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ABSTRCT

Leaird, Daniel E. M.S., Purdue University, December 1996. Characterization of
Asymmetric Fabry Perot Reflection Modulators at 1.55 Microns Using a Tunable CW
Erbium Fiber Laser. Major Professor: Andrew M. Weiner.

Future optical communications networks will require high speed modulators to act
as the interface between the electronic and optical domains. While single modulators are
certainly of interest, arrays of modulators may be of greater interest particularly when
considering the ability to multiplex multiple electronic signals onto a single optical stream
by way of optical pulse shaping technology.

High speed InP based modulators that had been previously reported to give a 15
dB on-off ratio at 20 GHz were investigated in an array configuration of 18 modulators.
As an initial step into determining the feasibility of employing these modulator arrays,
utilizing an InP based asymmetric Fabry-Perot structure in a reflection geometry, into an
optical pulse shaping apparatus, a CW characterization source was constructed to
determine the electrical bias dependent reflectivity versus wavelength in the 1.55 pm band.
Various measurement topologies were also investigated in order to determine which
geometry could yield the most repeatable results. Finally, modeling of the device structure
was completed in order to investigate the source of measured experimental results, and to
provide insight into the repeatability of device fabrication. | The experimental and
theoretical results afford a level of understanding of the characteristics of these devices
and some of the steps necessary in order to successfully employ them as arrays in an

optical pulse shaper.



1. INTRODUCTION

Future optical communication systems may require the ability to modulate
electronic data onto an optical data stream at very high rates. Due to the limitations of
electronic processing, it is unlikely to believe that a single electronic data stream will be
placed onto the optical stream when the highest data rates are utilized. In order to
increase the system throughput some degree of parallelism seems inevitable. Depending
on the communication system architecture and the cost/availability of system components,
various schemes could be imagined to magnify the system throughput.

Multiple electronic data streams could be individually modulated onto an optical
stream, either by amplitude modulating a laser diode or employing a fast modulator
independent from the laser, and then multiplexed together in order to form a high data rate
optical stream. While individual high speed modulators are certainly of interest to this
application, modulator arrays may be able to increase the communication system
performance using a single high speed laser at a lower cost than multiple lasers and
modulators through the use of optical pulse shaping technology. The work of this thesis is
centered around an effort to exploit high speed modulator technology in the all important
1.55 pm communications band.

The device array to be investigated is an InP based electro-absorption modulator
configured in an asymmetric Fabry-Perot cavity. The Fabry-Perot structure permits high
contrast between the on state and the off state of the modulator by shifting the absorption
within the cavity with applied bias so that the reflected optical field adds destructively to
the incident field. If a fully operational array of asymmetric Fabry-Perot modulators were
realized, at minimum, optical pulse shaping [1-2] demonstrations at communications rates
would be possible - something that to date has not been accomplished. With continued

effort, demonstration of a novel optical communication system testbed may even be
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possible. However, before any pulse shaping experiments can be initiated, the individual
devices that constitute an array must be investigated.

In order to effectively utilize any novel device, its operational parameters must be
carefully characterized in order to determine performance attributes and limits. This
charactérization may under some conditions be carried out within the final intended
system; however, this characterization mode can frequently prove to be very difficult. In
order to de-couple the system from the novel component, a characterization system is
frequently constructed. This document details the construction of a characterization
system intended to measure the spectrally dependent reflection of light from a small active
area device or material in the vicinity of the minimum loss band of optical communication
fibers.

A continuous wave (CW) tunable erbium fiber laser was constructed with high
output power and reasonably broad tuning range to serve as the optical source for the
characterization system. Various components such as gain medium and output coupler
were studied in order to determine the optimum operating laser for this characterization
system.

The completed tunable laser was used to investigate system geometries for
measuring the spectrally dependent reflection of asymmetric Fabry-Perot modulators.
After discovering a host of difficulties with a simple ‘vertical’ geometry, a video
microscope/probe station was constructed in the ‘horizontal’ geometry that allowed-
optical access with a tunable infrared laser beam, electrical access for modulator bias, and
visual access via a closed-circuit camera/monitor. Using the completed electro-optical
measurement system, the reflection characteristics of individual modulators composing the
array were measured. Unfortunately, the modulation depth of this sample, provided by an
external collaborator, was significantly lower than that shown in previously published
results.

