with the optical output
power, yields the curve of Figure 4.3.6.2.4. This shows that for this module,
above threshold, optical contributions dominate, with an appreciable conduction
component present also.
The second type of characteristic curve obtained is illustrated with results from a
type (ii) module. Here, no gradient change is apparent at the drive current
corresponding to threshold.
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4.3.6.2.S: Crosstalk characteristic for module showing no
gradient change at threshold
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4.3.6.2.6: Fitting drive current to crosstalk current

For this type of characteristic, a ratio of crosstalk current with drive current
applies below and above threshold, as shown in Figure 4.3.6.2.6.
illustrates that conduction is the dominant crosstalk mechanism.
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Comparing results for the two modules, either the higher conduction current
apparent in the second example is enough to mask the optical contribution
visible in the first, or the optical contribution is significantly smaller in the
second.
4 .3 .6 .3

F requency R esponse

The frequency response measurement was carried out on WDM modules, types
(i) and (ii). One reason for developing two kinds of module implementation,
wire-bonded and solder-bump, was to compare the effectiveness of each,
against electrostatic coupling of feed methods. As already stated, this has been
difficult, as other mechanisms dominate to an extent that the electrostatic
contribution is usually obscured.
Measurements have been taken for a type (i) module (i.e. of wirebonded
construction), and a type (ii) module (of flip-chip solder bump implementation).
These have been taken using an RF sine wave generator driving the laser, and
the board outputs monitored on a spectrum analyser. Once the effective gains
of the testboards have been subtracted from each measurement, the results are
as shown in Figure 4.3.6.3.I. Other measurements of the test equipment show
that the test generator output is constant within 1 dB with increasing frequency,
and that the test board amplifiers are not operating in saturation for any of these
readings.
The measurements were taken using 0 dBm RF drive into the laser, through a
bias tee. 0 dBm is a small signal level, corresponding to approximately 4 mA
drive to the laser; this would have been too small to switch the laser on. The
introduction of bias had minimal effect on the crosstalk (less than 1 dB), as
would be expected considering that the optical mechanisms are frequency
independent. This leaves the two electrical effects of electrostatic coupling and
conduction.
Figure 4.3.6.3.1 shows the results for three of the four detectors; the fourth
exhibited a very high leakage current, and was not representative.

The

remaining detectors gave broadly the same crosstalk outputs, with the 1.5
detector of the type (i) module giving lower crosstalk output than the other two,
with a slightly different curve shape. The two solder bump detectors gave
remarkably similar, almost indistinguishable, results up to 600 MHz. Also
shown on Figure 6.2.3.1 is a curve produced by modelling the solder bump
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implementation, type (ii) for electrostatic coupling - the measured curves also
include the conduction contribution.
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Figure 4.3.6.3.1:

C rosstalk coupling with frequency, M odule
Types (i) and (ii).

4 .3 .6 .4

WDM Module Therm al M easurements

High levels of drive current to the laser element tend to cause a drop in output
power with time, as the laser heats up. This provides a useful diagnostic
method for crosstalk; as the laser drive current is constant, if the induced
detector crosstalk current stays constant as the optical output drops, then the
crosstalk above threshold is current related - conversely, if the crosstalk current
falls along with the optical output, then the crosstalk is predominantly optical in
origin.
Figure 4.3.6.4.1 shows the results of thermal droop measurements for a type
(i) module, one of the modules with a gradient change visible on the crosstalk
characteristic at threshold. Here, the optical output and the detector crosstalk
current are plotted against time, as the laser, driven at around 120 mA, warms
up.
Figure 4.3.6.4.2 plots the same information in a more informative way - the
crosstalk current is plotted against the optical output power. This clearly shows
that, above threshold, the crosstalk origin is predominantly optical.
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4.3.6.4.1: Optical output power and crosstalk current
decay with time
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4.3.6.4.2: Crosstalk current plotted against optical output
pow er

The same experiment was carried out for one of the modules with no gradient
change at threshold. For such a module, it appears from other measurements
that the dominant mechanism is conduction, with any optical contribution
shrouded by the larger effect.
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Results for a thermal droop experiment on a type (ii) module with no gradient
change at threshold are shown in Figure 4.3.6.4.3, with the laser driven at
73 mA, CW. This shows that some optical contribution is present, but that it is
superimposed upon a much larger effect.
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4.3.6.4.3: Crosstalk current plotted against optical output
pow er

4 .3 .7

Volks Module Results (Type (iii))

These modules were distinctive for the inclusion of two detectors, one connected to
a duplexer element, the other placed symmetrically about the laser output axis, but
not connected to a waveguide. The intention was to remove any reflected light
contribution, and therefore be able to isolate the scattered and conduction
contributions from the reflected contribution.
All four detectors present within the two modules, were very leaky. The most
informative results are shown in Figure 4.3.7.1.
The connected detector does show a very small change in gradient at threshold,
indicating a small optical contribution superimposed on the much larger conduction
contribution. Of more interest is the crosstalk contribution of the unconnected
detector, which shows no optical contribution, only a conduction contribution,
shown in Figure 4.3.7.2. As the detectors were leaky, this result is of limited
general application.
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4 .3 .8

3 dB M odule Results (Type (iv))

Results for the 3 modules which contained 3 dB OEIC chips, are shown in Figure
4.3.8.1.
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F igure 4.3.8.1

3 dB module crosstalk characteristic curves

These chips differed from the other chips described here in one important way, that
of chip length. Following processing, the OEIC wafer was cleaved into bars and
AR coated. These chips were subsequently re-cleaved, to make them the correct
length, removing the AR coating in the process. This only leaves the angled facet
to suppress reflections.
Below threshold, these modules show a good fit with conduction current being
dominant. Above threshold, the fit is good with optical output power, as would be
expected for the sharp gradient change at threshold. Because all three of these
modules show significantly more crosstalk current than any of the other modules, it
can be assumed that the dominant crosstalk mechanism is reflected light, and that
this originates from the facet, rather than from the 3 dB coupler sub component.
This is plausible also from the fact that the two exhibiting crosstalk show very
similar levels, commensurate with a good cleaved facet; the other one is lower,
although chip results show the laser output power to have been approximately 2 dB
lower than the other two; this accounts for half of the 4 dB difference. The
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remaining 2 dB is likely to be a poorer cleave of the facet, a highly probable
situation.
The 3 dB modules show crosstalk currents of around 60|xA at 100 mA drive,
which is considerably greater than observed with the other module types (5-8 pA)
under the same conditions. This gives a difference between this type of module,
and the types with AR coating, of around 8-13 dB. Both types have an angled
facet, and therefore ignoring this, the difference between AR coated (reflectivity
around 2-4% with air) and bare semiconductor (reflectivity around 31% with air), is
theoretically 9-12 dBopt. These arguments assume these chips to have a similar
throughloss to the other chip designs, which, although not inherent with the
designs, is largely the case for these modules.
Having demonstrated that these chips are dominated by facet reflection above
threshold, and that the other chip designs have crosstalk which is lower by roughly
the amount that would be expected for the addition of an AR coat, the conclusion is
that the majority of optical crosstalk seen on some modules must originate from the
facet, rather than from either internal components, or scattering from the laser.
4 .3 .9

Test Structure Results (Type (v))

A simplified schematic diagram of the test structure contained within Modules 1517, is shown in Figure 4.3.9.1, showing feature designations.
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LM

M o n ito r
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Figure 4.3.9.1:

Right

Test structure schematic diagram
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The test structure is designed to allow observation of crosstalk from detectors
which are not linked to the source laser by a waveguide route. This should
eliminate reflection-based crosstalk paths, and is similar to the ‘dummy detectors’
present on the Volks chips.
The furthest detector, RP3, showed the least crosstalk, whilst also responding
well to light generated from the right laser, RL. The detector photocurrent as RL is
driven pulsed, is shown in Figure 4.3.9.2; the optical output showed an identical
kink at 70 mA, indicating that the detector is following the laser output well.
Fitting of the photocurrent to the optical output works well beyond 60 mA, but
below this, the fit is slightly better when the photocurrent is fitted to the laser drive
current; Figure 4.3.9.3 shows both fits, where the fit to drive current has a
subtracted factor in order to easily compare the two fits.
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Figure 4.3.9.2:

Detector RP3 photocurrent when is RL driven

-141-

Chapter 4:_______Measurements

12

10log(optlcal/photocurrent)
10

8
10log(drtve cu rrent/photocurreni) - 30
6

4

2

0
0

20

40

80

60

100

120

140

160

180

Drive Current (Pulsed), mA

Figure 4.3.9.3:

Fitting mechanisms to RP3 photocurrent

Driving the unconnected laser, LL, would give a good opportunity to observe any
scattered light crosstalk, crossing the substrate over to RP3. No light-related
crosstalk was visible on RP3.
This does give an indication of the maximum level that any scattered light crosstalk
could be at, but in order to make quantitative estimates of the maximum crosstalk
level, some assumptions must be made.
The modelled detector responsivity for 100 p.m length devices at 1300 nm,
is 0.35 AAV. The test structure devices are of 10 |im length, and the
responsivity of these devices may be scaled linearly with length. Therefore
assume that R=0.035 AAV.
Powering RL, for a laser drive of 160 mA, RP3 gives 90 pA, which
translates to an incoming optical power (‘lb ’ of Figure 4.3.9.4) of
2.5 mW.
The power into the broad area detector under these conditions is 1.09 mW,
giving an effective coupling loss from lb to 2b of 2.4 dB.
The output of the left laser, LL, is 6 dB below that of RL, 286 pW
arriving at 2a under the same conditions. Working back, assuming the
same coupling loss from la to 2a as was derived for lb to 2b, the power at
la would have been 500 p.W.
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Broad Area Detector

RP3

Figure 4.3.9.4:

Test structure scattered light schematic diagram

The minimum detectable crosstalk current for this system (module plus test
board amplifiers plus oscilloscope) was approximately 0.6 |iA. In order to
induce 0.6 pA, 17 pW would have been required (R=0.035 again).
No optical signal was detected by RP3, when 5(X) p,W was present at la.
This gives an indication of the maximum level that any scattered light crosstalk
could be, and this limit is 15 dBopt below the laser power.
This last example OEIC type showed potential for providing detailed crosstalk data
but was let down by poor device performance for the examples available. It would
therefore have been of great benefit to process new devices of the same type, had
time permitted. It is recommended that future wafers include such test structures
routinely.
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D iscussion

From the above measurements, the crosstalk levels above threshold on the modules
assessed are very similar. Results on individual modules are summarised in
Figure 4.3.10.1. In this figure, the individual detectors are spread along the
horizontal axis by module number, and the induced detector current is plotted on the
vertical axis, for 100 mA drive of the laser.

