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Abstract

Optoelectronic switches offer a technologically viable approach to perform signal trans-
parent switching functions in present and future fibre optic networks.The feasibility of
realising a broadband optoelectronic switch employing free space optical signal distribu-
tion is considered. By the design and fabrication of novel diffractive and refractive micro-
optical devices, optical distribution schemes for a 3x3 and 4x4 switch have been imple-
mented. The diffractive optical devices are fabricated using semiconductor processing
techniques, and the refractive micro-lenses are realised by computer-controlled pressure
dispensing of a UV curable polymer. The cross-talk due to the optical distribution was
experimentally measured for both cases. Bandwidth limits of an optoelectronic switch are
set by the terminal devices that perform the electro-optical and opto-electrical conver-
sions, i.e., the lasers and detectors. In order to evaluate the bandwidth limits of the pro-
posed switch, the high frequency design aspects of the transmitters and receivers are
investigated. A four channel wideband optical transmitter package using vertical cavity
surface emitting laser arrays with low adjacent channel cross-talk was designed for fre-
quencies up to 2.64 GHz. The low cross-talk performance is achieved by the use of novel
coplanar access lines. The suitability of Corning 7059 glass as a transparent high fre-
quency substrate is demonstrated for frequencies up to 18 GHz. The detector package is
fabricated by flip-chip bonding an MSM array onto the glass substrate. The high fre-
quency performance of the detector assembly is tested and is shown to be device limited at
2 GHz. A noise analysis of the free space optoelectronic switch was done from the meas-

ured experimental data to study the various system impairments.



In addition to the work on broadband optoelectronic free space switch, investigations have
also been carried out into the theory and fabrication of novel diffraction gratings, obtained
by anisotropically etched V-grooves in silicon. Using scalar diffraction theory to find the
amplitudes of the different diffracted orders, a numerical search is used to find the opti-
mum designs for 1:3, 1:5 and 1:7 splitters. To prove the concept, V-bump gratings on a
thin silicon nitride diaphragm were fabricated using elaborate micro-machining tech-

niques.
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Chapter 1

Introduction

The continued rapid progress in the deployment of fibre-optic communications,
and the anticipated total dominance of optical fibre in the wired network, has led to wide-
spread interest in employing photonics to implement switching functions, otherwise not
possible by electronics due to technology limitations [1]. In addition to micro-second
switching times, future optical networks would demand from cross-connect switches func-
tionalities such as bit-rate and code rate transparency for implementing network surviva-
bility [2]. These functions can be obtained by using all-optical switches such as Mach-
Zehnder (MZ) switches [3], or those that use semiconductor optical amplifiers (SOA) [4].
It is also recognised that future optical networks which employ wavelength division multi-
plexing (WDM), would require switches that allow payload and spatial reconfigurability
of a wavelength channel. The latter is possible with switches of the MZ and SOA type, but
payload reconfigurability of wavelength channels by an all-optical approach has yet to be

demonstrated.

A simple and technologically viable approach to perform all the required function-
alities is to employ optoelectronic switches [5]-[7]. A 10x10 optoelectronic switch has
been recently built as a prototype [8] and has demonstrated bit-rate and code transparency
at all rates below the inherent bandwidth (1.3 GHz) of the lasers used in the switch. The
work described in this thesis focuses around this switching technology, and explores alter-

nate optical and electrical designs for future optoelectronic switching modules.

1.1 Optoelectronic Switch: Basic Operation

The systeui performance of any electronic space division switch matrix degrades
at high frequencies because of the crosstalk between adjacent conductor lines carrying
high frequency current. An optoelectronic switch (OES) offers significantly improved per-
formance by distributing the input signals optically to the photodetectors which act as the



cross-points [5]. The conceptual diagram of an optoelectronic switch is shown in Fig. 1.1.
The signals generated by each of the rows of photodetectors is summed electrically to
form the outputs. Switching is controlled electrically by turning the detectors ON and OFF
with a bias voltage. As the incoming paths are optical, a great degree of immunity to
crosstalk can be gained, and the crosstalk that may arise in the outgoing electrical lines
can be reduced by proper shielding as the adjacent conductor lines are no longer electri-

cally connected.

CROSSPOINT CONTROL VOLTAGES
ALAZA3 B1B2B3 CiC2C3
O (? (o] 0 O

Fig. 1.1 Conceptual diagram of an optoelectronic switch



The inputs to the switch could be optical or electrical. If the signal in Channel-1 is to be
switched to the output Channel-A then detector Al is biased to the ON state; likewise, if
Channel-3 is to be switched to Channel-B the detector cross-point B3 is biased to the ON
state. Such switching matrices have enormous potential in broadband applications such as
cross-connection in telecommunication network restoration, in asynchronous transfer
mode (ATM) cross-connect switches and also in other high speed analog and digital signal
processing applications [9]-[11].

One of the critical issues to be dealt with in the design of such a switching matrix
is the optical distribution of the input signals to the various cross-points or detectors. This
has been achieved in the past using 1:N multimode fibre splitters prealigned in silicon V-
grooves and butt-coupled to a linear Metal-Semiconductor-Metal (MSM) detector array
[8]. The main advantage of an optical fibre distribution scheme is the high degree of cross-
talk isolation (>50 dB) between the adjacent channels, thus making it suitable for analog
and digital switching applications. The drawbacks are that it is very bulky and handling of
large numbers of fibres is difficult and time consuming thus having a direct bearing on the
cost of manufacture. Alternative approaches to overcoming this problem would be to use
integrated waveguides or to employ free-space optical power distribution. Free-space dis-
tribution, which has been investigated in the past for optical interconnect applications in
high speed digital computing [12] offers the advantage of low cost and high density of
interconnections, but has not been studied for optical distribution in optoelectronic matrix
switching. The work described in this thesis fills this gap, and explores novel free-space
optical distribution schemes for OES using diffractive optical techniques.

1.2 Diffractive Optics

Diffractive optics, a relatively new term for a branch of knowledge more than 100
years old, describes an area in which the diffraction of light is used as the means to
achieve an end. A diffractive optical element (DOE) generally refers to an optical element
that operates principally on the mechanism of diffraction as opposed to refraction or
reflection and replaces a conventional refractive optical element such as lens or prism. In

other words, DOE is a two dimensional periodic structure designed to modulate the phase



of an incoming wave to focus it to a single point and thus act as a lens or to generate a pat-
tern of spots for imaging. The diffraction grating has now come a long way from its origi-
nal spectroscopic application to perform a whole new range of functions including light
focusing, diffusing and imaging.

Diffractive optics have attracted a sudden surge of research interest over the last
few years and have moved from obscurity to an important technology thanks to a fascinat-
ing coincidence of the emergence of new system requirements with the development of a
whole collection of new enabling technologies. These include computational methods,
optical materials and finally micromachining techniques using semiconductor process
technologies [13]. The new system requirements pulling the development of DOEs
include optical interconnect applications for chip-to-chip and board-to-board intercon-
nects for future high speed digital computing, advanced imaging applications, commercial

and entertainment electronics which utilize optical disk storage, and many more [12], [14].

1.3 Thesis Objectives

In this project, the author has looked into the feasibility of realising a broadband
optoelectronic switch with free-space optical distribution. Two different schemes of opti-
cal distribution employing novel diffractive and micro-optical devices were considered for
implementation. In order to establish the bandwidth limits of the proposed OES, work was
also done on the high frequency electrical aspects of the terminal devices in the switch,
namely the lasers and detectors. In addition to the work on broadband OES, investigations
into the theory and fabrication of novel V-groove gratings in silicon, by micro-machining

techniques, were undertaken.

1.4 Thesis Organisation

This thesis is organised along the following lines:

Chapter 2: This chapter discusses the theory and fabrication of binary gratings that
could be used for optical beam splitting applications. The work done in design simula-



tions, fabrication and testing of high efficiency arbitrary phase Binary gratings for 1:N
splitters is also discussed.

Chapter 3: A novel type of diffraction grating based on anisotropic etching of silicon has
been conceived. This chapter explains the theoretical and experimental work done in this
area. The gratings fabricated using this technique provide an alternative to the more popu-
lar binary gratings used in beam-splitting applications.

Chapter 4: Two prototypes of free-space optical distribution for optoelectronic switching
were conceived and designed using novel diffractive-refractive elements. Their perform-

ance is compared with regard to cross-talk, bandwidth and ease of manufacturability.

Chapter 5: The high frequency design layout for the optical sources and detector cross-
points in an optoelectronic matrix switch is closely tied to the architecture used for optical
distribution. In this chapter, a very low electrical cross-talk design for driving a VCSEL
array is reported. The cross-talk performance obtained is the lowest reported by any group
so far. In addition, the design of the MSM cross-point array on Corning 7059F glass is
detailed and the performance of 7059F glass as an excellent microwave substrate is dem-

onstrated.

Chapter 6: This chapter concludes the thesis summarising the important results obtained
in this work. Future directions for free-space optoelectronic switching that would enhance

the existing capabilities are proposed.



Chapter 2
Binary Gratings

Binary gratings are a class of phase grating that offers discrete phase modulation to
an incoming wave. This class of gratings has also spawned new terms, “Binary Optics and
Digital Optics”, and rests on the proposition that there is a little difference between a con-
tinuous phase structure and its approximation by a series of steps (4 to 16 usually). Fig.
2.1(a) is a drawing of the well known blazed grating and on the right is its 4-level binary
approximation. This technique of fabricating a continuous phase relief grating by discrete
approximations was made possible only by the great advances in micro-lithography and

semiconductor processes.

—| A |-

(a) (b)

Fig. 2.1 (a) A continuous phase blazed grating and, (b) it’s four level approximation

The grating in Fig. 2.1(a) may be fabricated using precision diamond turning/ruling
machines and the grating in Fig. 2.1(b) by photolithography using a set of accurate masks
and proper aligning. The etching is usually done by reactive ion etching (RIE). The greater
the number of discrete levels in the binary grating, the closer its performance would
match to its continuous phase counterpart. Even though binary gratings may be slightly
less efficient than continuous phase gratings, their advantages and flexibility offer no par-
allel. Binary gratings are fabricated using semiconductor process technology and hence

could be inexpensively mass produced. However, their greatest advantage lies in being



able to produce off-axis Fresnel lenses and other non-symmetrical patterns which cannot
be made on lathes [15]-[16]. One of the important types of binary DOE is the Dammann
grating [17] and the work done in designing and fabricating this class of grating is the sub-
ject of this chapter.

2.1 Dammann Grating

Dammann gratings are binary phase gratings that can be used to generate a 1-D or
2-D array of equal intensity spots. These gratings offer only two levels of phase modula-
tion to an incoming wave, i.e. an input beam passing through these gratings can be phase
shifted by 0° or 180°. The idea of using a special type of diffraction grating for this pur-
pose originated with Dammann and Gortler in 1971 [18]. Their goal was to obtain multi-
ple images from one input object, and their application was in optical lithography. Another
paper, by Dammann and Koltz [19], explains in more detail the theory of the approach.
Related articles on the subject of beam splitter gratings for multiple imaging were written
by Boivin[20] and Lee[21]. Other uses for Dammann gratings were proposed by Killat et
al. [22] for making star couplers, and Veldkamp et al. [23] for coherent summation of
beams from different laser sources. Recently, there has been a renewed interest in Dam-
mann gratings caused by new developments in optical digital computing in which arrays
of spots must be generated to provide optical power to arrays of electro-optic logic
devices. A brief theory of Dammann gratings is given in the next section followed by the

fabrication techniques.

2.1.1 Theory

The general shape of a Dammann grating is shown in Fig. 2.2 (a) and its phase rep-
resentation in Fig. 2.2 (b). When a light wave passes through the unetched portion of the
grating it undergoes a phase shift

(Dl = nk D 2.1

where ko is the propagation constant and is given by



Kk = 2%

2.2
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z'0
n is the refractive index of the material and A 0 the free space wavelength of the light
beam.
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Fig. 2.2 (a) A cross-section view of a Dammann grating (b) The transmittance func-
tion for a period

Similarly when the wave passes through the etched portion of the grating it undergoes a
phase shift
®, = k d+kn(D-d) 23

in a Dammann grating
AD = (Dl—d)z =N 24

From Equations 2.1 to 2.4 we obtain for the etch depth d
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The following can be noted from Fig. 2.2 (b) about the properties of the transmittance
function T(x). For this kind of grating T(x) can have only two values i.e.

T(x) = *1 26
and is a periodic function i.e.
T(x) =T(x+A) 2.7
and also a symmetric function, which means
T(x) = T(—x) 2.8

If we set the basic period of the grating A = 1 then a period could be represented in the

interval —0.5 < x < 0.5. In the interval from x = 0 to x = 0.5 there are N transition points

at which T(x) changes its value between +1 and -1. The representation in Fig. 2.2 shows
four transition points. The goal is to compute the coordinates x;,X,,......Xy SO that the

rally that in order to obtain a 1:2m+1 split ratio there should be N = m transition points in

the interval O < x <0.5. In the following we denote the set of coordinates by a vector
X=X Xy X,y) - We also use the convention that xg = 0 and xy,{ = 0.5. Within the

interval from O to +0.5 the amplitude function of T(x) can be written as

N
x—(x +x,)/2
T(x)=Z(-1)Nrect[ i+l 7 ] 0<x<0.5 29
[=0

Xie1~%

where
rect(x) =1 for |x| <1/2 and
rect(x) =0 for |x]=1/2.

Assuming an infinite extension of the grating in the x-direction, we can represent T(x) by



a Fourier series

T(x) = YAe (2mjpx) 2.10

The coefficients Ay, give the amplitudes of the diffraction orders in the Fourier plane.
From Eq. 2.8 we see that T(x) is a symmetric function and hence
0.5
Ap = 2 I T (x) cos (2npx) dx 2.11
0

Using Egs. 2.6, 2.7 and 2.8, a straightforward computation yields the following expres-
sions for the amplitudes of the diffraction orders

N
+1 N+1

A, =4 Z -n" x, + (-1) 2.12

n=
2 al 1
n+ .