In order to explore the source of the decreased modulation depth, theoretical
calculations were undertaken. The model matched the previously published results very
closely, and, with minor modifications, could be used to explain the discrepancy between

the measurements made during the course of this work and the earlier work.



2. CW TUNABLE ERBIUM FIBER LASER

2.1 Introduction

It is true that the major topic of this thesis is the characterization of an asymmetric
Fabry-Perot reflection modulator; however, before any characterization could take place,
an optical characterization source had to be created. Coupled with the desired design
space for this source - high power, large tuning range - was the need to keep the financial
cost minimized. This necessity initially required the use of erbium-doped optical fibers
that had been previously donated to our group as the laser gain medium even though these
fibers may not have been what one would select for a high power CW fiber laser.

Several different erbium doped fibers were explored to determine which would
provide the highest output power while maximizing the available tuning range. In order to
start this exploration, long lengths of erbium fiber were inserted into a simple linear cavity.
As much pump power as possible was coupled into the cavity while the laser action, if any,
was monitored on an optical spectrum analyzer. The erbium fiber length was reduced
systematically in order to determine over what range of fiber lengths laser action was
possible and with what output power. The process of selecting the optimum gain medium,
the test laser cavity design, final cavity design, and final optical characteristics are detailed

in the following sections.
2.2 Gain Medium Measurements

The very first experiments conducted in any of the work described in this thesis
involved an attempt to identify the properties of erbium doped optical fiber previously
donated to our group. Characterization was performed in a very simple manner. The
optical pump, CW light at 980 nm from a commercial titanium-sapphire (Ti:S) laser, was
coupled into one end of a piece of optical fiber doped with the rare earth element erbium.

The other end was connected to an optical spectrum analyzer (OSA) utilizing a bare-fiber
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adapter. The optical spectrum of the emission of a piece of erbium fiber was monitored as
a function of fiber length and optical pump power. These spectra were then repeated for
fibers of different doping levels.

The erbium fiber has the property that it absorbs the 980 nm light and emits, or
ﬂuor_es-ces, in the 1.4 pm to 1.6 um wavelength range. The shape, position, and width of
the optical spectrum of this fluorescence is determined by the amount of pump light
coupled into the fiber, number of erbium atoms per unit volume in the optical fiber, fiber
length, and any loss mechanisms present. The character of the ASE from fibers of
different doping levels and lengths was monitored on the OSA. Initially, optical spectra
were recorded on paper by means of screen-dumps of the OSA display. Later, a data
capture program was written that allowed these spectra to be collected and recorded on a
laboratory computer; thus, simplifying the archiving of data.

The general characteristics of the gain spectra of erbium doped fiber are well
known, and have been widely reported. A gain peak at 1.532 pum and span of
approximately 1.528 pm to 1.570 pm is what one would expect to see from erbium doped
optical fiber based on an abundance of information in the public domain. Due to
preconceived notions of what the ASE spectrum of the donated fibers should look like,
and based on information from commercial sources, a large amount of time was spent
investigating unusual ASE characteristics of the fibers. Figure 2.1 shows the ASE
spectrum of a 5 m length of fiber known as ErCaA1081790-082090. This spectrum shows
two emission peaks - one at about 1.4 um, and one at 1.6 pum with nothing in the 1.5 um
band. Clearly, this does not conform to what one would consider to be a ‘normal’ erbium
doped fiber. A literature search using the THOR system at Purdue gave the impression
that this sort of character was unknown to the scientific community. Certainly ‘standard’
erbium fibers had been widely investigated, but the fibers we had were very non-standard
in that they were designed for short pulse laser operation with much higher doping levels
than is used in fibers designed for amplifiers configurations. This rather loose justification,
coupled with the inadequate literature search conspired to temporarily redirect this work
away from the modulator characterization toward the development of a novel laser source

that might permit tuning out to 1.6 um using erbium doped optical fiber as the gain
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medium. Due to low ou'tput powers in the long wavelength regions, for reasons to be

discussed later, further effort was not expended on developing these laser systems.
2.3 Cavity Selection/Design