..
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Figure 4.3.10.1:

N u m b e r"

Module crosstalk comparison - 100 mA laser
drive

The two modules with a substantially higher crosstalk level are those without anti
reflection coatings on the front facet of the OEIC chip, and the optical reflection
mechanism is dominant.
Distinguishing between the mechanisms and their level of contribution to the
crosstalk has proved difficult. Other than the optical reflections in the 3 dB
modules, there is not a dominant mechanism, and the relative levels of the
contributing mechanisms varies between modules. The frequency response and
thermal droop measurements do distinguish between the electrical and the optical
contributions, as does the analysis of the characteristic curves above and below
threshold.
The summary data on relative crosstalk strengths following analysis of the
experimental results is shown in Table 4.3.10.1. The table shows the results for all
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five module types, assuming 622 MBit/s operation. As it has not been possible to
differentiate between the two electrical contributions to crosstalk, the total has been
divided equally between each.

Module Type

Optical

Electrical

Electrostatic Conduction Scattered

Reflected

Type (i) WDM

<50

<50

<1

1.5

Type (ii) WDM

<150

<150

<1

1

Type (iii) Volks

4

<1

1

Type (iv) 3 dB

2

<1

60

<60

None

Type (v) Test Structure

Table 4.3.10.1: Relative crosstalk strengths for the five module
varieties

Solder Bump WDM Module (Type (ii))

20 MBit/s

622 MBit/s

Electrostatic Crosstalk Contribution

<270 nA

<150 \l A

Conduction Crosstalk Contribution

<270 nA

<150 \iA

Reflected Light Contribution

1 \l A

1 |iA

Scattered Light Contribution

<1

<1

Table 4.3.10.2:

Crosstalk strengths for the standard
(Type (ii)) m odule

For the ongoing comparison of crosstalk predictions against experimental results
for the solder bump WDM module, the results are shown in Table 4.3.10.2. This
shows the crosstalk contributions for both 622 MBit/s, and 20 MBit/s, as far as
can be differentiated.
From Table 4.3.10.1 it is seen that the application of the particular crosstalk
reduction methods in the current design has apparently not been successful. In
particular, the solder bonded version (Type (ii)) shows more rather than less
electrostatic crosstalk signal than the wire bonded (Type (i)) version.
4 .3 .1 1

C onclusions

The processing difficulties for this batch have produced devices with higher
conduction, and therefore higher leakage, than would normally be expected. The
origin of the excess conduction is believed to be contamination in the uppermost
device layers of the chip. With the high conduction and electrostatic crosstalk
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contributions present in this batch, establishing the exact proportions of each from
the total has proved difficult. The optical contributions are more clear-cut; as
predicted, no scattered contribution was evident. The optical reflection contribution
is believed to derive from the facet rather than the internal optical components, as
predicted, and this can therefore be regarded as a worst case level of reflection.
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5. Assessment of Results
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Assessment o f Results

Introduction

Table 5.1.1 draws together the results of the modelling section and measurements
section for comparison. This shows that the optical contributions are as expected.
The discrepancies arise in the comparisons of the two electrical predictions. The
behaviour of the integrated detectors indicates that leakage paths are present which
have not been accounted for, but point towards contamination in one or more of the
semiconductor layers, probably the upper waveguide layers. This is borne out by
measurements of resistance between laser and detector on the OEIC. This has two
effects: firstly, the conduction model must therefore be re-run to include the
measured device values. Secondly, this increased level of conduction has an impact
on the electrostatic contribution, as the electrostatic modelling assumed the
semiconductor to be a dielectric, rather than a conductor.
The following sections will therefore describe adjustments of the two specific
electrical models, in order to obtain agreement with the measured crosstalk
contributions.
Solder Bump WDM Module

20 MBit/s

(Type (ii))

Predicted

622 MBit/s
Actual

Predicted

Actual

Electrostatic Crosstalk

20 nA

<270 nA

3.9 pA

<150 pA

Conduction Crosstalk

12 nA

<270 nA

0.6 pA

<150 pA

Reflected Light

3 M-A

1 \ iA

3 pA

1 pA

Scattered Light

30 nA

<1 pA

30 nA

<1 pA

Table 5.1.1:

Comparison between initial predictions and measured
values of crosstalk for the example modules.

-148-

Chapter 5:

5 .2

Assessment o f Results

Updated Electrostatic Crosstalk Model

Modelling of the electrostatic contribution has been carried out using an equivalent
circuit model.

Ideally it should have been implemented using a full three

dimensional electromagnetic solver, but this was not available. The SPICE model
has assumed that the OEIC chip acts as a slab of dielectric; experiment has shown
that the chip exhibits leakage paths between transmit and receive, and this alters the
approximation radically - the model should take into consideration the movement of
charge concentrating the lines of field even further, and therefore increasing the
crosstalk. In the current form the original model is not equipped for such a
complex situation, but some improvement can be made.
For the updated model, it is assumed that the upper waveguide layers act as a slab
of conductor, and that the active device pads exhibit a capacitance with respect to
the conductive slab; it is thus assumed that the electrostatic contribution couples
from the laser pads, across the capacitance, along the conductive slab, and up
through the other c2q)acitance to the photodiode pads.
Measurement of device parameters for a number of modules lead to typical values
for the conduction between elements. The pad-to-conductive-slab capacitances
have been calculated assuming behaviour as simple parallel capacitors, and the
resulting equivalent circuit has been implemented as an addition to the standard
solder bump model. The equivalent circuit is shown in Figure 5.2.1, where the
nomenclature is as used in the original model. A minor detail concerning the
implementation of the extra circuitry using SPICE should be mentioned - SPICE
requires all nodes in a circuit model to have a path to earth, otherwise it is unable to
execute its preliminary dc analysis; the resistor network therefore had a large value
(lOH) inductor connected from one of the nodes to earth, allowing the model to be
valid, whilst leaving the ac analysis unaffected.
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2.16 pF

2.16 pF

Figure 5.2.1:

Additional equivalent circuit added to the standard
solder bump model.

The results of using the updated model are shown in Figure 5.2.2, in comparison
with the original results. The frequency scale has been altered to coincide with the
frequency response measurements of the example modules.
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Results for the updated electrostatic crosstalk model
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Updated Conduction Crosstalk Model

Due to the leakage which is apparent on the example modules, it is assumed that the
diode-like detector blocking layers are not functioning efficiently. The model which
represented the non-blocking layer case has therefore been used as the basis for the
updated calculations. Two changes have been made to the model, based on device
measurements; the n pad to pad resistance has been updated, and a parallel
resistance path has been added for the photodiode. The updated circuit is shown in
Figure 5.3.1.

Figure 5.3.1:

Updated circuit for the conduction equivalent circuit
m odel

The results of using the updated model are shown in Figure 5.3.2, in comparison
with the original results. As for the previous section, the frequency scale has been
altered to coincide with the frequency response measurements of the example
modules.
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F igure 5.3.2:

Results for the updated conduction crosstalk model
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Updated Reflected Light Crosstalk

In Section 3.4.2, a calculation was presented which made assumptions of the
reflectivities of chip subcomponents. The predictions which were made have tied
up well with the experimental results, but it is worth discussing changes to these in
the light of recent experience.
The OLCR results of Section 4.2 show that the S n of the coupler subcomponent is
very low. Although it cannot directly be inferred that the S21 will also therefore be
low, it is likely to be the case. The spreadsheet calculation showed that the
reflection contribution was dominated by the chip facet, when assuming an S2 1 of
-30 dB for the coupler; it now seems likely that the value for the coupler is
significantly better, leaving the overall result unchanged.
Unpublished work by

examines the behaviour of the DBR laser on their

coherent receiver OEICt^^l. No line width broadening is evident on the LO signal,
and this leads them to the conclusion that the back reflections from the optical circuit
to the laser are below -50 dBopt; this is confirmation of the OLCR results for the
example chips used here. Experimental work was carried out on previous batches
of Caswell OEIC chips which contained the laser and coupler subcomponents, but
were without the integrated photodiode. This showed that the coupler, when
forming part of the WDM subcomponent, had a typical reflectivity of -43 dBl^l;
this might be pessimistic, as it is difficult to isolate the light from the coupler from
the rear output of the laser.
A footnote to this work is that the couplers used in the OEICs by Caswell, Siemens
and HHI are of similar types, 3 dB zero-gap couplers; there is considerable interest
currently on the use of Multi-Mode Interference (MMI) couplersl^^l, as they are
flexible, easy to fabricate, and reliable. They do, however, present the likelihood
of a major crosstalk problem, as the Si 1 and S21 values are likely to be very poor
(perhaps -20 dB)1^2] These components should be avoided in critical crosstalk
situations.
5 .5

Updated Scattered Light Crosstalk

Considerable work has been carried out by Heise on scattered light crosstalk. He
has shown that scattered light may be very high in some situations, and that
multiple reflections within the substrate are significant He suggests the placement
of absorbing regions on the lower regions of the chip are necessary for chips of

-153-

Chapter S:

Assessment o f Results

these designs. As previously stated, this has not proved to be the case in the
example chips used here.
Unpublished measurements made by

examine the output of the LO laser on

their coherent receiver chip emanating from the network port of the OEIC. This
light may only arrive at this port by either internal component reflections, or as
unguided light. Measurements show the level to be around -55 dBopt below the
laser output power, and they attribute this to scattered light being reflected from the
opposite end of the chip. This is a very low level, but on such a complex chip it is
likely that many interruptions will be experienced by the light en-route.
5 .6

Comparing Updated Predictions to Measurements

The RF measurements for the solder bump module gave results which were the
combined effect of the two electrical contributions (Figure 4.3.6.3.1). These are
shown in Figure 5.6.1, compared to the results of the updated modelling activity,
with the electrostatic and conduction contributions shown separately.
Broadly the modelled curve is similar to the experimental data for the higher
frequencies, but detailed examination of the trends of each curve reveals that the
modelling is not close enough to the measured results to provide accurate
predictions.
The circumstances which are being examined with the two SPICE models are
extremely complex.
required:

For both contributions, more sophisticated models are

for the conduction model, a 2-D transport model would be an

improvement to provide more representative values for the equivalent circuit For
the electrostatic coupling a full 3-D electromagnetic solver is needed.