A, = o Y (=1)" " sin(2mpx,)  p#0 2.13

n=1

According to Parseval’s theorem, the sum of the intensities of all diffraction orders is 1,

therefore
2
Z I =1 wherel = A 2.14
p p p
p =-—>
We are looking for solutions for the coordinates X = (Jcl Koeennen X N) so that the inten-

sities of the lowest (2m + 1) diffraction orders become equal, i.e.

10



L) =1, ,®=...= I (3 2.15

Since I = A2, there is more than one solution to the problem. Keeping the sign of A, posi-

tive and since Ay, = A_p, we find that there are 2N possible solutions, a result given by
Dammann and Koltz [19]. If we change the sign of A,, more solutions to the problem are

not added since this is achieved by simply inverting the grating pattern. This does not
change the position of the coordinates. There is no direct way to solve Egs. 2.12 and 2.13,
and therefore optimization techniques have to be used to find the solutions for
X1,X2,.-....XN- Different techniques are available in the literature [24] to perform this task.

For the optimization, we have to define an objective (or cost) function that can be opti-

mized. The objective function 'V is a function of the transition coordinates i.e.

¥ = ‘I’(xl,x2 ...... xN) 2.16

For the Dammann grating problem it would be appropriate to define ¥ as the standard

deviation with respect to the mean, of the intensities o’

TR S
N 271/2
¥Y® = 5l X |G @ - )] 217
m=-N
where (I) denotes the mean value of all intensities
X
D =551 X I 218

m=-N

Another criterion included in the optimization is to maximize the efficiency, i.e. the

amount of light power in the desired diffracted orders. The efficiency is defined as

N
n= > I, 2.19
=N

11



This restricts the search to one of the 2N maxima. The design values for x from N=1 to
N=10 are shown in Table 2.1 [25]. One of the important points to be noted from Table 2.1

is that as the value of N increases the minimum feature size & decreases at the approxi-

mate rate of N—3/2

Table 2.1 Design values of the transition points for 1:N Dammann gratings

N Xn n 0
T losemes] | | |6642% |2ea0r |
2 | 0.019304 | 0.367657 7739% | 38x102
3 | 0.104582 | 0.155223 | 0.377125 65.52% |5 1x102
4 |0.099750 | 0.159152 | 0.369009 | 0.491743 | 66.32% | 1 66x102
5 | 0.006497 | 0.167640 | 0.215973 | 0.287050 | 59.42% | 6.5x107
0.424112

6 |0.012690 | 0.178617 | 0.189778 | 0.235271 | 70.01% | | 1x102
0.371513 | 0.468108

7 | 0.001317 | 0.161904 | 0.219859 | 0.234420 | 65.40% | | 35073
0.297862 | 0.396294 | 0.471380

8 |0.033914 | 0.085013 | 0.208060 | 0.225219 | 67.77% | 4.7x1073
0.326301 | 0.381807 | 0.386448 | 0.462768

9 |0.091626 | 0.095805 | 0.145224 | 0.202884 | 68.71% | 4 1x107
0.249280 | 0.330181 | 0.424735 | 0.446794
0.462340

10 | 0.040571 | 0.058850 | 0.164916 | 0.217545 | 69.18% | 6.9x10"3
0.285866 | 0.329488 | 0.336420 | 0.418581
0.472982 | 0.490914
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For example, if the grating period A was chosen to be 100 [Lm, then for a 1:21 splitter
(N=10) the minimum feature size required would be 0.69 jLm . This would mean that the

masks would have to be generated using electron beam writers and the fabrication toler-

ances would have to be very tightly controlled.

2.2 Fabrication of Dammann Gratings

2.2.1 Basic Clean Room Process

Designs of a 1:3 grating are laid on a mask generated by photomasking.The mini-

mum feature size that can be defined in a photomask is 3 jLm . In this work the minimum
feature size of the gratings was fixed at 5 lm and from Table 2.1 this gave a period of
approximately 20 lLm for the 1:3 grating. The 1:3 grating will be used for free space opti-

cal distribution applications, covered in chapter 4. The substrate chosen to fabricate the
gratings is fused silica quartz or pure SiO,. Quartz is preferred over ordinary glass for
etching gratings because the chemical properties of quartz are very predictable and do not
vary from sample to sample. Glass, on the other hand, is SiO, with some dopants such as
Sodium (Na), Potassium (K) etc., and this makes the chemical properties very unpredicta-
ble and the properties tend to vary from sample to sample. For gratings where precise con-

trol of etch depths are required, quartz has come to be the universal choice for all DOEs.

The fabrication steps involved are shown in Fig. 2.3. As a first step, a 0.1 \Lm layer

of chrome is sputtered onto the quartz substrate. Then, HPR S04 positive photoresist is
spun on to the substrate at about 4500 rpm to obtain a 1 |Lm layer of photoresist. The sub-

strate is then soft-baked in vacuum at 110°C for 1 minute. The grating pattern is then
transferred to the substrate by contact UV lithography in the high pressure contact mode.
The exposure dose has to be properly calibrated to avoid over or under exposure of the
photoresist. The resist is then developed in 352 photoresist developer (NaOH) for about
40 seconds to rinse of the exposed areas. Next, the substrate is dipped in a chrome etch

solution to etch the chrome in the areas not covered by the photoresist. This transfers the

13



photoresist pattern to the chrome layer. The substrate is then placed in the RIE chamber to
plasma etch the exposed quartz areas.

Quartz substrate

dLmImidmnmmnmiiadaitinvidiniiuoinviianaaaviaiaayayzaagy,

0.1 micron chrome deposited
by sputtering

Positive Photoresist spun on
to the substrate and soft

baked at 110 ¢C in vaccum

The grating pattern transferred
by photolithography on to the
photoresist

The grating pattern transferred on
to the chrome by chrome etch

CHF3/O, Plasma
The quartz substrate with the
chrome mask is placed in the RIE
to etch the quartz
LI LS The quartz etched to the desired
= - d ~ depth and the chrome stripped
off

.

Fig. 2.3 Fabrication of Dammann gratings
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The RIE is operated at 40 mTorr pressure with 80% CHF; and 5% O, flow rates in the

chamber and an RF power of 140 Watts. This recipe etches the quartz at a rate of 400 A%/
min. Typical etch times for a grating designed to operate at 675 nm wavelength would be
18-19 minutes. The chrome layer holds up as a good mask to the plasma and prevents any
etching of the underlying quartz substrate.

2.2.2. Reactive lon Etching - Process Details

During the initial trials of fabrication plain photoresist was used as the masking

layer in the RIE. But the presence of oxygen in the RIE gas plasma caused photoresist to

etch as well. The etch rate of photoresist for the receipe used was around 200 A%/min.

Fig. 2.4 (a) Desired etch profile (b) profile obtained by using a photoresist mask

So theoretically a 1 )Lm thick layer of photoresist could hold as a mask for 50 minutes or
so and hence would be more than adequate for our purposes. However, when the quartz
was etched with photoresist as the mask, the etched features had a trapezoidal profile
rather than a rectangular one (see Fig. 2.4). This probably was due to the undercutting of
the photoresist during the etch, caused by the ion bombardment and reflections of the
quartz surface. To eliminate this problem chrome was used as the masking layer and the

undercut was greatly reduced giving rise to a near rectangular profile as shown in Fig. 2.5.
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Fig. 2.5 SEM photograph of a grating etched in quartz with a chrome mask

As mentioned before, the reason the photoresist was etched was the presence of 0,
in the plasma. It therefore follows that absence of O, in the RIE chamber would prevent
the photoresist from etching. This is true no doubt, but the absence of O, causes greater
problems, as there might be residual microscopic particles of photoresist still left in the
exposed and developed areas of the pattern and also sludge accumulation at the corners as
shown in Fig. 2.6. Now when the RIE is done with only CHF3 the photoresist will polym-
erize and this would cause micro-mesas and other unwanted artifacts in the final device.
Also, removing the polymerized photoresist poses another big problem as acetone would
no longer be effective as a rinsing agent. In Fig. 2.7 is a SEM photo of a quartz substrate in
which photoresist was employed as the mask and the RIE conducted with only CHF;

plasma at 140 watts RF power and 40 mTorr pressure.

16



\—> Quartz Substrate

Fig. 2.6 Photoresist accumulation at the corners

Fig. 2.7 Quartz etched with photoresist as mask and only CHF, plasma

The photoresist layers can still be seen in many parts of the device even though it has been

thoroughly cleaned in acetone.
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Another factor that influences the etching process is the chamber condition. Usu-
ally the walls of the RIE chamber would have adsorbed gases from previous runs and
would be contaminated with many different kinds of gas molecules. In order to get repeat-
able results it is of paramount importance to clean the RIE chamber with an oxygen
plasma. The recipe normally used to clean the chamber is 100% O, flow rate, 400 mTorr

gas pressure and 300 Watts of RF power. A typical oxygen clean would be for 1/2 hour.
Another important step is a chamber precondition or allowing the chamber walls to adsorb
the gas molecules of the desired run. Before the sample is put into the chamber, the RIE is
allowed to run for about 5 minutes with the same gas chemistry, pressure and power con-
ditions as the actual run. Adherence to proper cleaning and preconditioning procedures

helps in realising the desired repeatable results.

2.3 Test and Measurement Results of the 1:3 Gratings

The experimental setup used to test these gratings is shown in Fig. 2.8.

Detector Head mounted on an XYZ

positioner and with 0.5 mm Aperture
in the front
Micro-lens
— : Diffracted Orders
Laser Source SMF Fibre

Diffraction Grating ' e ]
Newport Power Meter

Fig. 2.8 Measurement set-up for testing the Dammann gratings

Light from the 675 nm laser was collimated by a F-2.6 microlens and passed through the
grating. The light power in the diffracted orders was measured with the help of a Newport
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power meter mounted on an XYZ positioner. A pin hole aperture is also placed in front of
the detector head to avoid picking up the power from other diffraction orders. The inten-
sity distribution for the 1:3 gratings fabricated with a photoresist mask and a chrome mask
is shown in Fig. 2.9 and Fig. 2.10 respectively.

200 - - B Experimental Values

@ Theorstical Prediction

100 1

Power (micro-Watts)

Diffraction Orders

Fig. 2.9 Intensity distribution of a 1:3 Dammann grating fabricated with photoresist
mask

With chrome masks the dramatic improvement in the uniformity of the intensities
of the diffracted spots can easily be seen. The standard deviation with respect to the mean,
between the intensities of the diffracted orders for the grating shown in Fig. 2.9 is 49.5%
and that for the one shown in Fig. 2.10 is 2.1%. Theoretical efficiency of the 1:3 Dam-
mann grating from Table 2.1 is 66.42%, and the measured value of efficiency for the grat-
ing of Fig. 2.10 is 66.2%. There is a close agreement between the predicted and measured
values and this confirms the accuracy of the fabrication technique employed.
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Fig. 2.10 Plot showing the uniformity of the intensity distribution of the 1:3 grating
for three different samples
A CCD camera image of the diffraction orders for a 1:3 grating is shown in Fig.

2.11. The higher diffraction orders cannot be seen as they fall outside the field of view of

the imaging system.

Fig. 2.11 Camera image of the far-field diffraction pattern of a 1:3 Dammann grating
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In section 2.2 the importance of proper RIE techniques for repeatable performance
was emphasized. The repeatability of the process can also be gauged from looking at Fig.
2.10 where the intensity distribution for a 1:3 diffraction grating has been compared for
three samples fabricated at different times. There is little variation from sample to sample

and they more or less conform to the theoretical prediction.

2.4 Design of Binary Gratings with Arbitrary Phase
2.4.1 Theory

The conventional Dammann gratings are capable of only 1:(2N+1) split ratios.
Some applications require an even number of splits of the kind 1:2N, and this is possible
employing non-symmetrical periods, i.e., structures where the transmittance function

T(x) #T(~x) 2.20
Designs of these types and those where the binary phase is allowed to have values (0, non-

), have been investigated by Killet et al [22]. Here, a general purpose ‘C’ program for
designing binary gratings of arbitrary phase was written in order to obtain the exact design

values and also to enable the study of fabrication errors on the diffraction pattern.

For an arbitrary phase non-symmetric binary grating, the transmittance function of
Eq. 2.9 is modified to a more general form

T(x) =

N —jk, (n—1)dMod [1] [x O tx)/ 2}
Z e rect
Yrv17%

0<x<1 2.21

I=0

where
Mod (l) =1 iflis odd numbered and
Mod (l) =0 iflis of even numbered

Also for mathematical convenience the period is represented from 0 to 1 and the transition

points x1, x2....xI are all positive valued (see Fig. 2.12).

21



T(x)

i

| l |
l I l I l 11
I [ | I
0 x X2 X3 Xg X5 Xg X7 Xg 1

efp ® Gro(n-1)d)

Fig. 2.12 Transmittance function of a generalized binary grating

The symmetric form of Eq. 2.9 is hidden in the general transmittance equation of Eq. 2.21.

In the above form of representation for 2m+1 splits the number of cross-over points would

beN=2mintheinterval 0 <x<1.

In this work it was required to design a 1:2 grating. The design had one transition
point at x; =0.5 and the phase (0, AD ) was found to be (0, 7).

2.4.2 Experimental Results

The gratings designed had a period of 20 [L;m and were required to operate as a
1:2 grating at 850 nm, for applications described in chapter 4. From Eq. 2.5 the etch depth
was calculated to be 923.9 nm. The fabrication technique used is similar to the process
described in Fig. 2.3. The intensity distribution of the diffraction pattern is shown in Fig.
2.13.