- Prior to making any decision about the cavity design to be employed in the final
laser system, a fairly exhaustive literature search was undertaken in order to determine the
design trade-offs of various cavity designs. The performance criteria considered were
large continuous tuning range and high output power levels. The various schemes
reviewed, while all somewhat different as would be expected, fell into two categories,
either electronically tunable laser systems [3-9], or mechanically tunable systems [10-12].

The electronically tunable systems, while certainly attractive as far as measurement
system automation is concerned, tended to suffer from relatively small tuning ranges as
compared to the mechanically tuned systems. The output powers in both types of systems
tended to vary substantially; however, since the designs reviewed were constructed near
the beginning of the rush of interest in erbium doped fiber as a gain medium, the output
power variance can most probably be attributed to differences in the gain medium rather
than inherent problems with the tuning element. Since the mechanically tuned systems
tended to have larger tuning ranges than the electronically tuned systems, the mechanical
tuning style was selected as the cavity configuration of choice for this laser system.

Figure 2.2 shows a simple schematic of the design selected. Modeled after [10], it
is a simple linear cavity with a wavelength selective element used as one end mirror and
the output coupler as the other end mirror. The wavelength selective element, a
diffraction grating, is mounted in the Littrow configuration so that, as a function of
rotation angle, different frequency components (or wavelengths) are reflected back to the
gain media thus enhancing the gain at that particular wavelength while introducing loss at
all other wavelengths. The output coupler reﬂectiVity could be made as low as 4% by flat
cleaving the fiber end face and using that end face as the output coupler, or as high as
99% by butt coupling the fiber end face to a high reflector. The diffraction grating could
also be made into a general high reflector for all wavelengths by simply rotating it to
normal incidence and using the specular reflection. With this configuration, it was

possible to determine the range of wavelengths laser action was possible as a function of
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gain medium absorption (by way of doping concentration and fiber length) by varying the

pump power and mirror reflectivity’s.

2.4 Investigations of Tuning Range & Output Power vs. Output Coupling and
Doping Level

For all fibers that were investigated, the starting point was always to insert the
fiber into the cavity by fusion splicing it to the wavelength-division multiplexer (WDM)
coupler; then, rotate the diffraction grating to normal incidence. Pump light was then
coupled into the cavity and the system output was monitored on the OSA. The reason for
rotating the diffraction grating to normal incidence is that in this configuration the cavity
loss was minimized for all wavelengths making it possible to determine if lasing action was
even possible within the available amount of pump light for the length of erbium doped
fiber being investigated. If lasing action was not seen (at the gain peak of the ASE) for
even the highest possible pump powers, the fiber length was reduced until it was possible
to make the system lase. The output coupler reflectivity could also be varied, to a limited
extent by moving from a flat cleave on the fiber end face (giving a 4% reflector) to butt
coupling to a high reflectivity output coupler - typically in the 80 - 90% reflectivity range.

All of the earliest fibers that had been donated to our lab had been designed as
short pulse laser fibers. This means that the erbium doping level was higher in these fibers
than is seen in typical fibers designed for optical amplifier configurations. These high
doping levels allow short gain medium lengths so as to keep the dispersion of the cavity
low; however, they also tend to enhance other loss mechanisms - most notably excited
state absorption[13]. In using the highly doped fibers in this CW fiber laser, several trends
were evident. Tuning to longer wavelengths was possible for longer fiber lengths;
however, the lasing threshold increased as well thus limiting the output power for a fixed
maximum pump input. A typical fiber length that would give a reasonable tuning range (in
excess of 50 nm) was 50 cm for several hundred milliwatts of pump light coupled into the
fiber. With the fiber this short, the output power would be on the order of 100 FAVA