(As

previously stated, initial modelling using a 2-D package, NEC, proved inadequate,
failing to converge.)
Such modelling should be continued in order to provide a greater understanding of
the coupling mechanisms within the chip, and to refine the available estimates for a
given situation.
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F igure 5.6.1:

Comparison of the updated modelling with the RF

response m easurem ents for the example modules.

The electrical crosstalk contributions provide an area where results from Heise may
be directly compared to work reported here. In a paper of 19901^^1, electrical
crosstalk is measured between two lasers, in the context of integrated transmitter
arrays. The paper examines measurements taken for three cases: two laser
integrated on an n substrate 100 pm apart (sample 1), the same again but 500 pm
apart (sample 2), and two discrete lasers 640 pm apart soldered to the same carrier
(sample 3). The results are shown in Figure 5.6.2. The paper concludes that for a
transmitter array, crosstalk is not likely to be significant. Parallels may be drawn,
however, with both the Siemens OEIC, and the Caswell OEIC. The Siemens OEIC
is similar to the ‘Volks’ example chip, but grown on an n substrate.
The paper reports a simple model which has been used to simulate some of the
results obtained for sample 2 in Figure 5.6.2. This shows that poor earthing and
wirebonds are a significant cause of crosstalk for this module in addition to
conduction, and fits a line to the results to obtain values for the coupling
inductances and capacitances. The significance of the wirebonds is borne out by
practical experience, and intuition. However, Caswell modelling, and that of Matz
(Siemens)l^l, has estimated the coupling term values to be around three orders of
magnitude lower than the fitted values given in the reference, which lead to the
conclusion that the bond pads were the most significant source of crosstalk. This is
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F igure 5.6.2:

Experim ental results for crosstalk coupling between 3
sample laser diode pairs

Sample 3 shows the case where no substrate conduction is possible, only
wirebonds and earthing resistances are available for crosstalk. In this case also, the
crosstalk is significant, even when the two devices are 640 pm apart. These
results are very close to those given for the example modules, as would be expected
for such a similar situation. From this it may be deduced that both the conduction
and electrostatic contributions are at a level which will cause system impairment.
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Summary

This batch of OEICs has exhibited higher levels of electrical crosstalk than the initial
modelling predicted. This may partially be explained by the omission from the
initial modelling of terms to include the finite conductivity of semiconductor. These
chips also exhibited higher leakages than were expected, and this explains the
remaining differences. Both electrical crosstalk models have been updated to make
allowance for such effects, with some success. The new models are more effective
at higher frequencies (>100 MHz), but are clearly inconsistent at low frequencies.
Of the optical contributions, the reflected light crosstalk has been measured to be at
a similar level to the prediction, and the scattered light level is indeterminate but not
significant, which is as expected.
Following the additional modelling which has been carried out to update the
electrical predictions, the revised figures are shown in Table 5.5.1.
Solder Bump WDM Module

20 MBit/s

(Type (Ü))

Predicted

622 MBit/s
Actual

Predicted

Actual

Electrostatic Crosstalk

9 ixA

<270 nA

8 8 \l A

<150 nA

Conduction Crosstalk

7 nA

<270 nA

362 nA

<150 |iA

Reflected Light

3 \l A

1 nA

3 nA

1 M.A

Scattered Light

30 nA

<1 klA

30 nA

<1 pA

Table 5.5.1:

Comparison between updated predictions and

measured values of crosstalk for the example modules.
This exercise has shown:
The electrostatic crosstalk should be modelled using a more sophisticated model,
based on a 3-D electromagnetic solver. A more sophisticated examination of the
effects of charge separation and conduction should also be incorporated in the
electrostatic model, and the effect of tracks and wirebonds in coupling crosstalk
must be reconciled with practical experience.
The conduction model is based on valid approach, but the critical features require
more complex equivalent circuit networks to exactly model the behaviour of
different semiconductor layers, with values derived from a semiconductor transport
model.
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The reflected light summation has proved to be accurate, because the chip facet has
dominated the reflection crosstalk, the return loss of which is easily calculated; the
other figures within the model representing internal chip components were
estimates, mostly not based on modelling.

While the weighted summation

approach is valid, the figures used within it require more accurate analysis.
The scattered light contribution was estimated to a level which was order of
magnitude only. A valid method of modelling this parameter is required.
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Generality of Crosstalk Assessment

This thesis has taken a particular set of example modules, and for specific
topologies it has examined the crosstalk contributions. It is sensible to make a
judgement on where the conclusions which have been reached are generic, and
where they are more specific.
5.8.1

Electrostatic Crosstalk

The modelling, experiment and also the results of Heise all indicate that the problem
lies in proximity of the OEIC subcomponents. Screening will be limited in effect,
and the presence of semiconductor will act to increase the crosstalk by concentrating
the lines of field. Although solder bumps are likely to improve the isolation, unless
the active devices are physically separated by a large distance and screened, the
effect of electrostatic crosstalk will be severe.
5.8.2

Electrical Conduction

This depends on the approach taken. A common n substrate will always be very
susceptible to earthing imperfections, possibly to the extent that it becomes unviable
for most applications. A fully insulated chip will need to have separate receive and
transmit earths extending throughout both circuits, which is a situation I was unable
to evaluate. A similar situation will apply to an SI substrate/ n buffer chip using
trench isolation to surround the photodiode.
Any transceiver OEIC design will face this problem, and the surrounding module/
system implementation will need to be considered in the crosstalk suppression
strategy.
5.8.3

Reflected Light

The main causes of reflected light have been shown to be subcomponent reflections
and the chip facet. Although for the specific examples here a particularly low
reflection coupler design has been applied, it is important to recognise the critical
part that such components play in transferring crosstalk, and the component design
chosen accordingly (e.g. avoid MMI couplers). The facet reflection may be easily
addressed for most applications.
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Assessment o f Results

Scattered Light

The example modules showed this to be the least significant contribution. This will
not always be the case, but various measures will be discussed which should
suppress this contribution to acceptable levels.
Overall, the electrical contributions pose the greatest challenge to
future OEIC design.
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Introduction

This chapter will examine various measures which are intended to reduce the level
of the four crosstalk contributions. This includes measures external to the OEIC
module to cancel out all of the crosstalk contributions, and also different ideas to
reduce the on-chip crosstalk. The chip measures are then drawn together into an
idealised OEIC chip, based on the example OEICs, optimised for crosstalk
performance.
6 .1

Vector modulator

6.1.1

Summary

This section discusses the potential, and limitations, of crosstalk cancellation by
supplying an anti phase facsimile of an interfering signal, to the input of a receiver.
Also discussed, is the use of a vector modulator as one means of crosstalk
reduction in an optical transceiver module.
An experimental vector modulator is described which achieves a crosstalk
suppression level of 23 dBeiec when applied to sinewaves, against a predicted
minimum suppression requirement of 30 dBgiec for a transceiver module under
examination.
The application of such a device to real data is discussed in detail, with particular
attention being given to its’ limitations. Methods are discussed of overcoming these
limitations, together with a plan of future work.
6.1.2.

Introduction

Within a bi-directional transceiver module, the transmitted signal is likely to be
many orders of magnitude greater than the wanted signal in the receiver, leading to
an enormous potential for crosstalk. In the case of an optoelectronic transceiver
module, this crosstalk derives from the laser drive signal, either from the drive
current to the laser, or from light then produced. Both components are capable of
interfering with the receiver.
Whilst every attempt is made to reduce the level of the crosstalk signal, it would
obviously be desirable to arrange for any remaining crosstalk signal to be cancelled
out. This might be possible if the crosstalk signal appearing at the input to the
receiver were to be combined with another signal, so arranged to be an exact copy
in amplitude and waveform shape, but 180° out of phase with the interference
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signal. It is fortunate that, in this application, the interference signal is predictable
as it directly derives from the laser drive signal. Hence it ought to be possible to
derive the corresponding cancellation signal from the laser drive signal also.
This document describes a component which, initially, looked an attractive means
for generating the required cancellation signal. Closer examination has shown that
this component has limitations which are likely to mean that it could only be applied
as part of a more complex solution.
6.1.3.

Generation of the Cancellation Signal

One method of producing a cancellation signal would be to apply some discrete
network of resistors and capacitors to provide the feed signal to the receiver. If this
could be made frequency transparent, it would provide a low cost route for a
production transceiver. This would be particularly appropriate if the crosstalk
levels were identical for every example of that design.
However, for this experiment, a more flexible approach is required, with easy
variation of all parameters possible. For this reason a vector modulator has been
chosen.

Laser Drive Signal

C ro sstalk

JIT L
Tx In

Rx Out

a

Vector M odulator

JTTL

Input to Vector Modulator

Figure 6.1.3.1:

Output o f V ector Modulator

Crosstalk cancellation using a vector modulator

The purpose of the vector modulator in this application is to provide a component of
the original drive signal with a precisely controlled phase relationship and amplitude
relationship, such that when this artificially produced interference signal is added to
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the input of the receiver, it exactly cancels the crosstalk signal which also appears
there (see Figure 6.1.3.1).
The attraction of this technique is that the cancelling signal is added near the frontend of the receiver, but after the photodiode. At this point, the optical crosstalk
appears as an electrical signal, as does the electrically derived crosstalk, making a
single contribution to be addressed.
6.1.4.

Experimental Vector Modulator

In order to examine the effectiveness of a vector modulator, an experimental version
was constructed. This was to a commercial design (i.e. was not novel), but was
used to demonstrate both the potential of the generic technique of cancellation, and,
unfortunately, to highlight it’s own unsuitability as a method of applying such a
technique in a real situation.
An experimental version vector modulator was constructed from 'Minicircuits' RF
components. This design is suitable for evaluating the potential of the technique,
but works only for sinewaves. The experimental device is centred at 10 MHz, with
the input signal being firstly decoupled, in order to remove any dc component
which would cause problems at the splitter.
6.1.4.1

Phase Variation

The phase variation portion of the experimental vector modulator is shown in
Figure 2. The incoming signal passes through a 90° splitter, giving sine and
cosine derived components, which are then attenuated by differing amounts
before being combined again in a passive combiner.