22



0.5
B Scalar Theory (Efficiency = 82.33 X)
B Experimental Result (efficiency = 78.28 X)
_ 0.4]
Q
S
O
Q.
he) 0.3
o
N
©
E 0.2
O
Z
0.1
0.0-
-1 i 0
Diffraction Orders

Fig. 2.13 Intensity distribution in the diffracted orders of a 1:2 grating

The power in the zeroth order is 13 dB below the power in the 1 diffraction orders and
the efficiency is close to 78%. This is in quite close agreement to the theoretical value of
82%. A camera image of the far-field diffraction pattern is shown in Fig. 2.14. The small

amount of power scattered into the unwanted zeroth diffraction order can also be seen in

the image.

Fig. 2.14 Far field diffraction pattern of the 1:2 binary grating
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2.4.3 Discussion

There is no doubt that even in the best controlled fabrication processes, there
would still be certain errors because of the inherent tolerances associated with many of the
fabrication steps. In the fabrication of the binary gratings there are two principal sources
of error:(a) error in the patterning caused due to incorrect lithography or undercut during
etching etc. (b) error due to the incorrect etch depth in the RIE. A simulation was done to
study the effects of these errors on the diffraction pattern of a 1:2 grating. As mentioned in

the previous section the 1:2 grating has been designed to have a period of 10 [m, so for
x1=0.5 the grating pattern would have 5 jLm etched and 5 [Llm unetched portions in one
period. The grating pattern was varied £2 |Lm and the etch depth was kept constant at

923.9 nm (phase shift 7). The effects of this variation on the powers in the 0, 1 diffrac-

tion orders and the efficiency is shown in Fig. 2.15. It can be see that any error in the pat-

terning results in a decrease in the efficiency and an increase in the power scattered into

the unwanted O ® diffraction order. However, for practical purposes the error in the pat-
terning should be limited to < 5%.

The effect of an incorrect etch depth on the performance of the grating was also
studied and is shown in Fig. 2.16. In this simulation the grating pattern was kept constant

at the design value and the etch depth was varied 200 nm from the designed value of

0
923.9nm. This corresponds to approximately 40 phase variation from the desired

phase depth of 180°. It can be seen that the etch depth variation should be tightly control-
led to less than 2% from the designed value.
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Fig. 2.16 Effect of etch depth errors on the performance of the 1:2 grating
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It is an established fact that arbitrary phase binary gratings are either equal to, or
more efficient than the (0, ) class of binary gratings [26]. The reason (0, Tt) gratings
are still widely used for pattern generation is because of the moderate computational com-
plexity involved in designing these gratings. A comparison of the different kinds of grat-

ings with regards to their efficiency for different fan-outs is shown in Fig. 2.17 and is
taken from Ref. [26]. The (0, non —T) type of gratings are more efficient than the

(0, 1t) type and the continuous phase relief gratings are the most efficient. Therefore, if
higher efficiency is desired, multilevel binary gratings that closely approximate the contin-
uous phase gratings could be used at the expense of increased cost and complexity. The
number of discrete phase levels in the multilevel system depends upon the number of

masks used to pattern. If M masks are used, we can get 2M quantized phase levels. The

choice of the number of levels employed in designing a binary grating depends on the per-

formance requirements, fabrication costs and yield.

100 5 continuous phase

96 —
> 22
2 (0,non-7)-binary phase
2 et ~ - - - - - ‘s
2 [ 3 ~ . A - & -~ b -A
% ..‘\‘ A . i A
g 84 — ‘...‘..' -._" 'k-.
T (0,7 )-binary phase
g 80—
S
=
O 78

rd - [

68 ‘% L ] ] 1§ L ] ] 1 3 ] L 1

1 3 ] 7 9 1 13 16 17 19 21 2 26

one-dimensional fanouts

Fig. 2.17 Comparison of different schemes of binary gratings
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Chapter 3

Design and Fabrication of V-Groove Gratings

3.1 Overview

For applications that demand beamsplitting where the phase of the beams is not
important, Dammann gratings have received special attention because of their simple
binary phase design and their fabrication using conventional VLSI processing
technology[18]-[23]. Gratings fabricated using these techniques rarely achieve their
theoretical efficiencies because of limitations in the fabrication processes. The two main
limiting factors have been the uncertainty inherent in photolithography and etch depth
errors when using RIE. The latter is still very empirical, requires a high degree of
fabrication skill, and varies from installation to installation. At longer infrared
wavelengths, photolithography errors are not as critical, especially with recent advances in
submicron patterning techniques [27]. However, greater etch depths are required making

the RIE process more difficult and time-consuming.

An etching technique that is self-limiting would reduce depth errors and lead to a
simpler, more repeatable process. One such method is anisotropic etching of (100)
crystalline silicon by ethylene diamine pyrocatechol (EDP) or potassium hydroxide (KOH)
[28], which has been employed in the past for fabricating diffraction gratings [29],
waveguides [30], and other integrated optical devices [32]-[33]. The basic principles of
anisotropic etching of silicon is given are Appendix-A.

If gratings were fabricated using wet anisotropic etching techniques, control of the
etch depth would no longer be a problem since the depth is proportional to the V-groove
width which in turn is controlled by the surface photolithography and not the etch time.
This means that designs involving multiple V-grooves per grating period with different
depths can be fabricated with one lithography step and one etch step, or that completely
different grating designs can be fabricated on the same wafer in the same etch step.
Muitiphase gratings fabricated this way should have the advantage of repeatability, and
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reduced scattering because of the smooth sidewalls of the v-grooves.

In this chapter, a new technique for making Dammann-like transmiséion gratings
for infrared light from periodically spaced V-grooves in silicon is described. In the next
section, the theory of transmission gratings utilizing silicon v-grooves is developed and
applied to the design of 1:N equal intensity beamsplitters[39].

3.2 Grating Design and Scalar Diffraction Theory

Let us consider gratings composed of periodically etched V-grooves. The theory is
demonstrated by a simple grating structure with one V-groove of half-width x, per period
L on a silicon substrate of thickness D (Fig. 3.1). The extension of the analysis to structures
with more than one groove is straight forward. The anisotropic etching of (100) silicon

produces grooves with sidewalls of slope s = J2 . The shaded region of Fig. 3.1 is an

overlayer of index n,, which is intermediate to the indices of silicon and air.

Index - nt

-—---%

n

11

Fig. 3.1 Structure of a grating with grooves etched in silicon, index ny, and covered
with a material of index n;

_—em e — - - — O
x
by

The purpose of this layer, which would be deposited after the v-grooves have been etched,
is to reduce Fresnel reflections and improve the diffraction efficiency by suppressing

higher diffraction orders. Its thickness, t, is assumed to be constant in the direction normal
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to the silicon surface. The validity of this assumption will depend on the method of
deposition but is approximately true with chemical vapor deposition of SiO, on silicon [30].

The half-width of the grooves in the overlayer, x,, is then

X, =X -(./5- l)(t/.s') when tsxls/(ﬁ-l) , 3.1

=0 when ¢>x,5/(.f3-1). 32

Using simple scalar diffraction theory, the transmittance function T(x) is a product of the
transmittances of the substrate(thickness dy(x) and index ny = 3.5), of the overlayer
(thickness d,(x) and index n,) and of the air (thickness d,(x) and index n, = 1) in the groove.
The thicknesses for the three different materials are

D+s(lxl-x) 054 le

d.(x) = 3.3
0 L
D x1<|x|<§
i t xISIxIST/2-

dl (x) = t+s(xl—|x|) x2s|x| <x 34
tf3 0<ld<x,

s (x2 —-Id) Ix< Xy
d, (x) = 35

L
< -
0 Jc2_|x|<2

and the transmittance is then found to be

T(x) = exp [—j% [nodo (x) + nld 1 (x) + n2d2 (x) ]] 3.6

and repeated every L. Expressing T(x) as a Fourier series, the amplitude of the pth

diffraction order is just the series coefficient, A,, given by
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1
A, =71

. X
p T (x)exp I:-anp L] dx 3.7

ol = I

Since the phase is piecewise linear with x, analytic expressions can be obtained for the
Fourier coefficients. However, the expressions are very complicated and even more so for
the structures with more V-grooves per period such as those considered in this work. An
alternative approach followed in this work is to evaluate A; numerically by a ‘C’ program

for the few coefficients that are required.

Let us now consider the design of gratings which generate (2N+1) beams of equal
intensity. Ideally, the coefficients of the diffraction orders would satisfy

Iz 1 3.8

- @N+1)
for |p| < M with all other coefficients zero, but this is impossible to obtain in practice.

14,

Instead, a brute force search is performed for the grating parameters (groove widths,
positions, overlayer thickness if any) that minimize the standard deviation normalized with

respect to the mean of the desired diffraction orders

o-lh 5 (IAPIZ-<A2>)2]V2' 39

p=-N

where <AZ> is the arithmetic mean of the intensities of the desired diffraction
components.Typically there are several local minima in the standard deviation and then the
diffraction efficiency, 1, which is defined by

N
= 3 W 510
P=-N

should be as large as possible. There are limits over which the parameters can vary. For
example, the period cannot be less than the wavelength if non-zero diffraction orders are

to propagate into air, and the groove widths and positions must be such that no grooves

overlap. The overlayer thickness t is bounded above by xlsx(ﬁ - 1) since adding more
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material after the grooves are filled will result only in a constant phase shift across the
wave front. Finally, the coefficients for positive and negative are automatically equal if
multiple grooves are placed symmetrically in the grating period. The optimization
procedure is now applied to the design of a 1:3 beamsplitter (N = 1) for 1.55 um light.
First, it is assumed that the overlayer completely fills the grooves and L is held constant
while x;, is varied in incremental steps of 0.01 pm. The standard deviation and efficiencies

as a function of x; for several values of L are shown in Fig. 3.2 and Fig. 3.3 respectively.
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Fig. 3.2 Standard deviation with respect to the mean of the p = -1, 0, 1 diffraction
orders as a function of the grating half-width for five values of the grating period.
Length units are micrometers (um)
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Fig. 3.3 Diffraction efficiencies for the same cases as Fig. 3.2

In all cases, there is an x; at which the standard deviation vanishes indicating that the
intensities of the three lowest orders are equal. Efficiencies in the range 70% to 75% are
found and it can be seen that the efficiency decreases as the period increases and that

efficiency can be gained at the expense of uniformity.

The effect of varying the overlayer thickness, t, and refractive index, n,, was studied
and the results are presented in Fig. 3.4. For fixed values of t and n,, x, was searched until
the standard deviation fell below 5%. For each n,, the maximum efficiency (the far right of

each curve) occurs when the grooves are completely filled up, that is when x,=0.
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Fig. 3.4 Optimized grating efficiencies as function of overlayer thickness for several
values of overlayer index of refraction

The results clearly show that the efficiency improves as the index increases. For an index
of 2.9, the optimized value is reached at the maximum allowable x,, L/2, and for higher
indices there is no optimum solution. The apparent reason for this is that the phase change
through the grooves is too small and most of the power is concentrated in the zeroth

diffraction order.

3.3 Gratings Replicated From a Silicon Master

An alternative approach is to implement V-groove gratings in lower index
materials. The fabrication involves etching a silicon master and replicating the gratings by
the use of special photocurable polymers or plastics that would be removed after hardening
[40]. The need for a lower index overlayer is removed, and the gratings can now be
designed for wavelengths that are below the infrared region. The question of the optimum
choice of materials is not addressed here. The analysis must be modified slightly since the
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grooves become bumps in the finished grating. In searching for optimum designs, it was
found that solutions with small standard deviation could be found for 1:(2N+1) beam
splitters only if there were N grooves per period. As shown in Fig. 3.5, the grooves are
symmetrically placed so that the positive and the negative orders automatically have the
same amplitude. When searches were made without the assumptions of symmetry, the
optimum solutions were symmetrical.

Results of the optimization of the 1:2, 1:5, and 1:7 beam splitters of index 1.5 fora
wavelength of 780 nm are given in Table 3.1 as the coordinates of the groove edges. In each
case, a grating period was assumed, and longer periods were assumed for the larger
splitting ratios to accommodate the higher diffraction orders. One result that emerged is
that, as N increases, the required minimum feature size for a desired standard deviation
decreases. In searching for the optimum 1:5 splitter, solutions with slightly higher
efficiency were found when a shorter period was assumed, but these also required a much
smaller feature size. The standard deviation obtained for a 1:5 solution was 5%. For a 1:7
splitter, the lowest standard deviation found was 7% and this required a minimum feature

size of 0.1 pm.
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(a)

(b}

(c)

Fig. 3.5 Grating profile for generation of (a) 1:3, (b) 1:5, (c) 1:7 beam splitters

Table 3.1
N Period x1, x2, x3 Efficiency f inimum
. . eature size
(microns) (microns) (%), (microns)
1 1.6 0.55 87 0.5
2 32 04,08 65 04
3 42 0.1, 0.65,2.05 82 0.1
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The tolerance of the optimized designs to variations in groove widths was studied,
and the results for 1:5 beam splitters are shown in Fig. 3.6 as variations of the efficiency
and standard deviation as one groove width is varied away from is optimum value while
the other is held constant. It can be seen that a 0.1 ptm error in width results in a decrease
in uniformity to approximately 20%. The efficiency is rather insensitive to changes in the
smaller groove width and can actually be increased at the expense of uniformity by a

decrease in the larger groove width.
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Fig. 3.6 Effect of fabrication errors on the efficiency and the uniformity of replicated

gratings

3.4 Fabrication of V-groove Gratings

It was mentioned in the previous section that if the V-groove gratings were to be
replicated in a Jow index material to form V-bumps, then, beamsplitters can be made for
the wavelengths below the infrared as well. But the technology involved in replication is

quite involved as it is similar to injection moulding and many of the existing techniques are
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well protected under patent laws.

In order to test the principle a round-about technique of fabricating a 1:3 V-bump
grating in a silicon nitride (Si3N4) was conceived and implemented. For the 1:3 grating, the
period was chosen to be 1.8 pm and the groove width was calculated to be 0.8 um for an
operating wavelength of 780 nm. The major steps involved in the fabrication are shown in

Fig. 3.7 and is a rigorous exercise in micro-machining [41].