Concerns over the low output power available from these fibers lead to inquires
with experts in fiber laser systems at Coming and Bell Labs. It was in these discussions

that excited state absorption was mentioned as a primary candidate in limiting the output
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power of a laser using highly doped erbium fiber. It was also during these discussions that
Dr. Paul Wysocki of Bell Labs graciously agreed to donate a length of erbium doped fiber
that had been designed for amplifier configurations. In his estimation, 100 mW of output

should be possible with a reasonable length of this more moderately doped fiber.
2.5 Final Cavity Design

After investigations of different gain media, detailed in a previous section, the final
cavity configuration of Figure 2.3 was constructed. Although this cavity configuration
may at first seem complex, it was selected to permit the source to be compact, robust, and
easy to use. Optical fiber couplers were inserted into the cavity rather than bulk optics not
only because they permitted the source to be compact, but because, after splicing, they
require no user alignment - a key element in making the laser easy to use. In order to
explain the function of the different components of the cavity, the beam path will be
detailed starting from the pump light input.

Bulk optics relay the optical pump from a CW Titanium Sapphire (Ti:S) laser,
lasing at 980 nm, to the input of this system where it is coupled into single mode fiber.
The input fiber is actually the input lead to a fixed ratio fiber coupler. This coupler splits
10% of the input light and directs it toward a port that has an FC-PC connector fusion
spliced to it so that the pump light coupling efficiency can easily be monitored by a fiber
coupled optical power meter. The optical fiber containing the remanding 90% of the
pump light is spliced to a Wavelength-Division-Multiplexing (WDM) coupler at the short
wavelength port. The multiple wavelength port of the WDM coupler is connected to the
gain medium - single mode optical fiber doped with the rare earth element Erbium. The
pump light is absorbed over the length of the erbium-doped fiber. The light emitted from
the erbium fiber due to either spontaneous or stimulated emission is directed primarily in
two directions, which I will call simply ‘forward’ or ‘reverse’, due to the wave guiding
nature of the optical fiber. By way of convention, the ‘forward’ direction will be
considered to be co-propagating with the pump light while the ‘reverse’ direction will be
counter-propagating. The ‘forward’ directed emission travels from the gain medium to an
anti-reflection coated fiber lens, a commercial gradient-index lens packaged with a single

mode fiber connection, for free-space propagation to the diffraction grating. The grating
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reflects a single wavelength component of the otherwise broadband erbium emission back
to the fiber lens while causing loss at the adjacent wavelengths. The fiber lens couples this
radiation back into the optical fiber where it proceeds through the cavity in the direction of
the ‘reverse’ erbium emission described earlier. The light traveling in the ‘reverse’
directfon is guided from the multiple wavelength port of the WDM coupler to the long
wavelength port. This port of the WDM coupler is spliced to another fixed ratio fiber
coupler. This coupler acts as the output coupler would in a conventional bulk optics laser
cavity. The low power output side of this coupler, 10% of the input, is spliced to the
input of a 50-50 coupler. The output leads of this coupler are spliced together to serve as
an optical fiber mirror so that the reflectivity of the output coupler is 10%. The high
power port of the output coupler, 90% of the input, is then fusion spliced to an optical
isolator so that any light reflected from components further on in the system is blocked
from re-entering the cavity and disturbing or modifying the laser performance. The output
of the optical isolator is then spliced to a 2X2 coupler with FC-PC connectors fusion
spliced on the remaining three ports. This configuration allows either high or low output
powers to be directed to the experiment of interest by simply selecting the appropriate
output connector as well as permitting the reflection from those end faces to be monitored
at the other ‘input’ port of the 2X2 coupler. The reason for this functionality will be

explained in more detail in the measurement system chapter.
2.5.1 Optical characteristics

The optical characteristics of the final laser cavity, employing approximately 40 m
of erbium doped fiber donated by AT&T are displayed in figures 2.4 and 2.5. The first
figure displays the output power as a function of coupled input power for two different
wavelengths. As can been seen, nearly 200 mW of output in the 1.55 um band is possible
for reasonable levels of optical pump. The linewidth of the laser action has been measured
to be approximately 0.25 nm full width at half maximum and the center wavelength could
be determined within +/- 0.1 nm. While far from ideal, these values were determined to be
good enough for the purposes of characterizing the AFPM. If decreased linewidth is

desired, the most obvious modification to be made is to increase the laser spot size at the
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diffraction grating. This would increase the resolution of the system and increase the
wavelength selectivity of the cavity feedback thereby decreasing the linewidth.