2.sin(w.t + 0 )
sin(w.t + 0 )

atten.

B.sin(w.t + 0 )

90P

cos(w.t + 0 )

Figure 6.1.4.1.1:

atten.

A.cos(w.t + 0 )

Phase variation algebra
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The output of the circuit in Figure 6.1.4.1.1 depends upon the degree of
attenuation applied to each component. In this example, external circuitry is
used to ensure that a single control voltage (V) is split into two components
with the following relationships:
A - cos(V) and

fi = sin(V)

(1)

(2)

Thus, at the output of the combiner, the following summation will occur:
cos(V).sin(û).r + 0) + sin(F).cos(£W.r + 0)
...which is equivalent to the following:
sin(ty.r + 0 +V )

(4)

i.e. this gives the input signal, but with the facility of a variable phase shift of
V, providing that the relations (1) and (2) remain true.
However, the circuit is not appropriate when squarewaves, or therefore data,
are applied. This is demonstrated below:
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6 .1 .4 .2

Effect of Phase E rro r

If the cancellation signal generated by the vector modulator is perfectly matched
in antiphase with the crosstalk signal, then complete cancellation will occur
when the two are added. However, if a phase error were present, deriving,
say, from a control loop set to keep adjustment of the vector modulator, then the
cancellation would be less effective.
The effect of a phase error is shown in Figure 6.1.4.2.1. In this example, sine
waves have been used, and the cancelling signal has been applied with a fixed
phase error of n /20 (9°). The resultant trace, which should be zero, shows the
reduced effectiveness of the vector modulator. As the phase error increases, so
does the amplitude of the resultant signal, until eventually the two interfering
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signals are in phase (phase error = 7c) and the resultant signal becomes twice the
amplitude of the original crosstalk. The period of the resultant signal also varies
as the phase error increases, between half the crosstalk frequency, up to the
same as the crosstalk frequency at an error of n.

crosstalk signal

0.5
cancelled signal

-0 .5

0

1

2

3

4

5

6

7

(0 ^ Radians

Figure 6.1.4.2.1:

Effect of phase error on cancellation (tc/20 case
sh ow n )

6.1.4.3

Amplitude Variation

This was accomplished rather more simply, by the addition of a variable
attenuator on the output of the phase variation portion of the circuit. It would
have been possible to use the attenuators in the first portion of the circuit to also
provide the amplitude variation, but this would have made control more
complicated.
6.1.4.4

Experimental Results

The experimental vector modulator described above was used in a series of
experiments to evaluate its potential. These are described below.
The theory of operation for the design of vector modulator given above
indicates that the two phase control signals would need to be trigonometrically
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related. However, for simplicity, in these experiments the control pins were
driven from power supplies, and varied until the correct relationships were
attained for each situation examined.
Initially, the circuit was driven using a 10 MHz sinewave from a signal
generator, and the output examined on an oscilloscope. By varying the currents
in the phase control arms, and the current in the amplitude variation output
attenuator, variation was obtained of both amplitude and phase.
Each of the three control signals required between 0 and 20 mA of current,
depending on the degree of attenuation required. The two outputs of the 90°
splitter were not of equal amplitude, the ratio being 2:3; additionally, the phase
difference between the two arms was measured as 72° rather than the expected
90°. By altering the control voltages of the phase variation signal, it was
possible to attain a 150° variation in phase, but the output signal also had an
offset or fixed minimum phase shift, of 160°. Minimum insertion loss was of
the order of 12 dB^ec» with further attenuation beyond that of at least 100
d B eiec*

The modulator was also used with a 10 MHz squarewave, and as expected
produced a very distorted output; this is consistent with the very limited
bandwidths of the 90° splitter and has borne out the conclusion from above.
The basic operation of the vector modulator was proved by the above results.
However, the predicted phase variation was 2ti, compared to an achieved
variation of less than n . This and the other anomalies described are likely to
have derived from the 90° splitter, which has proved to be a weakness in this
design.

Figure 6.1.4.4.1:

Two output states of the vector modulator
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Also apparent from the output waveform was that the sinewave input was being
distorted slightly by the vector modulator.

This can be seen in Figure

6.1.4.4.1, where the two superimposed waveforms represent two particular
states of the vector modulator output at different phases; as can be seen, the
waveform shapes are not identical, even allowing for the difference in
amplitudes. This distortion is also most likely to be arising within the 90°
splitter.
Following the basic characterisation of the vector modulator, a further
experiment was carried out to simulate the cancellation of crosstalk. The
principle is shown in Figure 6.1.4.4.2.

The intention was to simulate a

crosstalk signal of arbitrary amplitude and phase, and to apply the vector
modulator to a tapped-off portion. This could then be altered to become a
cancelling signal when added to the original at the oscilloscope.

500
Splitter

Vector
Modulator

500
Splitter

Signal
Generator
Aribitrary
Delay

Figure 6.1.4.4.2:

Aribitrary
Loss

Crosstalk cancellation experiment

In reality the experimental vector modulator had a limited range over which the
phase could be varied, and the ‘arbitrary phase’ of the crosstalk signal had to be
arranged to fall within the working range of the modulator. Rather than
introduce a delay of 50 feet of coax (corresponding to ti/2), the crosstalk signal
was taken from the complementary output of the signal generator.
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V

m
Figure 6.1.4.4.3:

Waveforms (a) before and (b) after cancellation

using the experimental vector modulator

Results are shown in Figure 6.1.4.4.3. 6.1.4.4.3(a) shows the two signals
before they were combined, and before final adjustment of the vector
modulator. The voltage measurement shown in the diagram is applying to the
crosstalk signal. In 6.1.4.4.3(b), the combined signal is shown following
careful adjustment of the three control currents. As can be seen, cancellation
has been achieved, with suppression of 23 dBeiec measured.
It is evident from the remnants of the cancelled signal, and also from the signals
before cancellation, that distortion is occurring on the signal which has passed
through the modulator. This has limited the degree of cancellation achievable.
6.1.5.

The Vector Modulator and Real Data

Having established that this technique can be applied successfully to sinewaves, it
is now necessary to adapt it to real data. The discussion which follows will be
confined to data which is coded in Non Retum-to-Zero (NRZ) format, which is the
most commonly in use in this application area.
The sinewave example used for the experimental vector modulator has the
advantage of containing only a limited band of frequency components. However,
real data will ideally be square, which will therefore mean that it will also be
composed of odd harmonics of the fundamental clock frequency. It will also
contain data structure, series of ones and zeros, which will add frequency
components of less than the fundamental to the data spectrum (these will also have
harmonics). Quite how far below the fundamental these components stretch is
dependent on the data type; one format which is increasingly being applied to
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experimental transceiver modules is SDH (deriving from the Synchronous Digital
Hierarchy). This format places stringent requirements on data bandwidth: a
common SDH data rate of 622 MBit/s has frequency components stretching down
to below 100 kHz, i.e. about four orders of magnitude below the fundamental.

Power

Frequency

Figure 6.1.5.1:

Representation of an NRZ data spectrum

An idealised spectrum of NRZ data is shown in Figure 6.1.5.1.

This has

components down to zero frequency, and a null at Ry, the data rate.
Any circuit handling such data, including crosstalk cancellation circuitry, must pass
all of these frequency components. In fact, the constraints on cancellation circuitry
are probably going to be higher than for normal circuit components, as normally
some distortion of the data is acceptable. In this application, distortion of the
cancellation signal will reduce its effectiveness when it is added, in antiphase, to the
crosstalk.
6.1.5.1.

Limitations of the Vector Modulator

As discussed above, many orders of magnitude operational bandwidth are
required of any analogue component passing data. The experimental device has
already been proved to have a narrow bandwidth, but in fact commercial
devices also, are only capable of operation over a bandwidth which is perhaps
10% of their centre frequency.
This might make such a component suitable for passing data which has been
superimposed on a carrier. A system which has been used experimentally uses
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CPFSK (Continuous Phase Frequency Shift Keying) with 622 MBit/s data
superimposed on a 10 GHz carrier. This signal might be suitable to pass
through the vector modulator unharmed. The applications which are more
common though, are on-off keying of the laser using base-hand data.
Thus, a vector modulator is an unsuitable component for passing base-band
data. However, it is a suitable component for carrying out the phase adjustment
operation on clock, once suitably filtered down to its fundamental frequency.
6.1.5.2.

Alternative Circuitry

The main conclusion which may be drawn from the experimental results, and
the description of the spectrum of real data, is that a vector modulator is unlikely
to form the whole solution to an OEIC crosstalk problem. It might, however,
form part of a more complex solution. A number of variations on one theme are
presented below, which provide a cancellation solution which ought to be
practicable.
As previously discussed, producing a cancellation signal requires two
operations - obtaining the correct phase, and obtaining the correct amplitude.
Of the two, obtaining the correct phase is the more problematic.
It has been shown, however, that an (almost) arbitrary phase can be obtained
with a vector modulator for one frequency; therefore, a suitable approach might
be to phase adjust a component of the clock which accompanies the data, and
then use this new clock to re-time the data.
This approach combines digital and analogue in operation, producing a digital
level phase adjusted output, which must then be attenuated to the correct level.
Therefore, only the attenuator must have the full analogue bandwidth. This idea
has a number of drawbacks; the cancellation circuitry is starting to become
complex; also the cancellation signal itself is no longer directly derived from the
original signal.
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Clock
In

Band Pass
Filter

Vector
Modulate»'

Sine to Square

Gate
J-K
Flip Flop

Data
In

Figure 6.1.5.2.1:

'Re-Timed
Data

^Digital’ data re-timing circuit

Assuming that a clock signal is available, one approach is shown in Figure
6.1.5.2.1. In order to restrict the bandwidth over which the vector modulator
must operate, the squarewave clock signal is filtered to produce a sinewave.
This can then be phase adjusted using the vector modulator to accommodate the
delay which the crosstalk signal experiences within the OEIC.
Next the resultant sinewave is squared up using perhaps a Schmitt trigger. This
new digital clock signal can then be used to gate a flip-flop which is being fed
with data. The resultant data stream is thus phase adjusted to the crosstalk, and
can be attenuated appropriately to match the crosstalk signal level.
In reality, a number of additions may be required to the circuit of Figure
6.1.5.2.1; the bandpass filter may attenuate, particularly if it is a SAW device,
and at least one amplifier is likely to be required to increase the signal again,
with possibly another after the vector modulator.