3.4.1 Substrate Preparation

As the grating has sub-micron features it is imperative that electron-beam (e-beam)
lithography techniques be used in order to pattern the gratings. At AMC, a SEM has been
reconfigured to act as an electron beam writer undf:r computer control. But unlike a
commercial e-beam writer which can write masks ovér an area of 5 inch?, the present set-
up is limited to an area of 1 mm?. Also the samples to be patterned should be about 1 cm?,
i.e., about the size that can be mounted on a SEM mounting stub. In the first step wet-
thermal oxide of about 0.7 um thickness is grown on a batch of (100) silicon wafers. This
layer would serve later as the masking layer during the anisotropic etching of silicon. The
substrate is then dipped into a buffered oxide etch (BOE) solution to etch back the SiO,
layer from 0.7 um to 0.1 um. The reason for this etch is explained later. The BOE, which
essentially is hydroflouric acid (HF), etches the SiO, at a rate 500 A%min. But this rate may
vary with age and from sample to sample. The resist used for e-beam patterning is
polymethyl methacrelate or PMMA for short. A 5% solution of PMMA is spun onto the
wafer at 5000 rpm to give a coat of 0.5-0.6 pm. The substrate is then hard-baked in the oven

at 150 °C for one hour and then soft-baked in vacuum for 40 seconds. The wafer has to be

cleaved carefully along the (110) flats into 1 cm? squares. If cleaved properly, the sides of
the squares then represent the (110) plane and could be used for alignment in the e-beam

writer.
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Fig. 3.7 Processing steps in the fabrication of V-bump silicon nitride gratings
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3.4.2 Substrate Patterning

The silicon pieces are mounted on the mounting stubs using carbon graphite paste.
The substrate is properly aligned inside the SEM such that the e-beam will write the

patterns parallel to the (110) sides. The beam dosage used is 150 pC/cm? and the
acceleration voltage used is 40 KV. The desired pattern is first generated using the software
L-EDIT and then converted to an e-beam writer run file, which is then used to generate the

pattern. The total area exposed is 250 um2 and the total amount of time required is
approximately 7 minutes. In order to cut down the writing time larger patterns are avoided.
The sample is then developed in a MIBK/IPA solution for one minute and then IPA for 20
seconds and then rinsed with de-ionized (DI) water. A SEM photograph of the patterned
PMMA is shown in Fig. 3.8.

Fig. 3.8 PMMA on silicon dioxide patterned by e-beam direct write
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The grating pattern on the PMMA is then transferred to the underlying oxide layer
in the RIE. The recipe used in the RIE is 80% CHFj3, 5% O, at 40 mTorr pressure and 140
Watts of power. The SiO, is etched at a rate of 400 A%/min and the PMMA at 1000 A%min.
Therefore, in order to etch the 0.1 um of SiO,, 3 minutes of etching is sufficient, and in this

duration only 0.3 um of PMMA is etched. As PMMA is not a very good masking layer for
most common etchants and etches almost three times faster than SiO, in the RIE, only a

thin oxide layer can be patterned. It is for this reason that the SiO, was etched back to 0.1

pum from 0.7 um during the substrate preparation. Fig. 3.9 shows a SEM photograph of the
patterned SiO,.

J8KU WD:SMH S:980068 P:20808

Fig. 3.9 Silicon dioxide pattern on (100) silicon, transferred from PMMA by RIE

There is a noticeable sidewall roughness which is inherent in the RIE process, but this is

removed in the next step, the V-groove formation by anisotropic etching.
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3.4.3 Sub-micron Micromachining of Silicon

After patterning, the sample was dipped in a 30% wt. concentration KOH solution

for etching. The etch was carried out at 80 °C and the etch rate in the vertical <100>
direction varied between 0.8 and 1.2 pm/min, depending upon the batch and the age of the
etchant. As the openings in the SiO2 mask were 0.8 um wide, the depth of the V-groove
in the <100> direction would be 0.56 um. The sample was etched for 2-3 minutes, even
though this etch time is much longer than required, in order to get rid of any native oxide
that might have formed on the surface of the silicon. Fig. 3.10 is a SEM photo of the V-
grooves etched. It can be seen that sides of the V-grooves are very smooth and any
roughness in the patterning stage has been removed by the crystallographic selective etch.

Fig. 3.10 V-grooves formed after the anisotropic etching in 30% KOH at 80°C
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However, if there is any misalignment with the (110) flats during the writing process,
undercutting will occur until the etch front reaches the slowly etched {111} planes. This

will occur in a series of plate like steps as shown in Fig. 3.11. The residual SiO, is stripped
off and a 2 um thick layer of SizNy is deposited by plasma chemical vapor deposition
(PECVD) on the V-grooves so that the grooves are completely filled up.

Fig. 3.11 Formation of plate like structures due to misalignment of the pattern with
(110) flats

The wafer is then turned over and a 0.5 micron thick Si3N, layer is deposited at the back

of the silicon substrate. A silicon wafer which has pre-etched 500 X500 m square holes,

is used as a contact mask to pattern an opening in the Si;N, layer at the back of the substrate
in the RIE (see Fig. 3.7). The recipe used to etch the exposed SizN, in the RIE is 50%

carbon tetrafluoride (CF,) at 50 milli-Torr and 60 watts of RF power. The etch was carried

out for 5 minutes at an etch rate of 1200 A°min. The wafer was once again dipped in a
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KOH solution at 80° C for 6-8 hours to etch right through the 500 pm thick silicon wafer.
The etching will stop once the Si3;Ny layer on the front side is encountered, and this results

in the formation of a Si3N,4 diaphragm with the V-bump gratings hanging on the underside.
The 0.5 micron SizN, layer at the back stands up as a good mask over such long etch

periods and is practically inert to KOH. The SEM photographs of the fabricated sub-micron
Si3;N4 V-bumps are shown in Fig. 3.12. The smooth surface of the gratings can also be

observed in the photograph.
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Fig. 3.12 Silicon nitride V-bump gratings formed on a 2 um thick diaphragm




3.5 Experimental Results and Discussion

The scalar theory prediction of the performance of the grating at different
wavelengths is shown in Fig. 3.13. The grating was tested at two wavelengths, namely 675
nm and 1300 nm. The experimental setup used to test these gratings is similar to the one
shown in Fig. 2.8.

0.7 T —O— Powerinthe-1 diffraction order
—o— Powerinthe 0 diffraction order

Powerinthe +1 diffraction order

Power

00 \ v r r -
06 08 10 12 14 16 18

Wavelength (micro-meters)

Fig. 3.13 Intensity distribution of the -1, 0, 1 diffracted orders for the Si;N4 V-bump
grating at different wavelengths as predicted by scalar theory

The results are shown in Fig. 3.14 and Fig. 3.15. These gratings are designed to work as
1:3 equal intensity splitters at 780 nm and experimental results at that wavelength are not
available due to the lack of a single mode source at that wavelength. However the per-
formance of the gratings at other wavelengths is a good indicator for evaluation. From Fig.

3.14 and Fig. 3.15, it could be observed that there is some discrepancy between the pre-
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dicted and the experimental results which may be due to many reasons.

400 - B Experimental Results
Scalar Theory Prediction

Power (micro-watts)

Diffracted Orders

Fig. 3.14 Intensity distribution of the diffracted orders, measured at 675 nm

A simple scalar diffraction theory was used in the grating designs and such an approxima-
tion may not yield very accurate results considering the small dimensions of the grating
features. A more sophisticated model based on rigorous electromagnetic theory may give
us the right design numbers for the V-groove widths and spacing. The nature of the fabri-
cation of the grating may also play a crucial role in determining its performance. The

Si3;N, diaphragm is under a compressive stress and this may affect the optical properties

of the material which may be partially anisotropic. It was also observed that the thickness
of lines written by e-beam writing, for some unknown reason, is not very consistent in all

areas. This would cause an aberration in the periodic grating structure and thus affect the
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Fig. 3.15 Intensity distribution of the diffracted orders, measured at 1300 nm

Despite the discrepancy between theory and experiment, this work into the novel
V-groove grating structures clearly indicates the promise of this technique for realising 1:N
beam splitters. To summarize, the main advantages of using this technique are (a), the self-
limiting etching process which allows the groove depth to be dependent upon only the
groove width which in turn is defined by lithography and (b) the ability to obtain smooth
grating profiles which are otherwise impossible to realize in gratings that utilize RIE
etching.
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Chapter-4

Free Space Optical Distribution for Optoelectronic
Switching

The concept of optoelectronic switching was introduced in chapter 1. In this chap-
ter, the work done in free-space signal distribution for an optoelectronic cross-point switch
is described. Free-space optical distribution has the advantage of higher density of inter-
connections and reduced cost when compared to the guided wave approach. However, it is
a known fact that when compared to the guided wave approach, free-space interconnects
suffer from cross-talk due to unwanted light coupled from adjacent channels. The reason
for the spurious coupling may be due to scattering or free space diffraction of the light
beams. But careful design can significantly reduce optical-crosstalk to a level where it is
no longer the principal bottle-neck in the performance of the overall system. Two novel
low cross-talk techniques for free space optical distribution have been conceived and

implemented in this work and are described in the following sections [42]-[44].

4.1 3x3 Optoelectronic Cross-bar Switch

The basic design of the 3x3 free space optoelectronic switch(OES) is shown in
Fig. 4.1. The inputs to the switch, labelled 1, 2 and 3, are compact coherent optical
sources. The outputs are shown as electrical lines (A, B, C) in a vertical plane. The cross-
points of the switch are 9-metal-semiconductor-metal (MSM) photodetectors in a 3x3 rec-
tangular array. The outputs (A, B or C) are the summed electrical currents of the corre-
sponding rows of the detectors. Each input is vertically split three ways to illuminate one
photodetector in each row by a focusing and beam-splitting element. Switching is
achieved by turning the detectors ON or OFF with bias voltages to the control inputs
labelled al to c3. If the signal in input ‘1’ is to be switched to the output channel ‘B’, the
crosspoint bl is biased to the ON-state or if input “3’ is to be switched to output channel
‘A’ the detector a3 is biased to the ON-state.
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In this work the detectors used are gallium arsenide (GaAs) MSM photodetectors
and each MSM in the 3x3 matrix is positioned on 250 JLm centres with respect to each

other. This would mean that the inputs (1,2,3) must also be positioned at 250 Lm centre to

centre spacings between any two adjacent sources.

at 3 X3 MSM
2 photodetector array
Bias Control Inputs bt

A
B
Optical Inputs
Carrying High
Frequency Signals

Focussing and Beam
Splitting Element

Fig. 4.1 Basic design of the 3x3 optoelectronic switch

The OES can be configured in either an optical-in electrical-out(OIEO) mode or in
an electrical-in electrical-out(EIEO) mode. The OIEO configuration is shown in Fig.
4.2(a). Connectorized single mode fibre (SMF) pigtails aligned by silicon V-grooves [45]
on 250 |[Lm centres act as the optical sources inside the switch. Optical signals carrying
the high frequency payload are connected to these pigtails, and switched to any desired
output electrical channels by the OES. In the present work the OIEO configuration was
tested using pigtailed 675 nm laser diodes. A realization of the EIEO configuration is
shown in Fig. 4.2(b). The high speed signals carried on coaxial lines serve as inputs to
laser driver circuitry for an array of vertical cavity surface emitting lasers (VCSEL’s) that
are the optical sources in the switch. The VCSELs used in this work emitted light at 850
nm wavelength. The theory and design of the optical distribution is described in the fol-

lowing section.
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Optical signals inside the switch
VCSEL Array and Driver

Silicon V-groove
Alignment Block

P 2 Electrical Inputs
3l fﬁapﬁcal inputs ’
1 (a) (b)
Fig. 4.2 (a) Optical-in and electrical-out configuration (b) Electrical-in and electrical-
out configuration

4.1.1 Free Space optical Distribution: Theory and Design

The most important element in Fig. 4.1 is the focusing and beam splitting element.
The beam splitting is achieved by a 1:3 Dammann grating of period 20 im . The grating
has been fabricated by techniques described in chapter 2. The etch depths are 0.73 pum for

the OIEO case (A, =0.675 Lm ) and 0.92 jlm for the EIEO case (A, = 0.850 pm). A
0.1um SiO;, layer is deposited by CVD on the back side of the grating and ultra violet

(UV) light curable polymer microlenses are dispensed on 250 [Lm centres on the SiO, as
shown in Fig. 4.3. The oxide layer ensures that the polymer lenses have uniform shapes
and good adhesion. The microlenses are deposited by a patented computer controlled pres-
sure dispensing technique developed at TRLabs [46],[47]. The fabrication process is very
robust, well suited for mass production and gives excellent repeatability of the micro-

lenses. A SEM photo of the polymer micro lenses is shown in Fig. 4.4.
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depth to form the grating

deposited at the back

~

Polymer lenses 200 microns in
diameter are dispensed at the
back at 250 micron centres

Fig. 4.3 Fabrication of the focusing and beam splitting element

Fig. 4.4 SEM photographs of the polymer microlenses, top view and side view
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A simplified schematic of the optical distribution of one input is shown in Fig. 4.5.
The Dammann grating has a period of 20 jim , and the angle of divergence between the 0
and 1 diffraction orders is given by

A
® = Sin” | £ 41

where A is the grating period. At the detector plane we require that the separation d

between the 0 and 1 diffraction orders be 250 |Lm . The image distance v’ that would

give this separation at the detector plane can be calculated from

tan(I):il-;z d

42
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Where t and n are the thickness of the grating substrate and refractive index respectively.

|a—u—ai t | <= v |

Lens-Grating Element

Py

MSM Detector Plane

Fig. 4.5 Simplified ray diagram of the optical distribution
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In this work t = 1 mm and n =1.46 for quartz, and from Eq.4.1 and Eq.4.2 the image dis-
tance v is calculated to be 7.4 mm for the OIEO (lo = 675 nm) case and 5.8 mm for the

EIEO case (7" = 850 nm) case. The function of the microlens is to collect the diverging

beam from the source and focus it onto the MSM photodetectors in the image plane. A
gaussian beam optics theory for the design and evaluation of the single lens imaging sys-

tem used is described in the following section.