Output power as a function of wavelength, for a fixed level of pump power is
displayed in figure 2.5 in the form of a tuning curve. In order to generate this curve, the
laser oﬁtput is connected to the OSA and the OSA is configured to maintain the maximum
signal at each wavelength within the scan range. While this mode is selected, the
diffraction grating is rotated in order to trace out the tuning curve. Note that the intensity
of the curve displayed is logarithmic. As can be seen, nearly 60 nm of continuos tuning is
possible with a relatively constant output power. While this system performance certainly
does not break any records in terms of output power or tuning range, its simplicity and

robustness have made it into a key characterization component for very little cost.
2.6 Final Comments

While it was initially thought that a high power, broadly tunable laser source was
necessary as an optical source for the modulator characterization, in fact, functionally, the
most important characteristic of this source was its ability to function as a high power
white light source in the 1.55 pm wavelength band. This statement has its origin purely in
the convenience of the data acquisition of the reflectivity signal.

As a laser system, in order to be used to characterize the spectrally dependent
reflection of the asymmetric Fabry-Perot modulator, the laser would need to be tuned to
many different wavelengths within its emission band while recording the magnitude of the
reflection from the sample of interest. While these measurements are certainly possible,
without some sort of automation scheme they tend to be quite tedious. The monotony of
these measurements becomes magnified when one considers that they must be repeated at
a variety of electrical bias levels.

At the time that optical characterization of the asymmetric Fabry-Perot reflection
modulator began, two possibilities to relieve the monotony of the data acquisition were
realized. First, the laser source could be modified in order to include a stepper motor
driven rotation stage with the diffraction grating tuning element. With the inclusion of
some custom written control software, reflection spectra could be taken in a matter of

seconds under computer control. While this solution is certainly desirable, at the time
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optical characterization was beginning, it was determined that the time necessary to
develop the custom control software was probably not a wise investment - particularly
since automated data acquisition was possible by simply operating the laser as a broadband
white light source by turning the optical pump down to below the lasing threshold.

A ‘With a broad spectral band of light impinging on the AFPM, it was possible to
characterize the entire spectrally dependent reflection in a single shot by simply coupling
the light reflected from the AFPM into an optical fiber and connecting it the optical
spectrum analyzer. Regardless of the fact that this scheme certainly has less optical power
impinging on the modulator than using the system as a tunable laser, the high sensitivity of
the OSA easily enabled the automated data acquisition with no further time investment.

As an aside, the automated tuning and data acquisition of the erbium fiber laser has
in fact been carried as of this writing. During the summer of 1996, an Undergraduate
from Purdue University, Joseph De Nicholas, created an automated tuning and data

acquisition system for the CW erbium fiber laser.
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3. MODULATOR CHARACTERIZATION

3.1 Introduction

As the title of this thesis states, the device to be characterized was an asymmetric
Fabry-Perot reflection modulator. For those unfamiliar with this device architecture, a
paragraph will be spent on reviewing the attributes of this style of device.

The ‘asymmetric’ portion of the device style comes from the fact that the outside
surfaces of the device, the end mirrors, are mirrors of different reflectivities. The ‘Fabry-
Perot’ portion of the device style indicates that the active region, or the cavity between the
two end mirrors is an odd multiple of one half wavelength in extent. In this way, the light
reflected from the back mirror can be made to cancel the reflection from the front surface.
The on-off state of a Fabry-Perot can be modulated in one of two ways. Either the
physical length of the cavity can be modulated; thereby, modulating the resonance
wavelength, or some absorption can be introduced into the cavity and modulated off and
on. With some absorption in the cavity, the off state corresponds to when there is no, or
relatively low absorption so that the reflected wave adds to the wave reflected from the
front surface but 180 degrees out of phase. In this way , the reflection is canceled. In the
on state, the reflected wave, at best, only partially cancels the wave reflected from the
front surface. The extreme on state case is when an infinite absorber is placed into the
cavity. In this configuration, the back mirror is not seen at all, and the on state is
characterized by the reflectivity of the front mirror.