Also, it may prove

advantageous to use the vector modulator as a fine adjustment, and provide a
coarse adjustment by switching in and out an invertor, or perhaps a number of
logic gates.
Delay in the clock arm of the circuit is not critical, as long as 2tc adjustment is
available - it is not critical if multiples of 2ti of clock have been slipped.
However, depending on the degree of delay undergone by the crosstalk signal
within the OEIC, some delay may also be appropriate in the data arm of the
circuit (Figure 6.1.5.2.2). This may also be required to match up the operation
of the flip-flop with the clock arm - it may not actually be capable of operation
over the full 2 tz range.
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Sine to Square
Delay
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J-K
Flip Flop

Delay

Data
In

Figure 6.1.5.2.2:

Re-Timed
Data

Practical additions to the data re-timing circuit

The above assumes that a clock signal is available. The situation is complicated
if one is not available, as it must be generated from the data (Figure 6.1.5.2.3).

Qock
Recovery
Circuit

VectOT
Modulatœ

Sine to Square

Gate
J-K
Flip Flop

Data
In

Figure 6.1.5.2.3:

Re-Timed
Data

Modified data re-timing circuit when no clock
is available

Examination of Figure 8 shows that the NRZ spectrum has a null at the data
rate, Ry, - i.e. it has no energy at the clock frequency.

Therefore, this

component is not present in the data stream and must be generated in a more
circuitous manner. One method of doing this is to introduce a half-bit delay,
and then mix this with the original data, or use an exclusive OR gate to combine
the two, and so produce Retum-to-Zero (RZ) data. This does have a clock
component, and filtering will therefore yield a signal which can be fed to the
vector modulator.
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Another method of clock recovery is to use a Tank circuit. Both of these
methods do, however, restrict the number of ones or zeros which can be
accommodated in one string, without losing the clock signal. Again, both of
these add complexity to the cancellation device.
6.1.6.

Potential Limitations

6.1.6.1.

Crosstalk Types

Before discussing the types of crosstalk which are suitable candidates for
cancellation, a brief résumé of the possible categories will be given.
The expected crosstalk mechanisms for an integrated laser / detector OEIC fall
into four main categories. These are:
(i)

Electrical - electrostatic

(ii)

Electrical - substrate conduction

(iii)

Optical - reflections from optical components

(iv)

Optical - scattered

The latter three categories are the most likely to follow the laser drive signal, i.e.
when the laser is on they will be present, when the laser is off they will not.
This makes them suitable for reduction by the method being described here.
The first category, however, is likely to appear as spikes, derived from the
rising and falling edges of the laser drive signal. This means that it is not
related to the drive signal in such a simple way as the other three, and any
cancellation signal would need to be differentiated also. Whilst this may be
possible later, it is beyond the scope of this examination.
A similar situation might apply from the substrate conduction element of the
electrical contribution. This is a possibility which derives from the mechanism
by which this crosstalk is propagated, and is design specific. One of the
designs of OEIC incorporates a series of diode-like blocking layers between
photodiode and waveguide. However, these blocking layers have an associated
capacitance which makes their effectiveness as a blocking region frequency
dependant. It is therefore conceivable that these layers would also act as a
differentiating element in the path between laser and photodiode. Then, in a
similar manner to the electrostatic contribution, this would make cancellation
more difficult.
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Time Delay

A limitation to this technique is likely to be the time delay undergone by
different contributions to the crosstalk signal. For example, the electrical
component deriving from conduction of the laser drive current is likely to be the
first cancellable contribution which reaches the receiver. Other contributions are
likely to take longer. For example, the crosstalk which originates from optical
reflection sites within the OEIC will have a round trip delay as detailed below
(Figure 6.1.6.2.1).

5m m
drive
Laser
InP

n = 3 approx

Photodiode
crosstalk
Figure 6.1.6.2.1:

6.1.6.2.1

Optical crosstalk path, round trip delay

Optical Reflections

The optical reflection induced crosstalk will have a round-trip delay which will
be composed of three contributions: the laser conversion delay, the optical path
length to the photodiode, and the photodiode conversion delay.
'^lastr

'^opt.path

'^PIN

'^laser ~ ^0 ps approximately for SI substrate DFB lasers of the type in use.
'^piN - 70 ps approximately for a waveguide PIN of the type proposed.
opt.path = 100 ps (will depend on where dominant reflection is sited. In this

example, will assume end facet reflection is dominant. Assume chip length 5
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mm, giving a round trip distance of 0.01 m. Speed of light in medium = c/n,
which is approximately 1 x 10^ m/s; therefore round-trip time is 1 x ICfio s.)
Thus,

= 200 ps. The degree to which this is significant depends upon the

bandwidth of the system in use.

Crosstalk Signal

Cancelling Signal

1

Output Signal

Figure 6.1.6.2.1.1:

Effect of cancellation mis match

As can be seen in Figure 6.1.6.2.1.1, a delay in the crosstalk signal which is
not apparent in the cancelling signal will give rise to imperfect cancellation at the
rising and falling edges of the signal, or spikes. This delay might arise because
the cancelling signal is optimised for other crosstalk contributions which arrive
earlier than the contribution in the example here.
Continuing with the simple example in Figure 6.1.6.2.1.1, however, gives a
series of spikes at the input to the receiver, of duration 200 ps. This, then,
explains the above statement regarding the significance of the system bandwidth
in use; a receiver which is designed to expect a signal below 1 GHz is unlikely
to be able to detect 200 ps spikes, and the crosstalk will have been cancelled.
Above this data rate, the effect of this inaccuracy in cancellation will become
evident as distortion in the wanted signal. This then leads to a threshold criteria
- providing the cancellation mis-match does not exceed (say) 20 % of the
duration of one data bit, then it is not significant.
The reflection induced crosstalk which is examined here, will in reality be a
complex waveform in time - it will be composed of many contributions, arising
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from many reflection sites at differing distances from the laser. Some of these
will be internal to the OEIC, some from the external optical system. The
internal ones are likely to be the strongest contributions, but these will have a
short round-trip time, and therefore have a smaller cancellation mis-match.
Strong reflections external to the OEIC might pose more of a problem, as the
round-trip delay could become significant compared to the duration of one b it
6.1.6.2.2

Optical Scattering

This contribution to the crosstalk should be amenable to cancellation by this
method. The time delay criterion applies in this case also; the majority of the
unguided light which forms the crosstalk signal will undergo a short
propagation delay, again having a small cancellation mis-match.
6.1.7.

Alternative Implementations

As stated before, the vector modulator has a serious bandwidth limitation which
must be circumvented. Such a device will not function when squarewaves are
applied.
However, the vector modulator is only being applied as a means of producing an
antiphase cancellation signal at the Correct level to cancel the crosstalk. Other
methods of producing the same result are discussed below.
Another way of generating a cancellation signal might be to arrange for an
alternative path for a cancelling signal to take, either within the module, or within
the OEIC, which will serve the same purpose as the vector modulator. This would
require it to be ‘designed in’, and the crosstalk problem to be well defined. A time
delay, such as this, alleviates any bandwidth problems which troubled the vector
modulator, and would be data rate transparent
However, in practice, the crosstalk problem is unlikely to be so well defined that it
can be precisely controlled in the design stage; also production of an antiphase
cancellation signal might still require the use of an invertor, complicating and
bandwidth limiting the solution.
A similar, but more flexible, approach might be to use a ‘trombone’ type delay line,
external to the module.

Unfortunately, such devices are expensive and big, and

again, an invertor may be required.
Finally, it is still hoped that some form of passive network might be designed to
perform this function in a simple and compact manner. Such a solution would still
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have to overcome the extensive bandwidth problems faced by the vector modulator,
making this solution unlikely.
6.1.7.

C onclusions

The technique of producing a cancellation signal and using it to reduce the effect of
crosstalk, has been shown to be effective in a limited scope experiment
However, this experiment also showed that the approach tried, a vector modulator,
was only suitable for a limited range of system implementations, where data is
superimposed on a carrier. For the more usual system, where a laser is modulated
with baseband data, it is unsuitable, owing to its' bandwidth limitation.
Other methods for achieving a crosstalk cancellation in a more realistic situation,
have been discussed. The most promising method uses the vector modulator as a
phase adjustment element in a more complex circuit.
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General Chip Design
6 . 2 . 1 Introduction
A number of ideas concerning crosstalk reduction measures have been
discussed in the modelling chapter (Chapter 3), with indications of their
effectiveness. In this section, these will be listed along with some other well
known design methods for the reduction of coupling. Following this, two
particular ideas will be discussed in more detail.
6 . 2 . 2 Electrostatic Suppression
Methods of reducing electrostatic interactions are mostly well known, from
experience in the standard telecommunications industryt^^l. These include:
(i)

Minimise track and wirebond lengths.

(ii)

Ensure tracks and wirebonds are designed to be placed orthogonally
between receive and transmit.

(iii)

Screen as much as possible, over feed tracks, between active structures,
on the OEIC chip, etc.

(iv)

Place absorbing material within the module cavity.

(v)

Place the photodiode as far as physically possible finom the laser

(vi)

If the receive signal is at a lower data rate than transmit, carry out
electrical low pass filtration of the received signal.

(vii)

More contentiously, provide separate receive, transmit and case
earthing, where possible.

(viii)

Place the receiver front-end pre-amplifier as close to the photodiode as
possible - this also helps receiver sensitivity.

(ix)

Flip chip solder bump bonding

(x)

Place guard rings around sensitive structures (see section 6.2.6)

(xi)

Use complementary device structures (see section 6.2.7)

6 . 2 . 3 Conduction Suppression
In order to suppress electrical conduction, the following ideas may be applied:
(i)

Completely isolate transmit and receive sections of the chip through use
of an insulating substrate.

(ii)

If an insulating substrate is applied, make the waveguide layers insulate
by iron doping or deep proton implantation.
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If an insulating substrate is applied, an alternative to (ii) is to apply
etched slots which completely surround the laser, or detector, this must
include severing of the waveguide.

(iv)

Connect one terminal of the laser and of the photodiode together, and to
earth; as the previous modelling has shown, this must be an extremely
low-loss path to earth. An n-substrate can still have a resistance
between components, and to earth of around IQ; therefore, some
additional metallisation may be required.