4.1.2 Beam Optics Theory for Single Lens Imaging

Consider the case of a single lens through which a gaussian beam of waist radius

Wo and wavelength )"0 travels as shown in Fig. 4.6. If the location of the waist is taken as

the reference point for the beam (i.e. z=0), the complex amplitude of this beam travelling
along the Z-axis is given by [48],

AoWo _p2 p2
U = WD exp[wz(z) Jexp(—jkz—jsz o +jC (z)J 4.3

where W(z) is the width of the wave front at any point z on the axis and

W(z) = Wo[l + (5)2)1/2 B

o
R(z) is the radius of curvature of the beam and is given by,

R(z) = z(l +(Z;0)2). 4.5

C (z) is the excess phase factor given by

-1
C(2) = tan (-z-) 46
Zz
o
Wo is the beam waist or W(z=0) and is related to z, or the Rayleigh range by

Az \1/2

W = (—") : 4.7
o T
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Fig. 4.6 Gaussian beam imaged by a thin lens

The goal is to find for a given lens type the optimum object distance Ugpe SO that the spot

size 2W’(v’) at the detector plane is minimum.

A lens is characterised by its F-number which is the ratio of its focal length f to the

diameter D,

=L
F-D 4.8

For a given lens diameter, the lower the F, the shorter would be its focal length. Now con-
sider a light source of beam divergence 0 o A the object plane. This beam would be
focused in the detector plane if u > f. Also if the lens is to capture at least 86% of the

diverging beam from a source placed at the focal plane, the maximum allowable F that the
lens can take can be calculated from (see Fig. 4.6)

- -_— i
tanﬂo = 5 = 3F 49
F — 1
max ~ 2tan90 4.10

If the F of the lens used is higher than that given by Eq. 4.10, portions of the diverging
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beam will escape the lens. It follows for a given F lens, the object distance u can have a

value any where between
FD<u<F_ D 4.11
For the OIEO case 8 = 6.8°, Fyyyy =4.17 and for the EIEO case 8 =9.8°, Fyy,, = 2.89.

In this work a polymer microlens of F2.72 and diameter of 210jLm is employed, and is
adequate for both OIEO and EIEO cases.

In order to find the optimized uy, which results in the smallest spot size
2W’(V')min at the detector plane, it is necessary to first find z’ and W’ of the beam trans-

mitted through the convex lens. Once the location of the waist z’ and the waist radius Wo’
in the image side of the lens is known, the transmitted gaussian beam is completely char-
acterized and the beam parameters at any distance from the lens can be computed using
the relations in Eq. 4.4 to 4.7. Now, Eq 4.5 can be rearranged as

2 2
F4 -zR+z0 =0 4.12

Also from equations 4.4 and 4.7 we have

b4 -ZOT+Z =0 4.13

From Eq. 4.12 and Eq. 4.13 we obtain

z, = }_R_z_ 4.14
Wzn
Substituting Eq. 4.14 in Eq. 4.13 we have for z
zZ= R 4.15

)]

And from Egs. 4.7, 4.14 and 4.15 we can obtain for the beam waist
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= W 4.16

T

Equations 4.15 and 4.16 give the location of the waist and the waist radius if the width of

the beam and the radius of curvature is known at any point away from the waist. When a
beam travels through a lens of focal length f and transmittance given by

2
exp ( Jjkp 7 (2) ) , the complex amplitude of the beam is multiplied by this phase fac-

tor [48]. The phase of the beam arriving at the plane of the lens is given by
kp”
kz + - 4.17
2+ 9x =5

The phase of the transmitted wave is altered to

2 2 2
kp_ _p kP _ kR _
kz+2R C 2f-kz+2R, ¢ 4.18
where
1 1 1
E-E"'} 4.19

The radius of curvature R’ of the beam at the lens plane after transmission through a lens

of focal length f can be computed from Eq. 4.19. The width of the beam W' after trans-

mission through the lens is approximately the same as that arriving at the lens plane for a

thin lens, therefore for a thin lens we can state

Wiz=u)=W 4.20
From Egs. 4.19 and 4.20 we obtain the radius of curvature and beam width of the transmit-

ted wave and using this data in Eqgs. 4.15 and 4.16, the location of the waist Z' and the

waist radius WO' of the beam in the image side of the lens is computed. The spot size of

the beam at the detector plane is then calculated using Eq. 4.4

1 on21172
2W (V) = 2W0(1+(" ‘,Z) ) 421

2o
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where

z'= 2 4.22

Based on the above theoretical analysis, a C program was written to evaluate the
spot size 2W’(v’) for different values of the source distance, u. The results are plotted in
Fig. 4.7 for both EIEO and OIEO cases.

200 —— OIEO (wavelength =675 nm, theta = 6.8 deg.)
%—o—' EIEO (waveléngth=850 hm, theta =08 dég)) /

\
IO\
L/

560 580 600 620 640 660 680 700
Source distance, u (micro-meters)

Spot size (2W'(v')) in micro-meters

Fig. 4.7 The spot size 2W(v’) of the beam at the detector plane vs the source distance
u away from the lens

The spot size (2W’(v")) for the EIEO case is not computed for source distances (u) greater
than 6151Lm, because u exceeds Fp,,, D and portions of the diverging beam from the

source would escape the lens. The MSM detectors are 100ltm x 100lLm in size and in
both cases the minimum theoretical spot size achievable is smaller than the detector area.

A camera image of the optical distribution is shown in Fig. 4.8. The dotted lines represent
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the outline of the MSM photodetectors and it can be seen that the spot size is well con-

tained within the detector area.

Fig. 4.8 Image of the optical distribution at the detector plane

The imaged spots are slightly bigger than those predicted by theory because of many fac-
tors such as lens aberration, non-strictly gaussian nature of the beam, and inaccurate data

regarding the beam divergence of the source amongst others.

4.1.3 Experimental Results

In order to evaluate the performance of the optical distribution, DC cross-talk
measurements and ON-OFF contrast measurements are carried out. The cross-talk caused
by the optical distribution system is measured by illuminating one column of the detec-

tors, (the lasers operating at constant power without any modulation) and measuring the
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detected DC photocurrent in the MSMs of the neighbouring columns. The average cross-
talk for the OIEO case is found to be -38.1 dB electrical and for the EIEO it is -38.3 dB
electrical. A probable source of cross-talk is scattered light caused by the multiple reflec-
tions between the detector and grating plate.

The other important performance criteria for an optoelectronic switch is the ON-
OFF contrast. This was measured by comparing the current in the MSM detectors when
switched ON with that in the MSM’s with both ends grounded. The ON-OFF contrast is
found to be 37.7 dB. A better contrast is easily achieved by precision biasing the OFF-
state so that the current nearly goes to zero. This has been experimentally verified by bias-
ing one of the detectors to 17.6 mV. the contrast then obtained was 69.5 dB.

The cross-talk due to the optical distribution is only one of the many sources of
cross-talk that occur in the optoelectronic switch. The overall cross-talk of the system is
calculated by taking into account the cross-talk in the input laser sources (if any), the fre-
quency dependent electrical cross-talk in the signal and bias lines of the detector cross
points and finally the cross-talk due to the optical distribution. The layout of the mono-
lithic 3x3 MSM array is shown in Fig. 4.9. It can be seen that the signal and the bias lines
which carry the high frequency current are in close proximity, and this would result in sig-
nificant electromagnetic coupling between the various lines. In order to evaluate the adja-
cent channel cross-talk of the cross-point array at different frequencies a simulation is
performed using the Hewelett Packard Microwave Design System (MDS) software pack-
age. The coupling between the metal lines of channel-2 and channel-3 are simulated, and
the results plotted in Fig. 4.10. The simulation design file is given in Appendix B1. It can
be seen that at frequencies above 100 MHz the adjacent channel cross-talk increases
beyond -20 dB. It is therefore imperative that in order to employ the present switch archi-
tecture for higher bandwidth, the layout of the signal and bias lines in the detector cross-
point array have to be modified, in order to reduce the cross-talk. One approach is to pro-
vide ground tracks between the signal lines to obtain a coplanar waveguide type configu-
ration[49]. This approach was tried and simulated in MDS using the design file given in
Appendix B2.
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Fig. 4.9 3x3 MSM detector layout

The results of the simulation are shown in Fig. 4.11. It can be seen that the adjacent
channel cross-talk is less than -30 dB up to 2 GHz and below -25 dB up to 10 GHz. There
is a dramatic improvement in the cross-talk performance over that shown in Fig. 4.10, and
the reason for this is because the coplanar waveguide structure provides better field con-
finement and hence reduces adjacent channel coupling. The details of coplanar waveguide

structures will be given in chapter S.

Another technique to increase the bandwidth of operation is to employ linear
arrays of MSM detectors instead of 2-dimensional arrays. The optical distribution is then
modified to accommodate the change in the cross-point array configuration. This approach
has been studied, and a prototype for a 4x4 free space OES employing linear MSM’s and
capable of bandwidths in the GHz range is explained in the following sections.
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Fig. 4.10 Simulation of the coupling between channels 2 and 3 of the layout in Fig. 4.9
for frequencies between 1 Mhz to 10 GHz.
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4.2 4x4 Optoelectronic Switch Prototype

The concept for a 4x4 free space broadband OES is shown in Fig. 4.12. The four
input light beams are collected and split by a lens-grating element, similar to the one used
in the 3x3 OES. The grating used is a 1:2 splitter, and splits the input beams two ways in
the vertical plane. The beams are further split two ways by the beam splitter to achieve the
1:4 overall split.

viewing port
for alignment
1** non-polarizing
beamsplitter cube

4
/ \flip-chip bonded MSM’s
capacitor

1x2 grating splitter

glass sub-mount  (ac ground)
Fig. 4.12 Design prototype of the 4x4 free-space optoelectronic switch

The concept is illustrated in Fig. 4.13 where the trace of one input beam is shown
as it passes through the grating and the beam splitter. The light spots on the face of the
beam-splitter cube are detected by linear arrays of MSM photodetectors mounted by flip-

chip bonding on a separate glass submount. The biasing and RF circuitry are also mounted
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on the glass submounts, the details of which are explained in the next chapter. The input

beams are separated from each other by S00 ptm and could be from a VCSEL array or

SMFs aligned at 500 [Lm centres by a V-groove array. The design for the optical distribu-

tion is examined in the following section.
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Input
malli- ' y
Focussing /
and beam /y/
splitting element N
/ A
/ N
/ N
A
Non-polarizing
beam splitter cube

Fig. 4.13 Trace of a single input beam illustrating the 1:4 split achieved by the grat-
ing and the beam-splitter

4.2.1 Optical design of the 4x4 OES

The total length of free space region that the beams must travel can be calculated

by summing the optical thickness of the grating plate, the beam-splitter cube and the
detector submount, i.e.

t +._;+_ 423

t
total - '-l n n”
where (t, ', t””) and (n, n’, n”) are the thicknesses and refractive indices of the respective
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elements. The 1:2 grating has a period of 19.230 lLm and is fabricated using the technique
detailed in chapter 2. The angle in glass of diffraction between the £1 and O'! diffraction

order for a wavelength of 850 nm, calculated from Eq. 4.1,is ® = 2.53°. The two lin-
ear arrays of MSM detectors, which are flip-chip bonded on the same submount, have to
be placed at a separation such that the centre-to-centre distance between the MSMs in the

two arrays is given by,

tan® 4.24
where ¢ total is given by Eq.4.23. Now for the grating plate (t = 1 mm, n = 1.46), for the
beam splitter cube (t’ =25.4 mm, n”” = 1.53) and for the detector submount

(t” =0.71 mm, n” = 1.53). From the above data, the separation of the MSMs in the two
linear arrays can be calculated from Eq. 4.23 and Eq. 4.24 as y = 1.588 mm. The lateral
separation of the detectors in the same array is fixed by the lateral spacing of the source,

and is S00lLm in our case.

The MSM detectors used have an active area of 7S|lm x75\Lm. It is therefore

desired that the spot size of the beam arriving at the detector plane be no more than

75lLm . A theoretical analysis for the optimum object distance, u ¢+ can be performed

op
using the analysis in Section 4.1.2 with small modifications. After the lens, the beam trav-
els through three regions of different refractive index. Since the bulk of the transmission

occurs inside the beam splitter cube we can approximate # = n” = n’= 1.53 in order

to simplify the computations. The radius of curvature in Eq. 4.19 is now modified to

’

n _1
IT'-R 4.25
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The plot of the spot size for different object distance u, for the F2.72 lens used is

shown in Fig. 4.14. It can be seen that the minimum spot size at the detector plane that can

be achieved is around 100lLm, but if lenses of F-numbers less than F2.72 are employed
smaller spot sizes may be achieved.

—®— Wavelength=850 nm, F#=2.72

SERN

Spot size (2W'(v)) in micro-meters

100

1320 1340 1360 1380 1400 1420 1440
Object distance (u) from the lens (micro-meters)

Fig. 4.14 Spot size 2W’(v’) at the detector plane vs object distance, u, from the lens

This point is illustrated in Fig. 4.15, where the minimum achievable spot size at
the detector plane has been plotted as a function of the F-number of the lens. Note that the
optimum object distance (ugg,) at which the minimum spot size is obtained is different for
each of the different F-number lenses. For F-numbers less than 2.68, the object distance
can be adjusted so that the lens captures all the light from the source and focuses it at the

detector plane.
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Fig. 4.15 Minimum achievable spot size {2W’(v’)},;, at the detector plane vs F# of
the micro-lens

4.2.2 Experimental Results

A camera image of the spots, at an intermediate distance between the grating and
the detector plane, is shown in Fig. 4.16 to illustrate the 4x2 optical distribution at a beam
splitter face. As the camera’s numerical aperture is not large enough to capture the entire
optical distribution at the detector plane, only the +1 diffracted orders have been imaged to
study the spot size of the beams illuminating the linear array of MSM detectors, and are
shown in Fig. 4.17. The spot size is slightly bigger than that predicted by theory and possi-
ble reasons for this could be (as mentioned earlier), lens aberration, non gaussian beam or

imprecise VCSEL beam divergence data specified by the manufacturer.