The Fabry-Perot devices to be investigated here utilize changes in absorption
within the cavity in order to modify the reflectivity character of the device. This change in
absorption is provided through electro-absorption in which the center wavelength of the
absorption feature of a multiple quantum well is red-shifted with applied bias. By carefully

constructing the multiple quantum well (in terms of composition and thickness), the
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wavelength of the absorption feature can be matched to the resonance of the Fabry-Perot
so that a range of absorption is possible within the cavity as a function of applied bias.

The modulators to be characterized in this work were provided by Ben Yoo of
Bellcore. In was expected that the modulators would provide characteristics similar to
those -previously reported [14-15], except for perhaps operating at a longer center
wavelength than the earlier work.

In order to characterize the on-off character of a device similar to that just
described, three elements are necessary. First, variable wavelength light is necessary so
that the reflectivity of the device can be monitored as a function of wavelength. Second,
in the case of an electro-absorption based device, electrical bias must be applied in order
to change the level of absorption in the cavity and, hence, the device reflectivity. Finally,
some mechanical apparatus must be constructed that permits both optical and electrical
access simultaneously. ‘

The CW fiber laser system described in the previous chapter served as only the
first of two primary enabling devices in the characterization of the asymmetric Fabry-Perot
reflection modulator. The second device required to perform the optical characterization
was some apparatus that would permit not only optical access for the incident and
reflected beam, but electrical access in order to apply the required bias. Very early on in
the design of the characterization apparatus, it was decided that only DC biases would be
initially applied due to two primary considerations. First, the available sample consisted of
not a single device array but an entire section of a wafer with many device arrays of
different active areas. The geometry of the loaned sample coupled with the fact that it had
never been previously characterized and inexperience with device characterization at 1.55
nm forced a rather simple device characterization apparatus to be initially investigated. I
an entire functional array (or at least a major portion of an array), with reasonable DC
characteristics, could be identified, the sample would have to be packaged to allow fast
electrical signals to be applied. Second, since this section of wafer had not been
previously characterized, it was important to determine in what wavelength region the

reflectance could be nulled with the application of bias and, correspondingly, what level of
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on-off ratio was possible under reasonable reverse bias conditions. These initial

investigations could most easily be carried out under DC bias conditions.
3.2 Visual Characterization

-Prior to constructing some sort of electro-optical characterization apparatus in
order to carry out initial investigations of this device structure, the sample was described
visually. The purpose of the visual mapping of the sample was to determine if there were
any obvious reasons why the electro-optical characterization should not be carried out on
a section of the sample.

Using a standard optical microscope, three functionally redundant regions were
identified on the sample, as indicated in figure 3.1A. In order to refer to any particular
device on the sample, the numbering scheme show in figure 3.1B was adopted. Under this
scheme, the three functionally redundant sections of the sample were designated as
sections A, B, and C. Within each of these sections, several repetitions of six different
modulator sizes were present - each as an array of eighteen modulators of the same active
dimension. Each repetition of the six different size modulator arrays was designated as a
series (i.e. series 1, series 2, etc.). Within each series, the different modulator sizes were
designated as size 1 to size 6 with 6 referring to the largest modulators and 1 referring to
the smallest. Finally, modulators were numbered within the array, from left to right, 1 to
18. The modulators themselves are circular in nature with three electrical contacts per
modulator configured in a ground-signal-ground configuration. The active areas are
separated by 62.5 pm.