6 .2 .4 Reflected L ight S uppression
The suppression of reflected light from the chip facet, and other components
may be addressed with the following:
(i)

Design the system such that upstream and downstream wavelengths
differ, preferably by a large amount.

If receive and transmit

wavelengths differ, then a rejection filter immediately prior to the
photodiode, centred on the laser wavelength will provide isolation.
(ii)

Facet reflections may be reduced by anti-reflection coating, and angling
of the chip facet.

(iii)

The most significant reflection external to the chip is likely to be the
fibre interface, which should be AR coated.

(iv)

The external system should be designed to be low reflection.

6 .2 .5 S cattered Light Suppression
Scattered light may be suppressed using the following methods:
(i)

Placement of absorbing materials in all unused areas of the chip.

(Ü)

Alternatively, etch away all unused areas of the chip down to the
substrate, and laterally to within a few pm of the waveguides.

(iii)

Metallisation of areas of the chip may also help to absorb scattered light

(iv)

Etched slots between transmit and receive areas placed perpendicularly,
to attenuate or deflect scattered light

Some of these ideas are discussed more fully in the subsequent sections, and in
the section on the idealised OEIC chip.
O f the ideas given above, some have proved to be of more significance
following this work, than would previously have been thought. The whole area
of earthing has been proven as critical, both in the quality of earth provided, and
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the method of connection within the substrate of the chip. Also the effect of
coupling between wirebonds and other structures is a significant effect, where
modelling indicated that it was much less so. The advantages of providing as
large a separation between laser and photodiode as possible, must also be
emphasised.

-182-

Chapter 6:

Design to Minimise

6 .2 .6 G uard Rings
6 .2 .6 .1

Introduction

It is now useful to examine some of the suppression ideas in more detail, where
they are less well-known in this application.
Guard rings are usually applied around the active area of devices such as
avalanche photodiodes (APDs), where they are used to increase the breakdown
voltage of such devices. This affect arises as these devices break down at the
edge of the active area where a large electric fields exist; the guard ring acts to
reduce the potential difference present at that point, and consequently increases
the working voltage of the device.
However, this is not the mechanism which is proposed for the use of guard
rings in OEICs. In this application, the intention is to surround a sensitive
structure, such as a photodiode, with a ring of conductive metallisation, isolated
from its surroundings.

Figure 6.2.6.1.1:

Action of an isolated guard ring

The action of this guard ring is predicted to be that stray electro-magnetic fields
will be attracted to the outer ring, and conducted away, instead of interfering
with the photodiode. This arises as the conductor is forming a crude Faraday
cage around the photodiode. The E-field lines are then forced to meet the
conductor perpendicularly, through conservation of energy. (If they were to
induce a component parallel to the surface of a perfect conductor, this would
result in infinite current being induced as the resistance of a perfect conductor is
zero.) It is important that the structure is a continuous ring, as a break in the
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continuity would change its operation as an equi-potential, to that of a halo
antenna, increasing the crosstalk problem.
6.2.6.2

Implementation

In practice, a guard ring would be a two-dimensioned cage surrounding a threedimensional structure, which is bound to limit its effectiveness. This would
also have no shrouding effect on any feed bond-wires and tracks, which are
likely to be significant contributors to the crosstalk signal. This suggests that
flip-chip solder bump bonding would be a useful additional measure to apply
with the detector guard ring.
The guard ring could be applied around the whole photodiode structure, or
around the two pads individually. The former promises to be the most
desirable, for two reasons: firstly this cages the whole of the photodiode
perimeter, and secondly, ringing the connection pads separately would force
them apart to an unacceptable degree.
Another issue is the proximity of the guard ring to the photodiode. If it is very
close, a significant capacitance will be introduced between it and the connection
pads, inhibiting crosstalk performance, and device speed. Placement of the ring
too far away is likely to reduce its* effectiveness. Modelling is required to
resolve this trade-off, along with the ideal dimensions and shape of the
proposed guard ring.
Another practical aspect concerning the implementation of the guard ring onchip is the isolation obtainable from surrounding circuits. This may not be
necessary, but if it is then the following would need to be considered.
Metallisation onto current circuits would not give isolation, as they are formed
of undoped InP and an n+ buffer layer, both of which are conductive. The
guard ring would need to be trench isolated down to the SI layer of the current
chip design to isolate it from the photodiode connections and the laser. Careful
thought would be needed to achieve this isolation whilst not severing the
waveguide feed to the photodiode.
6.2.6.3

Variations

There are two logical extensions to the guard ring; one is to extend the
conductive area across the whole of the chip, the other is to extend the ring
vertically into a screen.
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Chip Earth Planes

The extension of the ring across the whole of the chip will be examined first.
This would appear logical, as standard RF practice is to apply a ground plane to
any areas which are unused. In this instance, however, careful application
would be required.
The general applications for these OEICs is seen as being for data rates between
1 MHz and 1 GHz, possibly extending up to 10 GHz for far-term. This
means that the minimum wavelengths which are propagating, are 30 cm,
possibly down to 3 cm. These are long compared to the chip dimensions.
However, in indium phosphide, the wavelength is scaled as Vet, dropping it to
about a third of the wavelength in air. Thus, the chip dimensions are starting to
become significant compared to the higher frequency end of the wavelength
range. Therefore, there is the possibility that by placing a large metallised area
onto the top of the chip, either (i), an electrical waveguide is being formed
between this area and the base plate, or (ii), the metallised area will form a
‘patch antenna’, re-radiating the incoming crosstalk.
Both of these possibilities therefore require that this conductive area is not
implemented as the guard ring would have been, i.e. floating; it would be
crucial to the success of the proposed conductive area that it was very securely
fixed to ground.
Grounding of the metallised areas could be achieved in various ways,
depending on the OEIC implementation.
The most effective would be to use via holes, as are applied to GaAs MMICs.
These provide conductive paths to the metallised rear face of the chip, of path
resistance 50 mO, and inductance 20 pH, for a 200 |xm chip thickness. These
would have the spin-off benefit also of forming conductive pillars in the OEIC
which would themselves act as a screen.
There are drawbacks to vias, however. On GaAs, via holes are formed by
Freon Reactive Ion Etching from the top face of the chip. This forms conical
holes into the substrate (See Figure 6.2.6.3.1.1).

The wafers are then

sputtered on their back face with metal, which also coats the inside of the
conical via holes. This apparently simple process requires 25 distinct process
steps, and is considered the single greatest yield-limiting operation on GaAs
MMICs. This would be even more difficult on InP, as the wafers are thinner.
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and the material less robust than GaAs. It is therefore unlikely that this method
will be adopted.

1. RIE

2.

Figure 6.2.6.3.1.1:

Sputtered Meul

Method of producing an on-GaAs via hole

Another method of grounding, in the case where the OEIC is mounted face-up,
is to tape bond the conductive areas to the ground plane of the carrier. This
would be best implemented with many, short bonds, to minimise inductance
and resistance. See Figure 6.2.6.3.I.2.
Finally, in a flip-chip OEIC implementation using solder bumps, the grounding
could be achieved by directly solder bumping the conductive areas to the flipchip carrier. These would form pillars, which, as with the vias case, would
have the additional benefit of forming screening in their own right
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Figure 6.2.6.3.1.2:

OEIC with detector guard ring and earthed
screens

6.2.6.3.2

Vertically Extended Guard Ring

The second logical extension of the guard ring would be to extend it vertically,
forming a screen. In the case where the OEIC is mounted face-up, it would be
difficult to achieve a height of screen which would be significantly effective. In
the case where the chip is flipped onto a carrier, there is the possibility of
extending the screen with solder bumps up to the carrier. This would have one
of two modes of operation, depending on implementation. If the ring were to
be continuous, then it could be either an extension of the Faraday cage into three
dimensions if left isolated, or it could form a screen if connected to the carrier
ground plane. The other implementation would be to have the vertical extension
around only part of the perimeter of the photodiode. This would act as a lineof-sight screen if earthed on the carrier, or a discontinuous extension to the
guard ring into three dimensions if left isolated.
In practice, it would be difficult to form a complete solder bump extension, as
the processing would be unreliable. Of the remaining options, modelling would
be required to identify the most desirable choice.

-
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C onclusions

In conclusion:
•

Application of an isolated guard ring appears to be a useful addition to a
detector structure, but supporting modelling is required to confirm this.

•

Similarly, additional, well grounded metallised areas on the OEIC also
appear to be a useful addition to a future batch of OEICs.

•

The extension of the guard ring vertically, either as a guard ring or as an
extended screen, has an uncertain value compared to the standard guard
ring stmcture, and modelling is required.

•

For the flip-chip solder bump implementation of the OEIC, a line of
closely spaced solder bumps bisecting the OEIC would be a useful
screening addition to future OEICs.

6.2.6.5
(1)

Recom mendations

Apply guard rings to future OEIC photodiodes, as it requires little
additional effort.

(2)

Apply areas of metallisation to non-critical areas of the OEIC for
earthing purposes.

(3)

Implement both flip-chip bonding, and a solder bump screen (‘solder
dam’) across a future OEIC.

6 . 2 . 7 Complementary Device Structures
Theoretically, twin devices connected differentially

willcause crosstalk

cancellation to occur. This is explored for photodiodesand laser structures in
the following sections:
6.2.7.1

Complementary Photodiodes

For matched photodiodes, it is intended that the crosstalk will be the same for
both, but only one will receive the wanted signal. The circuitry is then
configured such that the receiver amplifies the difference between the signals
received by the photodiodes.
The effectiveness of this technique depends upon the two photodiodes receiving
closely similar crosstalk signals; therefore, the photodiodes must be extremely
close together, in order to receive the same inputs, the feed lines must be close
together for the same reason, and the photodiodes must be closely matched in
device characteristics. Thus, growth of twin structures close together would
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ensure both close proximity, and as near identical device characteristics as
process variations will allow.
This, then, leaves matching of the feed lines, such that they receive the same
crosstalk signals, even allowing for internal package reflections, and the
variations between wire bonds. This is another case where solder bump
connections to the OEIC are an attractive alternative.
6.2.7.2

Complementary Laser Structures

The intention is that the electrical fields arising from the laser drive signal are to
be cancelled out by driving another, similar, device which is in close proximity
to the ‘real’ device. Here are two ways that this cancellation could be attempted:
(i)

The two drive signals are simultaneous, but in anti phase - each rising
edge is matched with a corresponding falling edge, summing to zero
(Figure 6.2.7.2.1).