Fig. 4.16 Image of the optical distribution at a distance of 17 mm from the grating

However, the crucial performance factor is the cross-talk in the adjacent channel caused
by the optical distribution. This is measured using similar techniques used for the 3x3

OES, and the average cross-talk is found to -44.8 dB.

Fig. 4.17 The +1 diffracted orders imaged at the detector plane

Even though the spot size is bigger than 75lLm, there is a 7 dB improvement in
isolation over the 3x3 OES case. In the 3x3 OES, the distance between the grating plate
and the detector plane is 5.8 mm as compared to 27 mm in the 4x4 OES. If the cross-talk

is caused by the multiple reflections between the grating and the detector substrate, it
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would be lower for the 4x4 OES because the reflected beams would be more diffused, due
to the greater distance between the grating and the detector substrate.

The optical distribution schemes used for the 3x3 OES and 4x4 OES have their
own advantages and disadvantages. In the 3x3 OES, a two-dimensional monolithic MSM
array must be used. If the array is to be designed for low cross-talk performance, the lay-
out becomes complicated. But the advantage gained is that the optical distribution is
greatly simplified. On the other hand, in the 4x4 OES, linear arrays of MSMs are used
which greatly simplify the detector layout design and the cross-talk at the detector sub-
strate is almost a non-issue. The optical distribution, however, is more complicated than in
the 3x3 OES.
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Chapter 5

High Frequency Design of the Optoelectronic
Switch

An optoelectronic switch embedded in a fibre optic network would function as a
cross-connect switch to route signals through different paths. It is therefore necessary that
the bandwidth of the OES be greater than, or equal to, the bandwidth of the signals in the
fibre channels to be re-routed. Bandwidth limits of an OES are set by the terminal devices
that perform the electro-optical and opto-electrical conversions, i.e., the lasers and detec-
tors. The bandwidth of operation of lasers and detectors is determined by the semiconduc-
tor device characteristics and the limits imposed due to parasitics in the high frequency
packaging of these devices. The following sections discuss in detail the high frequency
aspects of the lasers and detectors to be used in the 4x4 OES.

5.1 Transmitter Design

Vertical cavity surface emitting laser arrays (VCSELSs) are used for electro-optical
conversion at the input stage in the 4x4 OES. VCSELSs have optical cavities orthogonal to
those of conventional edge-emitting lasers [50]-[54]. The simple change in cavity orienta-
tion produces radical differences in the beam characteristics, and allows for more flexible
optoelectronic designs. VCSELSs typically emit circularly symmetric gaussian beams in
contrast to the astigmatic beams of the edge emitters, and therefore require no anamorphic

correction.

A microscope image of a semiconductor die (courtesey of VIXEL Corp., Colo-

rado, USA) containing 12 VCSELSs at 250\Lm centre-to-centre separation is shown in Fig.

5.1(a). The VCSELs emitting light under current injection are shown in Fig. 5.1(b).
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(b)

Fig. 5.1 (a) A VCSEL die containing 12 lasers at 250 [Lm pitch, (b) VCSELSs emitting
light under current injection

5.1.1 Multichannel High Frequency Modulation: Design Issues

If simultaneous wideband modulation of multiple lasers in the array is desired, a
critical issue to be addressed is that of the access lines feeding RF signals to the lasers.
The access lines, usually microwave transmission lines of characteristic impedance Z,,,
fan in from the electrical peripherals (bias-T’s, impedance matching circuitry etc.) on the
microwave substrate to the laser array as shown in Fig. 5.2. In order to wire bond to the
bond pads on the die, the access lines must fan in to similar lengths of separation as the

lasers.

70



Optoelectronic array

£ Access lines

I
bora, )\ AN
% 23
253
i %

Electrical peripherals

50 ohm Transmission lines

Connectors at the edge of
the microwave substrate

=

Fig. 5.2 A typical access line scheme for simultaneous high frequency modulation of
an optoelectronic array

The access lines commonly used are microstrip transmission lines and have a

geometry as shown in Fig. 5.3. The characteristic impedance Z, of the microstrip line is a

function of € the relative permittivity of the substrate material, w the width of the micro-

strip line and d the thickness of the substrate used [55].

-+ W

L

Fig. 5.3 Geometry of a microstrip transmission line
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For a given substrate type € and thickness d there is a unique value of w for a specific

characteristic impedance. For example, a microwave substrate such as aluminium nitride

of thickness d = 625Lm and g = 8.9, would have a w = 675|Lm for a Z, = 50 ohm. If

microstrip access lines have to be brought physically close together at a few hundreds of
microns separation, it would be necessary to taper the lines. The performance of these
lines would be limited to the lower Giga-Hz region because of the impedance mismatch
associated with the taper section [S6]. An even greater bottle-neck that would limit the fre-
quency of operation of the system is that of the electrical cross-talk among the adjacent
channels caused by coupling in the access lines and wire bonds. The cross-talk contribu-
tion due to the wire bonds and access lines has been studied by Hayashi et al [57]. It is
found that the cross-talk contribution of the access lines is much greater than that of the
bonding wires, provided the length of the bond wires are kept at typical values of SOOpLm

or less, a task quite easily achieved.

A typical access line layout using microstrip lines for devices on SOOlLm pitch is

shown in Fig. 5.4.
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Fig. 5.4 A microstrip access line layout for a VCSEL array
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The layout was simulated in MDS to study the cross-talk performance as a function of fre-
quency and the results are plotted in Fig. 5.5. The design file for the simulations is given in
Appendix B3. It can be seen that the cross-talk isolation degrades below 20 dB for fre-
quencies above 5 GHz.
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45.0 MHz freq 18.0 GHzA
45.0 MHz freq 18.0 GHzB

Fig. 5.5 Simulation of microstrip access lines. Trace-B shows the response of a single
channel, and Trace-A is the cross-talk in the adjacent channel due to coupling

One of the ways of reducing the cross-talk in the access lines is to increase the
channel pitch. However, this would result in waste of active devices and make the mod-
ules larger. Another technique is to shorten the distance between the electrical peripherals
and the laser array. This would require tight bends in the lines for side channels, which
degrade transmission characteristics [58]. To overcome these problems, the use of thin
substrates which would require thinner microstrip widths (w) has been extensively investi-
gated by Hayashi et al [57]. However, the frequency response of such techniques is limited
to 2 GHz because of material dispersion and high attenuation. To surmount these prob-
lems, we have come up with a novel access line scheme with low adjacent channel cross-

talk using coplanar waveguide (CPW) techniques.
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5.1.2 Coplanar Waveguide Access Lines

The geometry of a coplanar waveguide is shown in Fig. 5.6. It consists of a central

“hot” conductor of width ‘w’, separated by slot ‘s’ from two adjacent ground planes. The

characteristic impedance (Z,) of a CPW is a function of € , (f) ,w,sand d.

~|sle Wals |-

A\

Fig. 5.6 Geometry of a coplanar transmission line

The exact analytical expression for Zo, derived from quasi-static approximations is quite
involved and is studied extensively in [59]-[62]. One of the greatest flexibilities provided
by the coplanar waveguide is the ability to design transmission lines of almost any desired
dimensions by varying the width (w) and slot (s) for a fixed substrate thickness (d) and

permittivity € . This allows the design of tapers without causing any impedance changes
in the line, a feature not possible with microstrip lines. Employing CPWs, it is possible to
design access lines of any Zo, and also small dimensions, to enable easy fan-in to the laser
array for wire bonding. By use of properly designed tapers, the access lines are tapered out
to larger dimensions to allow easy soldering of the peripheral components such as resis-

tors, capacitors, etc. But the greatest advantage of using CPW access lines is the low adja-

cent channel crosstalk, even when the lines are brought in to a few hundreds of microns

separation from each other. Fig. 5.7 shows four transmission lines of Z, =50 ohms that
taper and fan-in to SO0fLm separation. The width of the “hot track™ (w) is 1 mm at the
edge and 100LLm in the access lines. The slot (s) between the “hot track” and the ground
is 290Lm at the edge and 45Lm in the access lines. The above dimensions were com-

puted using the MDS line calculator, for a substrate thickness (d) of 625[Lm and permit-
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tivity (€, ) of 89.

Fig. 5.7 Coplanar access line layout for a VCSEL array

The layout was also simulated to study the adjacent channel coupling and the sim-
ulation design file is given in Appendix B4. The resuits of the simulation for the frequency
range between 45 MHz and 18 GHz are shown in Fig. 5.8.
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Fig. 5.8 Simulation of coplanar access lines. Trace-A is the response of a single chan-
nel, and Trace-B is the cross-talk in the adjacent channel
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There are more than 70 dB of cross-talk isolation between the adjacent channels up to 18
GHz. This is, no doubt, a significant improvement over the microstrip access lines. In
order to experimentally verify the performance of CPW access lines, the pattern in Fig.
5.7 was fabricated.

5.1.3 Fabrication of Coplanar Access Lines

The smallest feature size in the layout of Fig. 5.7 is 45)lm and occurs as the slot
width (s) in the access lines. Such small features cannot be fabricated using conventional
printed circuit board (PCB) manufacturing techniques as their resolution is limited. It is
therefore essential to use semiconductor lithographic processes, where the pattern is trans-
ferred from a mask to a photoresist layer spun on the metallised substrate. The fabrication

process is shown in Fig. 5.9.

I PP OO OOV IIIIIIIIIIIIIIIY . N
NiCr and AU deposited by

Sputtering

5 o PPy r AP Iy 2 PP PP  Photoresist spun on and

patterned by UV lithography

2z o Y Pattern transferred to metal
by wet chemical etch

Fig. 5.9 Fabrication of CPW access lines using semiconductor processes

Aluminium nitride (AIN), with d = 625pLm and €, =8.9, has been chosen as the micro-

wave substrate. The reasons for its selection is explained later. In the first step a thin layer
of nickel-chromium (NiCr) of thickness less than 0.14m is sputtered on to the substrate
and then a thin film of gold (Au) approximately 3.5|tm thick is sputtered on top. The
NiCr, unlike Au, adheres well to the AIN and serves as an intermediate adhesion layer.

The pattern after being transferred to the photoresist layer is transferred to the metal layers
by wet chemical etching. The thickness of the Au layer to be deposited is determined by
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the skin depth 85 ki ©f the microwave signal given by[63]

I
Sutin = sy 5.1

and is the distance into the conductor where the fields and currents have decayed to e™! of

their surface values. At high frequencies current density is concentrated at a thin layer on

the surface, for example 5s kin fOr Au at 10 GHz is 0.786[Lm . As a rule-of-thumb, it is

desired that the thickness of Au deposited be at least three times 8 , . , so that a uniform

skin
current distribution assumption can be assumed within the conductor for estimating the
conductor losses[64]. In the present fabrication, the thickness of Au deposited is 3.5um

and is adequate for our applications.

5.1.4 Experimental Setup and Results

The signals are picked up using a Pico-probe Inc. dual microwave probe as shown

in the camera image of Fig. 5.10.

Fig. 5.10 Camera image of the substrate showing the dual pick-up microwave probes
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The microwave signals are launched through SMA connectors and microwave probes.
The dual probes have a centre-to-centre separation of 500 um and are rated to have a
cross-talk lower than -35 db at 40 Ghz [65]. In the first step the S5, of Channel 1 is meas-

ured using the HP vector analyser and Channel 2 is terminated in SO ohm broad band loads
at both ends as indicated in Fig. 5.11.

Network Analyser

Channel 1

Channel 2
—;—

Fig. 5.11 Experimental set-up to measure single channel performance

The S, and the S,;; are plotted in Fig. 5.12(a) for a frequency range between 45 MHz and
7 Ghz. The Sy is less than -10 dB almost over the entire frequency range. This indicates

that the coplanar tapers fabricated have a low associated impedance mismatch[66]. The
phase response is shown in Fig. 5.12(b). To measure the cross talk, the signal is launched
in channel-1, which is terminated in S0 ohm load and the coupled signal is picked up from
the channel-2 probe as shown in Fig. 5.13. The S,; plots for the forward transmission in

channel-1 and the crosstalk in channel-2 for the frequency range between 45 MHz and 18
GHz are shown in Fig. 5.14. The adjacent channel cross-talk is well below -45 dB up to
3.6 Ghz and well below -30 dB up to 8 Ghz. Between 8 and 18 Ghz the average crosstalk
is below -25 dB. The above results are the lowest figures for access line cross-talk
reported by any research group so far. There is, however, a significant difference in the
cross-talk figures between the simulation plot of Fig. 5.8 and the experimental results of
Fig. 5.14.
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Fig. 5.12 (a) S,; and Sy; of a single channel (b) the phase response
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Fig. 5.13 Experimental set-up for adjacent channel cross-talk measurement
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Fig. 5.14 Plot showing the S,, of channel-1 and cross-talk signal picked up in chan-
nel-2
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One of the reasons for the disparity may be changes in Z,, due to fabrication errors, which

cause an increase in the coupling between the adjacent lines. The effect of fabrication
errors is dealt with separately in section 5.1.7. Another reason may be related to the ideal

parameter values assumed by the HP MDS simulator when performing the simulations.

5.1.5 Design of the 4-Channel High Frequency VCSEL Driver

The VCSELSs are driven using a bias-T type driver [67] as shown in Fig. 5.15. A R-
C type of bias-T has been chosen instead of the conventional L-C type for the sake of sim-

plicity.

DC bias current + U Modulation input
1k ohm c—— 10nF

Z=32ohm -

Fig. 5.15 A typical bias-T driver configuration for modulating a laser

The dynamic impedance of the laser is approximately 32 ohms and the 1000 ohm resistor
isolates the AC signal by ~30 dB, in the DC path. The AC modulation signal is coupled
through a 10 nF ceramic chip capacitor. The RC low frequency cut-off of the bias-T is at
497 kHz, and the high frequency roll-off, which is dependant on the self-resonant frequen-
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cies of the resistor and capacitor, is greater than 7 GHz. AIN is chosen as the microwave
substrate because of its high thermal conductivity (~ 170 W/m-K) [68], which enables it to
act as a passive heat sink for the VCSEL array, thus eliminating the need for active Peltier

coolers. In addition AIN also has a low dielectric loss, with the loss tangent tand e =

0.0025. The substrate was supplied by the courtesy of Westaim Corp., Alberta, Canada.
The VCSEL array, resistors and capacitors were bonded to the AIN substrate using ther-
mally cured conductive silver epoxy. A fine grain silver epoxy, Epotek-3, was used which
has a low contact resistance (<0.6 ohm) when cured. A photograph of the 4-channel high
frequency VCSEL package is shown in Fig. 5.16, and the metal layout drawing is given in
Appendix C1.

Fig. 5.16 Four-channel high frequency VCSEL package fabricated on AIN

The width of the CPW hot track (w) is 1.25 mm at the edge of the substrate, and it

tapers down to 100lLm in the access lines. Alternate VCSELSs at 500Lm pitch were wire-

bonded to the access lines. The bond wires are kept shorter than 0.5 mm in order to mini-

mize the parasitic inductance. The DC bias tracks are connected to the CPWs by wire
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bonding across the ground tracks, as shown in Fig. 5.17.

MWire boreds

Fig. 5.17 Picture showing the details of the bias-T

5.1.6 Experimental Results of the 4-Channel VCSEL Driver

The VCSELSs used in this work have a threshold current (I;) between 8 and 8.5
mA and a slope efficiency of 0.4 mW/mA [69]. The operatirig current (Iop) is selected to
be between 10 and 10.5 mA and the input AC peak-to-peak modulation swing is 4 mA. At

Iop the laser emits 1.0 mW of continuous wave (CW) power P P and under modulation,

the minimum to maximum swing is from 0.2 mW to 1.8 mW. The modulation frequency

from the network analyzer is swept from 45 MHz to 5 GHz, and the output light is picked

up by a S0itm core multimode fibre. The experimental setup is shown schematically in

Fig. 5.18(a) and a photograph showing the fibre pick-up is given in Fig. 5.18(b).
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Network Analyser

Fig. 5.18 (a)Experimental set-up for measuring the laser frequency response (b) pic-
ture of the measurement setup showing the pick-up fibre

The modulated light is detected using a New Focus detector, and fed to port-2 of the net-
work analyzer. The S, responses of the VCSELSs for different bias currents are shown in
Fig. 5.19(a). The S, phase response and the S; are illustrated in Fig. 5.19 (b) and (c)

respectively. The 3 dB bandwidth of the laser is 2.64 GHz for bias currents above 10 mA.
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START @.04500000Q GHz
STOP 7.080080300¢ GHz

Fig. 5.19 (c) Sy; of the laser package

In order to measure the cross-talk, the RF modulation signal is applied to an adja-

cent channel biased at I, The pick-up fibre is left at the same position and the laser bias is

kept at I;. The input is terminated in a 50 ohm load as shown in Fig. 5.20.

Network Analyser New Focus Detect01
2 ® QL

1o

Pick-up fibre

Channel 2
—

+VCSEL array

Fig. 5.20 Set-up to measure the adjacent channel cross-talk in the VCSEL
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The light output from the fibre is detected and fed to the network analyzer to measure the
modulation due to cross-talk. The response of the VCSEL to a modulation signal applied
at its input, and the response to a modulation applied in the adjacent channel is plotted in
Fig. 5.21. The average cross-talk signal is well below -33 dB up to 2 GHz and it is below
(-25 dB) up to the 3 dB bandwidth frequency of 2.64 GHz. The measured cross-talk values
are the lowest reported for VCSELSs by any group so far [70]-{73].

REF -50.0 dB

1 10.0 d8/
V -s3.131 d8

hpS21

MARKER |1
3.645374953 |GHz

%—wbt—%——-—éﬁi
J{/“’*‘\‘.——b <

START 0.044999900 GHz
sSTOP 5.000000000 GHz

Fig. 5.21 The response of the VCSEL, to a modulation applied at its input is shown in
Trace-a, and to a modulation applied in the adjacent channel is shown in Trace-b

From Fig. 5.14 it is seen that the cross-talk contribution due to the access lines is

well below -45 dB up to 3.6 GHz. It could therefore be concluded that the cross-talk seen

in Fig. 5.21 is entirely due to the parasitics inherent in the VCSEL device. The multichan-

nel VCSEL driver, is therefore, not package limited but device limited. As the cross-talk

in the package is very low, it can be also used as a test jig for experimentally measuring

the inherent device cross-talk of VCSELSs and other similar optoelectronic arrays.
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5.1.7 Fabrication Errors

It is mentioned in Section 5.1.3, that the exposed photoresist pattern is transferred
to the metal layers by wet chemical etching. The etching process is isotropic in nature, i.e.
the metal is etched equally in all directions, resulting in an undesirable undercut of the
metal tracks. The extent of undercut depends upon the thickness of metal deposited and
the length of time the substrate is left in the etchant. Typically, for a metal thickness of

3.5itm the undercut in any exposed side would also be approximately 3.5pLm . So, for
the 100fLm track in Fig. 5.7, the total undercut for the two sides would be 7Lm . This
would result in the ‘hot track’ width (w) in the access lines to be reduced to 93tm and

the slot (s) to increase from 45)tm to S2lLm . This change in dimensions would cause a
change in Z,, resulting in impedance mismatches. The change in Z,, as a function of

undercut is plotted in Fig. 5.22, for the access line (w = 100)Lm , s = 45)Lm ) and for the
coplanar line at the edge (w = 1mm, s = 290[Lm ). As expected, it is seen that the Z of the

access lines are more susceptible to undercut than the wider coplanar lines at the edge.

58 T T T T i

—0— Access lines (w =100 um) l
13 1 3 1 +

—0— Coplanar line at the edge (w=1000 um) |

56 // v
y ~ w
//
52 /,,

]
{

Characteristicimpeadence (Z0)

F—

|
0 2 4 6 8
Undercut (micro-meters)

Fig. 5.22 Plot showing the change in Zo as a function of the metal undercut
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5.2 Detector Cross-point Design

The detector cross-points used, as mentioned before, are linear arrays of MSM
photodetectors. The planar MSM, illustrated schematically in Fig. 5.23, consists of a sem-
iconductor absorbing layer on which two inter-digitated electrodes have been deposited to
form back to back schottky diodes [74]-[77].

]

Fig. 5.23 Structure of a planar MSM

The semiconductor used in the present work consists of a thin epitaxial layer of intrinsic
GaAs grown on a semi-insulating GaAs substrate. The device was designed in TRLabs
and fabricated at Communication Research Centre (CRC), Ottawa [78]. The metal fingers

are separated by 3jlm and the overall detector area is 75|Lm x75tm . A photograph of
the MSM detector used is shown in Fig. 5.24(a) and that of the array in Fig. 5.24(b). The

array has twelve detectors separated on 250im pitch, and for the present work any four

detectors at 500[Lm separation could be used.
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inter dipitated motal Bapers

210 um

Fig. 5.24 (a) An MSM detector showing the metal fingers (b) an array of MSMs

5.2.1 MSM Biasing

The biasing circuit for the high frequency operation of the MSM array is shown in
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Fig. 5.25 . The AC currents generated by the MSM:s are coupled to the following amplifier
stages by a 50 ohm transmission line. The AC loop on the ground side, is completed
through the decoupling capacitors C1 and C2. The DC loop is completed through a 500

ohm terminating resistor, R1.

R1 50 ohm Trx line
B 1,
= AC to amplifier
G ] ]
||I_.|]I._ | '— | l— |
HH HH HE
W0
|||_..ﬂ |||-—-|] |||--[l |||-—-|]
C3
s, &, 4, 4,
Bias voltage

Fig. 5.25 Biasing circuit for the MSM array. C1=82 pF, C2=1 nF, C3=10 nF,
L1=10 nH, R1=500 ohm

For a stable bias voltage across the MSM, it is essential that the DC potential of the
50 ohm transmission line be constant. Variations in the MSM DC current, cause a change
in the MSM bias voltage, due to a variable drop across R1. The small drop across R1 may
be sufficient to partially turn ON a MSM, which otherwise is biased in the OFF state, and
thus severely degrade the ON-OFF contrast. To overcome this problem, feedback stabilis-
ing circuits have been suggested, and are dealt with in detail in [79]-[80]. One of the fac-
tors crucial to the high bandwidth operation of the packaged array is the proximity of the
decoupling capacitor C1 to the MSM detector. The metal track between the MSM bond
pad and C1 will behave, at high frequencies like a transmission line stub and exhibit fre-
quency dependent resonant effects. To push these resonances to a frequency outside the

band of interest, it is necessary to keep the physical separation of C1 from the MSM as
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small as possible. Fig. 5.26(a) and (b) show the MDS simulations of the packaged array
for two different proximities of C1 to the MSM.
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Fig. 5.26 (a) Response of the MSM array package when C1 is 9 mm away from the
detector (b) response when C1 is 3 mm away
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The design files are given in Appendices B5 and B6. It can be seen that the onset of reso-
nances is pushed to 7 GHz when C1 is 3mm away, in comparison to 3.3 GHz when C1 is
at 9 mm separation. The design and fabrication of a flip-chip bonded MSM detector pack-
age on Corning 7059 glass is described in the following section.

5.2.2 Fabrication of the High Frequency Detector Submount

The metal layout for the detector cross-point is shown in Fig. 5.27. The metallisa-

tion used is 3.5Uum of AuonaQ.1ltm NiCr adhesion layer. The pattern is transferred to
the Corning 7059 glass substrate, using similar techniques as those used for the AIN sub-

strate in Fig. 5.9. The thickness of the glass substrate is 0.71 mm, the permittivity € is
5.84, and the loss tangent tanﬁe is 0.0036 at 10 GHz. The width of the hot track (w) is

S00lLm and the slot (s) is 90lLm at the detector end, with w = 1000lLm and s = l60pm
at the edge of the substrate.

Fig. 5.27 Layout of the MSM detector cross-point
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The performance of the CPW on glass substrate was tested using a setup similar to
the one shown in Fig. 5.11 for frequencies up to 18 Ghz. The signals are launched and
picked up by microwave probes. The S,; and Sy; are plotted in Fig. 5.28(a), the phase

response, group delay and the Smith chart of the S,; are plotted in Fig. 5.28 (b), (c) and

(d) respectively.
~LL Uy weas =21 LUy e
REF 0.0 dB REF 0.8 dB
l s.o0 g8/ A 5.0 48/
v —-14.051 dB 1 —-1.7341 dB
hp
c
a | MARKER |1
s 17.19225 GHz2
o)
S21
’1r— = X
)
b ]
S1 1
NNEKIETEN
1
. START 2.245000000 GH=z
STOP  18.000000000 GHz

Fig. 5.28(a) The S3; and Sy, of the coplanar transmission line fabricated on Corning
7059 glass substrate

The S,; shows very little attenuation, -1.7 dB at 18 GHz, and the phase response indicates

no discernable dispersion over the measured frequency range. The results confirm the
excellent microwave properties of the substrate and suggest Corning-7059 glass as a suita-

ble transparent substrate for optoelectronic applications.
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Fig. 5.28 (b) phase response of the coplanar line on glass (c) the group delay
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Fig. 5.28 (d) Smith chart of the S,; of the coplanar line on glass

The MSM detectors are mounted on the substrate by flip-chip bonding. Silver
epoxy drops are first dispensed by a pressure dispensing system on the bond pads in the
glass substrates. The substrate is then flipped over and carefully aligned to the bond pads
on the MSM array under a magnifying camera, and bonded by pressure contact. The sub-

strate with the MSM is placed in an oven at 120°C for 15 min. to cure the silver epoxy.
Fig. 5.29 shows the flip-chip bonded MSM on the glass substrate. The other passive com-
ponents are also bonded using silver epoxy. A photograph of the substrate with all compo-
nents mounted is shown in Fig. 5.30. The top side of the 82 pF (C1) micro-capacitors are
wire bonded to the ground tracks. To minimize parasitic inductances, the length of the
wire bonds must be kept as small as possible.
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Fig. 5.30 The detector substrate with flip-chip bonded MSMs and associated biasing
circuitry
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5.2.3 Experimental Results

In order to test the detector performance, the setup of Fig. 5.31 is used. An 830 nm
external-Mach-Zehnder modulated laser source is used as the optical input to the detector.
The modulation input to the Mach-Zehnder, biased in the linear region, is derived from the
network analyzer Port-1 and the detected signal from the MSM detector is fed to Port-2.
The response of the MSM detector, for different bias voltages, is shown in Fig. 5.32(a) and
the phase response is shown in Fig. 5.32(b). The 3 dB bandwidth of the cross-point mod-
ule is approximately 2 GHz for a 10 V bias voltage. The bandwidth of the module is
device limited and not package limited. This fact is confirmed from the phase response as

no abrupt phase changes associated with parasitics of the packaging are seen.