Signal Laser Drive
+V

ov
ov
ov
Cancelladon Laser Drive

Figure

(ii)

6.2.7.2.1: Laser drive signals, scenario (i)

The cancelling signal is off when the drive signal is on, and vice versa.
Again each rising edge is matched with a falling edge, but the signals
sum to give a net background level. Assuming that the receiver which is
experiencing crosstalk is AC coupled, this constant background level
would be transparent to it (Figure 6.2.7,2.2).
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Signal Laser Drive

+V
OV

ov
+v
ov
Cancellation Laser Drive

Figure

6.2,1 .2,2 : Laser drive signals, scenario (ii)

As with the twin photodiodes case, the success of these measures depends on
the cancellation signals being exactly related. The drive signal in each case is
modified by the characteristics of the load being driven, i.e. the laser. Scenario
(i) requires the cancellation laser to be driven negatively, having been connected
such that the ‘n’ of one laser is connected to the ‘p ’ of the other to form the
common connection. Scenario (ii) would require identical connections to both
lasers.
In order that the two laser devices present the same load, they would both need
to lase. This means that both will be producing light when switched on, but
without the benefit of negative photons fiom the cancellation laser. These rather
obvious statements have a number of implications.
In scenario (i) both lasers are on at the same time, doubling the potential
scattered light present within the chip. The second laser would need to have an
efficient absorber, such as a long monitor structure, directly in front of it to try
to eliminate this as a source of scattered light
In scenario (ii), the implications are likely to be the same - on first sight, it
might be assumed that as one laser is on when the other is off, this would add
up to a constant background light level. This level could, however, be at a level
which saturates the receiver. Additionally, the tum-on and turn-off delays of
the lasers, as well as laser overshoot and undershoot, are likely to mean that the
cancellation will be imperfect, and any spikes which result may be significant
depending on the bandwidth of the receiver under examination.

Again,

therefore, it would appear that an efficient absorber directly in front of the laser
would be sensible.
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Placement of an efficient absorber, as suggested, will therefore also limit the
amount of (unguided) light which is reflected from the facet. The fourth
crosstalk contribution is conduction crosstalk. This, again, will be a constant
for scenario (ii) where the devices are driven in turn, and may be cancelled for
scenario (i) where the devices are driven simultaneously - this latter may,
however, be an idealistic analysis.
6.2.7.3

C onclusions

In conclusion:
•

Twin photodiode structures appear to offer a real reduction in the
received crosstalk level, with little compromise to the existing chip
design.

•

Twin lasers may not prove to be such an attractive option, as they
require the provision of two separate drive signals, and it would also
seem disadvantageous to introduce a second extremely large signal into
the transceiver package.

6.2.7.4
(1)

Recom mendations

Apply twin photodiode structures on future OEIC designs
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Idealised O EIC Chip

In order to summarise the suggestions for the reduction of crosstalk, the main ideas
have been incorporated into a single idealised OEIC design, shown in Figure
6.3.1. The OEIC functionality is the standard one for this thesis, the WDM chip.
6 .3 .1 F e atu res
The measures to combat each crosstalk contribution are summarised below:
6 .3 .1 .1

S u b strate C onduction:

Iron or Chrome doped waveguides (10 in Figure 6.3.1) in conjunction with the
eradication of the N"*" buffer layer (11), thereby limiting conduction between
laser and detector to contamination of the insulating materials only.
6 .3 .1 .2

E lectrostatic C oupling

Most significantly, the laser and detector have been placed at opposite ends of
the chip, by employing a mirror structureI^^H67] of some kind (12).
Alternately, the chip could be extended behind the laser, with the detector placed
a similar distance further beyond the laser. This eliminates the loss associated
with the mirror, but creates a bigger chip.
Also employed is screening metallisation of unused area of the chips surface
(2), in conjunction with solder bumps/flip chip mounting of the OEIC (4) with
the possibility of a solder dam (continuous solder bump screen) (3), or if this
proves unfeasible, a closely spaced line of discrete solder bumps. Surrounding
the detector is a guard ring (8), together with a closely associated
complementary detector structure (7).
6 .3 .1 .3

Reflected Light

Change of the laser design to DBR (1) would allow the laying down of a filter
on the waveguide leading up to the detector (9), tuned to be at approximately
the same wavelength as the laser in order to reject the transmitted signal. The
output facet of the chip also has an angled facet (5), to reduce the reflection.
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Optical Scattering

Absorbing regions or cut out channels alongside the waveguides (6) are used to
reduce the scattered light Also, the laser rejection filter (9) could be extended
around the detectors; this would be most effective for scattered light arriving
from front or back of the detector, whilst being least effective perpendicularly
from the sides. Extension of the grating behind the detector would reduce any
scattered light emanating from front facet reflections. The grating might be
helped by the addition of screening metallisation over the grating, as it would be
likely to aid absorption.
6 . 3 . 2 E ffectiveness:
6.3.2.1

Substrate Conduction

Elimination of waveguide conduction, coupled with the elimination of the N+
buffer layer should limit substrate conduction to material contamination
conduction cunents only, which should be minimal.
E stim ate: <-130 dBeiec

6.3.2.2

Electrostatic Coupling

The combination of covered tracks on the chip carrier, solder bumps/flip-chip
approach, screening metallisation and the solder dam, should cause a large
reduction in the crosstalk. Combined with this would also be the smaller effects
of the complementary detector structure and the guard ring.

Remaining

coupling is likely to be through the chip, and around the solder dam, both of
which should be small.

The remaining mechanism would probably be

reflections within the package.
E stim a te: <-160 dBeiec

6.3.2.3

Reflection Crosstalk

The angled facet/AR coat (totalling -30 dB) combined with the chip loss and
grating rejection filter (<-30 dB) should realistically give a rejection of better
than -60dBopt.
E stim a te : <-60dBopt

-194-

Chapter 6:

6 .3 .2 .4

Design to Minimise

O ptical S cattering

The major contribution is likely to be re-directed light from the angled facet, into
the bulk material. Assuming that the facet angle was so designed as to direct
light away from the detector, rather than towards it, this would not be a
problem. Therefore, the remaining small amount of scattered light should be
mopped up by the absorbing regions, or rejected by the rejection filter.
E stim a te: <-60dBopt

6 .3 .2 .5

C o n clu sio n

Implementation of these measures will produce an OEIC module which will
experience no performance degradation due to crosstalk for foreseeable
telecommunications applications. This would, however, not be without cost in
performance and ease of manufacture, as discussed in the next section.
6 .3 .3 D isadvantages of the Listed F eatures
6 .3 .3 .1

DBR Laser - (included to match the grating filter to the laser

wavelength;) this is a departure from previous designs of laser on this form of
OEIC, but would otherwise be a good progression. However, the laser design
m ight need to be changed radically (See 6.3.3.11 below), and the
implementation of a DBR in the new regime with no N+ buffer layer, might
prove very difficult
6 .3 .3 .2

Screening M etallisation - this ought not to be problematic,

as it could be included in the metallisation stages which are already part of the
OEIC process; it is important, however, that these areas are subsequently
grounded well, when the OEIC is operated.
5 .3 .3 Solder D am - may be a difficult processing task to form a long
continuous solder bump which adheres to the chip carrier as well as the chip;
may need to be replaced with a line of discrete solder bumps.
6 .3 .3 4

S older B um ps - Some processing difficulties have been

experienced on other projects where not all solder bumps have been properly
connected; owing to the large number used for earthing, this should not be a
problem, except on device connection; these latter solder bumps are more
substantial, and therefore should not suffer in the same way.
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A second disadvantage to solder bumps is the reduced efficiency of heat
dissipation from active devices. Formerly, the OEIC was mounted with the
substrate soldered to a carrier, which provided a path for heat dissipation;
flipping the OEIC and mounting it the other way up makes the electrical
connection solder bumps act as the main heat conduction path also, forming the
heat path. A large number of earthing solder bumps in the vicinity of an active
device might improve dissipation.
Implicit within the solder bump implementation is the use of a flip-chip carrier.
As discussed elsewhere within this thesis, an extremely important part of
reducing the electrostatic crosstalk is the use of covered feed tracks on the chip
carrier. Whilst very effective in the reduction of crosstalk, this type of approach
increases track capacitance and inductance, potentially reducing the speed of
operation of key components.
6 .3 .3 .5

Angled Facet/ AR Coat - angling of the chip facet has more

effect in reducing the facet reflections, the greater the facet angle. Larger facet
angles cause interfacing problems such as lensed fibre collision with the facet,
and therefore the degree of angle must be kept small.
A second drawback with the angled facet as a method of crosstalk reduction, is
that it re-directs reflected light away from the waveguide into the bulk
semiconductor region.

This, therefore, has the potential of transferring

crosstalk into a scattered light problem. It is therefore important to ensure that
the facet angle directs light away from crosstalk sensitive components.
The facet AR coating should be centred on the laser wavelength for optimum
crosstalk performance. This does, however, mean that the coating performance
is not ideal for other wavelengths, with a consequent reduction in coupling
efficiency for incoming (receive channel) wavelengths in this WDM system.
6 .3 .3 .6

A bsorbing Regions/ C hannels - absorbing regions should

be available at no cost, being formed from material already available within the
OEIC process. Waveguide channels might be easier to implement, but may
have the effect of redirecting light back into the waveguide.
6 .3 .3 .7

Tw in D etector S tru c tu re - for this to be effective, the

complementary device and the active device must be closely matched in
characteristics, and so positioned that they both receive the same crosstalk
contributions.