Microwave probe

830 nm External Mach-Zehnder
modulator laser source

Network Analyser
1 2

SMF Fibre

MSM DeteT:tor submount

Fig. 5.31 Experimental set-up used to test the performance of the detector submount
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Fig. 5.32 (a) The frequency response of the MSM array at different bias voltages. The
traces a, b, ¢, d, e are at 2V, 4V, 6V, 8V, 10V bias respectively. (b) the phase response
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5.3 System Issues

In order to understand the performance limitations of the 4x4 OES, it is essential to
study the various noise contributions in the system. The three main sources of impair-

ments, which manifest as noise current at the receiver are:

* Laser Noise - laser relative intensity noise (RIN), noise due to adjacent channel electri-
cal cross-talk
* Noise due to cross-talk in the optical distribution

* Receiver noise - shot noise, thermal noise

The average power output from the laser is P, =1 mW. The available power( P ,)at the

detector is calculated by taking into account the (1/4) split ratio, the efficiency of the grat-
ing (82%), Fresnel reflections (~5%) and the aperture function (86%) of the beam to give

P, =0.25x0.82x0.95x0.86x P,

=0.167 mW
The responsivity (R) of the MSMs is approximately 0.16 A/W [81], giving a generated

photocurrent
I,=RP, =26.68 uA

The various noise contributions are calculated for a bandwidth (B) of 2 Ghz.

Laser Noise

The relative intensity noise of the laser is given by the supplier as RIN = -125 dB/

2
Hz. The noise at the receiver due to the laser RIN (i RIN) 1S given by [82]

2
[

2 2
ov = R (RINYP.B 5.2

=451 x 1013 A2
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The average cross-talk isolation computed numerically from the data of Fig. 5.21 is -35

2
dB for the 2 GHz bandwidth. The electrical cross-talk noise i ECN at the receiver for this
isolation is calculated to be,

2

= -13 42

Noise due to cross-talk in the optical distribution

The measurement of the cross-talk isolation to stray light in the optical distribution
was described in Section 4.2.2, and is found to have a value of -44.8 dB electrical. The

2
stray light would contribute to an optical cross-talk noise i ocN & the receiver and is cal-

culated to be

2
; = -14 42

Receiver Noise

2
The total receiver shot noise i gN s given as [83]

2 —_ =
fon = 2eB(Ip +Id) 53

where I_d is the dark current of the MSM detector, e is the electronic charge. The dark cur-

rent of the detectors were measured to be approximately 0.2 LA for a 10 V bias. The shot

noise from Eq. 5.3 is calculated to be

2
; - -14 22

2
The thermal noise of the receiver lTNis given by [83]
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i2_ _ AKTBF n
IN —
RL
where K is the Boltzman constant, T is the temperature in kelvin, F;, is the noise figure of

54

the amplifier following the detector, Ry is the load resistance as seen by the detector. The
MSM array is terminated into a low impedance (Ry = 50 ohm) front end amplifier. The

amplifier has a noise figure of 3.9 dB and is a monolithic microwave integrated circuit
(MMIC) packaged in TRLabs. The thermal noise at the room temperature is calculated
from Eq. 5.4 to be

2 12 A2
lTN =1.62x107"“ A

The signal-to-noise ratio of the system is given by
=2
I

S/N = P 55
2

3 ¥l 2 3
iRiINTiEch Yloen T isn tiTn

and is calculated to be
S/N=2484dB

It is easily seen from the calculation of all the noise components, that the receiver
is thermal noise limited. The second dominant source of noise in the present system is the
laser noise, both RIN and electrical cross-talk noise. By employing VCSELSs with higher
output powers and MSMs with better responsivity, it is possible to improve the S/N ratio,
up to a level beyond which the laser noise would dominate, establishing a S/N ceiling. The
S/N ceiling for the present system is computed to be ~ -30 dB. If further improvements in
the S/N is desired, VCSELs with lower intrinsic RIN and lower device cross-talk have to
be employed. VCSEL technology, having just emerged from the laboratory is far from
being mature. It is the author’s belief that over the next few years VCSELs with lower

RIN and lower device cross-talk will be available commercially.
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Chapter 6

Conclusions

The feasibility of realising a broadband optoelectronic cross-bar switch employing
free-space optical signal distribution has been the main focus of research in this thesis. By
design and fabrication of novel diffractive and refractive micro-optical devices, two opti-
cal distribution schemes have been implemented. In order to evaluate the bandwidth limits
of the proposed OES, work has also been done in the high frequency electro-optical and
opto-electrical aspects of the switch. In addition to the work on broadband free-space
OES, investigations have also been carried out into the theory and fabrication of novel dif-

fraction gratings, obtained by micromachining of silicon.

A brief description of the work done in this thesis, summarizing the important
results, is described in the following sections. Future directions for further developing the
free-space OES concept, and other important projects that could be engineered from the
results obtained in this thesis, are also detailed.

6.1 Synopsis of Work done in Novel V-groove Gratings

A new approach to infrared beam splitting transmission gratings is proposed based
on V-grooves etched in silicon. Using simple scalar theory, it is shown that 1:3, 1:5 and
1.7 equal intensity beam splitters are possible. The advantage of this method is that the
self- limiting nature of anisotropic etching in silicon makes the groove depth dependant on
only the groove width defined by photolithography. Designs for a V-groove beam splitter
grating that can be used as a master for replication in a lower refractive index material for
applications at wavelengths below the infrared are also studied. Theoretical simulations
have shown the possibility of designing 1:3, 1:5 and 1:7 gratings with efficiencies of 87%,
65% and 82% respectively, in a material of refractive index 1.5. In order to experimentally

verify the theoretical predictions, V-bump gratings were fabricated on a 2jLm thin silicon
nitride diaphragm using elaborate micromachining techniques. The gratings were tested at

675 nm and 1300 nm wavelengths by comparing the powers measured in the diffracted
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orders with those predicted by theory. The results are in agreement with the theory to
within 15% . It is believed that more accurate designs could be obtained if rigorous dif-
fraction theory were used for the design of these gratings.

6.2 Synopsis of Work Done in Free-space OES

The work done in this area can be categorised into four parts; optical distribution,

transmitter design, detector design and system issues.

6.2.1 Optical Distribution

Two techniques of optical imaging were designed and implemented for signal dis-
tribution in 3x3 and 4x4 OES prototypes. The cross-points of the 3x3 OES are 9 mono-

lithic GaAs MSM photodetectors in a 3x3 rectangular array at 250Lm centre-to-centre
spacings. The optical distribution is achieved by convex focusing micro-lenses and a 1:3
equal intensity beam-splitting Dammann grating. The 1:3 Dammann binary gratings have
a 20[Lm period and were etched by reactive ion etching in a CHF5/O, plasma. Two con-
figurations of the switch are considered; optical-in/electrical out and electrical-in/electri-
cal-out. The cross-talk caused by the optical distribution system is measured to be -38.1

dB electrical for the EIEO case and -38.3 dB electrical for the OIEO case. The ON-OFF
contrast obtained is -69.5 dB.

In the 4x4 OES, four input beams are collected and split by a lens-grating arrange-
ment followed by a non-polarizing beam splitter cube. The grating used is a 1:2 splitter
and the beams are further split two ways by the beam splitter cube to achieve the overall
1:4 split. The 1:2 gratings have a diffraction efficiency of 82% and are fabricated using
similar RIE techniques as the gratings in 3x3 OES. The light spots on the face of the beam
splitter cube are detected by linear arrays of MSM photodetectors, mounted by flip-chip
bonding on a separate glass submount. The cross-talk due to the optical distribution for
this scheme is measured to be -44.5 electrical.
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6.2.2 Transmitter Design

Vertical cavity surface emitting laser arrays (VCSEL) are used for the electro-opti-
cal conversion of the input signals in the 4x4 OES. As the bandwidth limits of the OES are
set by its terminal devices, the multichannel VCSEL array should be designed for wide-
band operation with low adjacent channel cross-talk. Aluminium nitride was chosen as the
substrate for the transmitter module, and it acts as a good microwave substrate and a ther-
mal heat sink for the VCSELs. The low adjacent channel electrical cross-talk is achieved
by employing novel coplanar access lines. The access lines are measured to have less than
-45 dB adjacent channel cross-talk up to a frequency of 3.6 GHz and well below -30 dB
from 3.6 to 8 GHz. Between 8 and 18 GHz, the average adjacent channel cross-talk is well
below -25 dB. The VCSELs have a 3 dB bandwidth of 2.64 GHz. The average adjacent
channel cross-talk is -35 dB up to 2 GHz and well under -25 dB between 2 and 2.5 GHz.
From the cross-talk results obtained for the access lines, it is concluded that the cross-talk
seen in the VCSELS is entirely due to parasitics inherent in the device and not the pack-
age. The transmitter module developed is essentially device limited and not package lim-
ited. The cross-talk figures obtained for the VCSELSs and the access lines are the lowest
reported so far by any group.

6.2.3 Detector Cross-point Design

The detector submounts have been fabricated on Corning 7059 glass substrates.
The MSM detectors are mounted on the substrate by flip-chip bonding. The performance
of the CPW on glass substrate was tested for frequencies up to 18 GHz. The response
shows very little attenuation, -1.7 dB at 18 GHz, and the phase response shows no discern-
able dispersion in the measured frequency range. The results confirm the excellent micro-
wave properties of the substrate and suggest Corning-7059 glass as a viable transparent
substrate for optoelectronic applications. The MSM'’s are measured to have a 3 dB band-
width of 2 GHz, for a 10 volt bias. It is confirmed from the phase response that the band-
width of the detector submount is device-limited, and not limited in any way by the

parasitics in the package.
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6.2.4 System Issues

A noise analysis was done from the various experimental data, in order to study
the various impairments of the 4x4 free-space OES. The overall signal to noise ratio is cal-
culated to be 24.84 dB for a 2 GHz bandwidth. The principle noise source is the receiver

=2 7
thermal noise (I p / iTN = 26.43 dB). The other dominant contributions are from the

-2 73
intrinsic laser RIN (Ip /i RIN = 31.98 dB), and the noise due to electrical cross-talk in

-2 2
the laser (Ip /i ECN = -35 dB). By employing VCSELs with higher output powers and

MSMs with better responsivities, it is possible to improve the S/N ratio to a ceiling estab-
lished by the laser noise (both RIN and electrical cross-talk noise). The S/N ceiling for the
present system is computed to be ~ 30 dB. Another technique for improving the S/N up to
the ceiling level, is by reducing the thermal noise contribution of the receiver. This could
be achieved by employing a transimpedance amplifier front-end instead of the low imped-
ance (50 ohm) front end used in the present system. Any further improvements would

require better devices with lower intrinsic RIN and lower device cross-talk.

6.3 Future Directions

The work done in this thesis is the first attempt at designing an OES with free-
space optical distribution. From the results obtained during the course of this thesis, it is
now possible to engineer an OES commercial product that utilizes free-space signal distri-
bution. Further development work needs to concentrate on the proper mechanical packag-
ing of the various components. With the availability of better VCSELs and MSMs in the
future, greater bandwidths with lower S/N should be achievable with the packaging tech-
nology currently developed.

In addition to free-space OES, the results obtained in this thesis have many other
potential applications. By utilizing the low cross-talk high frequency packaging technique
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currently developed, multi-channel optical transmitter modules for board-to-board and
rack-to-rack interconnects have been designed [84]. Also, it is now a recognized fact that
future fibre-optic networks would employ wavelength division multiplexing(WDM) tech-
niques to increase the payload per optical fibre. Multi-wavelength monolithic laser arrays
for transmitters and multi-channel monolithic detectors as the receivers for WDM systems
are currently under investigation [85]-[86]. The low cross-talk access line scheme devel-
oped could be used in the packaging of these sources and detectors to surmount the pack-

aging limitations currently in existence.
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Appendix A

Silicon Micromachining - The Fundamentals

Silicon belongs to the diamond cubic crystal structure. In the cubic structure the
crystallographic directions are perpendicular to the crystal planes. It is known that the
<111> direction has a very high atomic packing density in the (111) plane compared to, say
the (100) or the (110) plane. This would cause etch rate, or epitaxial deposition growth rates
to be considerably faster in the <100> and <110> directions than in the <111> direction.
Strong alkaline solutions like KOH, for example, would etch silicon much faster in the
<100> direction than in the <111> direction [34].

Fig. A.1(a) shows a (100) silicon wafer with (110) alignment flats. When this wafer is
aligned along (110) flats and lines or windows parallel to the flats are patterned on a
masking layer (SiO, or Si3;Ny4) by lithography, and the wafer dipped in a KOH solution,
interesting anisotropic etching phenomena are observed. The different stages of etching are
shown in Fig. A.1(b) The etching proceeds in the <100> direction into the wafer until the
etch front hits the {111} planes which limit the rate of etching drastically and for all
practical purposes acts as an etch stop. If the wafer is left to etch for a long time, eventually
the {111} planes will meet defining a V-shaped groove. The etch depth to oxide opening

ratiois (1/ ﬁ) - So, for example, if we open an oxide pattern line 10 [Lm wide, a groove

7.07 lim deep will be formed.

The two most commonly used anisotropic etchants for silicon are aqueous KOH and an
aqueous mixture of ethylenediamine and pyrocatechol (EDP) [35]. Some of the rarely used
etchants are hydrazine, tetramethyl ammonia hydroxide (TMAH), cesium hydroxide
(CsOH), and ammonium hydroxide NH,OH. For the present work KOH is used as the
etchant as it is much safer than EDP, and its etch rate and performance are predictable and
well characterized [36]. The exact etching mechanism is still not very well understood, but

the general consensus [37]-[38], is that the reaction taking place is
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Si + 20H" + 2H,0 -> SiO,(OH),~ + 2H,

The silicate SiO,(OH), ™ dissolves into the etching solution and the hydrogen bubbles out.

Top Surface (100) Plane

(110) Aat

(110) Aat

@

/{111}P|ane

V-Groove formed when the {111} danes meet

©

Fig. 3.1 (a) (100) silicon wafer (b) Stages in the anisotropic etching of silicon
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Appendix B

MDS Design files

B1 Layout Simulation of Fig. 4.9.

B2 Simulation of Fig. 4.9 with coplanar lines
B3. Microstrip access lines

B4 Coplanar access lines

BS5 Detector package with C1 9 mm away

B6 Detector Package with C1 3 mm away
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Appendix C

Metal layout of the 4-channel VCSEL dirver
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