A reasonable improvement ought to be possible, but the

attainment of a major improvement might be beyond processing tolerances.
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G u ard Ring - provided that this forms an unbroken ring

around the detectors, this should have no disadvantages as it is formed during
an existing metallisation stage.
6 .3 .3 .9

L aser Rejection F ilter - for this to be effective, it must be

matched to the laser wavelength; it therefore leaves little choice but to implement
a DBR laser on chip, such that the laser and rejection gratings are formed at the
same time, in material with the same effective index.
The other disadvantage to the rejection filter is that it requires a large chip area.
6 .3 .3 .1 0

Fe/C r Doped W aveguides - to be effective in the control of

crosstalk, doping must be applied to all layers. This might affect the guiding
properties of the waveguides, when it is applied to the guiding layers. As
shown in the modelling of Section 3.1, doped guides would only be effective
against crosstalk if applied to a chip with no N+ buffer layer.
6 .3 .3 .1 1

E lim ination of the N+ B uffer L ayer - this is the most

radical change to the chip design, and is likely to be the most problematic. The
N+ layer has two important functions: it provides a known, smooth, high
quality base for growth, and it provides a good lower contact for the laser. The
second of these two will be the most difficult to tackle; either the design of laser
must be changed, or the buffer layer included and then removed everywhere
except in the laser region.
Changing the laser design might be feasible, a suitable alternative design might
be the Transverse Junction Stripe (TJS) laserl^^l[69][70][71 ][72]
would,
however, require a large amount of development effort to attain the performance
currently achieved with the DFB OEIC laser, and would probably be difficult to
produce a DBR version of such a device.
Removal of the buffer layer except in the laser region is considered the most
likely option, but poses considerable growth challenges when trying to match
the laser active region with the waveguide butt joint.

This has been

accomplished successfully by HHI on their coherent receiver chipl^^l, where
both an SI substrate, and Fe doped guides have been used to minimise
capacitance to ground on the integrated JFET devices forming their receiver
front-end.
6 .3 .3 .1 2

M irror - the main disadvantage with this component is the extra

loss associated with it, both inherently, and with the extra waveguide length
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required. As already discussed, an alternative is to place the detector a large
distance behind the laser - this eliminates the mirror loss, but the extra
waveguide loss would remain.
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Crosstalk and Other OEIC Applications
6 . 4 . 1 Introduction
The preceding chapters have concentrated on particular OEIC examples,
designed with a specific mode of operation in mind. This has been proved to be
a very exacting requirement for OEICs to meet, and it is now important to place
this in context with other possible applications and chip designs, which provide
more relaxed requirements on the near-end crosstalk performance.
6 . 4 . 2 Bi-directional Transceiver Chip ('WDM' chip)
The example taken here of an OEIC operating simultaneously in both transmit
and receive, is a particularly exacting situation for crosstalk. Another option is
to operate such that transmission and reception occur at different times (‘pingpong’); this allows the receiver to be switched off during transmission, or the
data acquired during this time to be ignored. Operation of the laser in a smallsignal analogue mode entirely above threshold is also a less aggressive crosstalk
situation.
An easier option is to place transmit and receive functions on different chips
which are physically separate; this allows screening to be more effectively
applied, conduction and scattered light to be eliminated, and leaves only
reflected light from the joint where transmit and receive fibres meet, to be
considered.
The following OEIC implementations are all less exacting than the example
above, in which the wanted signal is many orders of magnitude smaller than the
laser drive signal.
6 . 4 . 3 Phase-Locked Loop
An alternative use of the type of chip examined above, is to place two lasers on
the same chip, and the integrated photodiode (see Figure 6.4.3.1). This would
allow a portion of the two laser output signals to mix on the photodiode, and the
resulting signal could then provide feedback control to lock the two lasers
together. Here, the small chip size would help to reduce the delay in the
feedback path, helping to provide a wide loop bandwidth. The module into
which such a chip would be incorporated, would need to provide a stable, low
reflection fibre interface, and a subsequent optical isolator, in order to reduce
the linewidths of the on-chip DBR lasers. In this situation, the difference in
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transmit and receive signal levels of orders of magnitude which was present in
the link application, is absent, making this a much less demanding application.
Conduction crosstalk would still be a consideration, but the signal levels are
such that the photodiode could have etched slots completely surrounding it,
with the ensuing optical loss not being detrimental to system operation.

Optical
Output

Laser

3dB
Coupler

Laser

Photodiode

F ig u re 6.4.3.1:

Electrical
Output

A phase-locked loop O EIC

6 .4 .4 C oherent Receiver Chip
This type of chip consists (shown at its simplest in Figure 6.4.4.1) of an onchip laser, which acts as a local oscillator, twin photodiodes, couplers and
perhaps polarisation control sections. It has the distinct advantage of having no
large transmit modulation signal on the laser, as the laser is driven CW;
reflections within the OEIC will add noise to the laser output.

Laser

3dB
Coupler

Photodiode

Electrical
Output

Photodiode

Electrical
Output

Optical
Input

F ig u re 6.4.4.1:

A simple coherent receiver OEIC

It is important that the amplified receiver output does not couple to the laser
drive current, as this will provide a small modulation of the laser light. This
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It is important that the amplified receiver output does not couple to the laser
drive current, as this will provide a small modulation of the laser light. This
type of argument applies equally to an OEIC chip consisting of an optical preampliEer and photodiode, as modulation of the amplifier bias will induce
variations in the received signal level.
6 . 4 . 5 Laser Arrays/ Receiver Arrays
For a laser array, crosstalk is likely to come from two sources - electrostatic
coupling between feeds to individual elements, and conduction between
elements. This latter effect may be more easily controlled than in the example of
Sections 2 & 3, as there may be no connecting waveguide between elements. If
there is, however, then reflection crosstalk may be induced between elements,
causing noise in the laser output
In receiver arrays, the near-crosstalk is most likely to be induced between feed
lines from each element, but this is only likely to be significant if the signal level
from one element is very much higher than in an adjacent element.
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Summary

This section has provided a reference for methods of crosstalk reduction in
semiconductor OEICs. It has suggested methods for reducing the level of each of
the crosstalk types, and examined some in detail. It has then drawn together some
of these ideas for improved chip design, and given an idealised OEIC chip,
optimised for crosstalk performance. It has then discussed the operational penalties
which would be associated with the implementation of such a chip design. Finally,
it has examined some chip designs and applications which place less demanding
requirements on near-end crosstalk performance.
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C on clu sion s
This thesis has identified crosstalk as being of major significance in the design of
transceiver OEICs.

It has been shown to be sufficiently important that future

transceiver chips must be designed with a heavy emphasis on crosstalk suppression, in
order to be viable. This will undoubtedly mean that the performance of OEIC
subcomponents will be compromised in order to allow the circuit as a whole to function
in a system environment
Transceiver OEICs of the type used as examples in this thesis are intended for operation
in systems which pose the biggest challenge in terms of crosstalk. The level of
difficulty would be lessened if, for example, digital, large signal modulation of the laser
were not required; more suitable applications would be RE analogue links, for
example, requiring narrow bandwidth small signal modulation of the laser. This would
be both less disruptive in crosstalk terms, and more amenable to cancellation methods.
For OEICs generally, four contributions to the near-end crosstalk have been identified,
two electrical and two optical. These are:
(i)

Electrostatic crosstalk

(ii)

Electrical conduction crosstalk

(iii)

Optical crosstalk due to reflected light

(iv)

Optical crosstalk due to scattered light

Measurements and modelling of the two optical contributions have been shown to be in
good agreement. For the two electrical contributions, inconsistencies have been
identified between the measurement and predictions, indicating that a more
sophisticated model is required. For the conduction contribution this would involve
use of a 2-D semiconductor transport model and for the electrostatic contribution, a full
3-D electromagnetic solver.
Suggestions have been made for methods to suppress each of the crosstalk
contributions which have been identified. From the results presented here it is clear that
future designs must either:
(i)

include some or all of these design modifications, or

(ii)

develop crosstalk compensation techniques, such as those discussed in
Chapter 6.

The work presented here does not eliminate OEICs as a suitable technology for bi
directional digital link transceivers, but it does place severe design constraints on future
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chips, particularly for the suppression of electrical crosstalk. It is proven to be better
avoiding the integration of lasers and receivers on a single chip, and concentrating the
technology on transmitter and receiver arrays. A more certain implementation of
transceiver modules will be to separate transmit and receive functions physicallyt^^l,
with the common connection being a fibred component such as a low reflectivity
duplexer. Such hybrid modules can still contain integrated devices on both transmit
and receive sides, but separation of the critical elements will circumvent the majority of
issues discussed here.
Future work is required for each of the crosstalk contributions. Close examination of
the electrical contributions is needed, particularly with regard to efficient earthing
schemes, and confirmation of the best substrate approach.

For the optical

contributions, an accurate model for subcomponent reflections, and a method of
predicting the behaviour of unguided light are both areas which need attention.
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Group Refractive Index

Typically, tables of refractive indices for particular materials give figures for the Phase
Index (np) of that material. In order to convert this to the Group Index (ng) the
following formula may be usedt^'^h

................................................................................................................................

Therefore, once the values of phase index around a point of interest are known, the
group index may be found.
The passive sections of waveguide on Caswell OEICs are constructed from 1.15 pm
bandgap InGaAsP. The phase index for this is calculatedt^^^t76] to be as follows:
R H W = 1-^393375-10—

(2)

wavelength (nm)
y = Arsenic content in InGaAsP...................................................................................... (3)
Energy Gap, EG = 1.35 - (0.72 y) + (0.12-y^).......................................................... (4)
EG_ Wavelength = ^2393375 10 ...............................................................................(g)
EG
Coefficient A = 8 .4 -3 .4 y .............................................................................................(6)
Coefficient B = 6.6 + 3.4 •y ............................................................................................. (7)
D e lta = 0.11 + (0.31 •y) - (0.09 • / ) ............................................................................... (8)

........................................................................................................................................

<'">
fchi. _= 2 —-\/(l —chi) —■yJ(X+ chi)
chV
fchipr =

(j 1)

chipr) - (I + chipr)
chipr"

(12)

..................................................................
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= ^ |r n ^ ...............................................................................(14)

Having established np using the above equations, the group index, ng, is calculated
using equation (1).
Assuming 1.15 |im InGaAsP which is accurate for the passive waveguides of the
OEICs, y=0.405; for the wavelength range from 1150 to 1750 nm, the indices are
shown in Table A l, and also graphically in Figure A l.

Table A l:

Calculated Indices for 1.15 |im InGaAsP

Wavelength

Phase Index

(nm)

Group Index
n.

1150

3.5043

1200

3.4463

4.6775

1250

3.4017

4.3105

1300

3.3736

4.0015

1350

3.3534

3.8354

1400

3.3379

3.7271

1450

3.3256

3.6504

1500

3.3155

3.5945

1550

3.3070

3.5488

1600

3.2999

3.5127

1650

3.2937

3.4851

1700

3.2883

3.4600

1750

3.2836
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wavelength of 1.15 pm InG aA sP
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