Using the naming scheme described above, it was determined that electro-optical
characterization should not be carried out on any of the modulators in section A nor any
of the modulators in the bottom half of section C due to obvious electrical shorts in the

electrical bias lines of the modulators in these sections.
33 Optical Characterization Apparatus

Now that some sections of the sample were determined to be unacceptable due to
the visual character, it was time to start electro-optical characterization of the remaining

modulators. Given that the optical source, described in chapter 2, was fiber based, the
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initial characterization apparatus was imagined as fiber based as well. Some problems
with this geometry, to be detailed shortly, lead away from a fiber based characterization
system to a free space optical coupling geometry. However, the initial implementation of
this, keeping the device vertical, suffered from some difficulties. Finally, it was
detemﬁned, for reasons that will be detailed later, that the device should be held in a
horizontal position for optimum measurement repeatability. The final electro-optical
characterization system was designed and constructed so as to allow the modulator
position to be set at the focus of the optical beam with a resolution of +/- 1 um in all three
principal axes. Pitch and yaw éontrols were also implemented so that the beam reflected
from the modulator could be directed exactly back along the input direction. Electrical
connections were also made to the modulator through two independent home-made probe
tip mechanisms. Finally, all of the previously mentioned controls were mounted so that
the modulator, with electrical connections intact, could be moved in all degrees of
freedom while monitoring the generated photocurrent so as to optimize the modulator

position.
3.3.1 Vertical geometry

Initially, since the laser source to be used was fiber based, a fiber coupled optical
delivery system was imagined. This configuration was realized by the use of a 2X2
coupler at the laser output. The output of the laser source was connected to an optical
isolator so that feedback from the device measurement would not interfere with the laser
performance. The isolator output was connected to one of the 'input' ports of the 2X2
coupler. The coupler splits this input into two outputs - one of which is 10% of the input,
the other is 90% of the input. The 10% output port was butt-coupled to the modulator
array so that light was directed to the modulator and the reflection recollected by the same
fiber end. This output port, because of the symmetry of the passive coupler, would then
serve as an input to the 2X2 coupler for the reflected beam with 90% of the reflected
beam available for monitoring at the unused original input port. The other output port
(90% of the laser output power) was available for monitoring the laser performance. This

measurement geometry is shown schematically in figure 3.2.
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Connecting the secondary input port to the OSA allowed the spectrally dependent
reflection to be monitored quite easily. However, several difficulties with this
measurement scheme lead to other characterization apparati being considered. The most
important difficulty encountered was the repeatability of the measurement.

‘ Since the light was coupled into and out of the modulator by the same piece of
optical fiber, the alignment of this fiber relative to the modulator being measured was
critical. Not only was the positional dependence quite sensitive, but varying the angle of
the fiber end relative to the modulator could cause unusual spectral characteristics to be
apparent. These tight alignment tolerances made reflection measurements very difficult to
’repeat.

Coupled with the alignment tolerance problem was difficulty in interpreting the
results. The bare fiber end produces approximately a 4% reflection back into the fiber due
to the air - glass interface. This 4% reflection would interfere with the signal of interest
from the modulator and another 4% reflection from the 90% output port (actually, only
10% of this second endface reflection would interfere, but its phase relationship would be
unknown and vary with temperature and any stress on the fiber lengths). All of these
interfering signals conspired to make measurement interpretation quite difficult.

In order to ease the interpretation of the measurement, it was decided to
investigate a free space coupled geometry. The first attempt at free space coupling is
shown in figure 3.3. In this setup, the output of the fiber laser was collimated by some
output coupling optics then relayed through a beamsplitter and focused onto the
modulator with a final focus lens. The light reflected from the modulator would be
recollimated by this focus lens and then monitored after the beamsplitter. Monitoring the
entire reflected spectrum at once could be accomplished by coupling the reflected beam
from the modulator via the beamsplitter into an optical fiber and then connecting this fiber
to the OSA.

While this characterization scheme eliminated the measurement interpretation
problems, effort to fully develop the necessary infrastructure was not expended due to
concerns with intermittent electrical contacts. With the modulator mounted in the vertical
position, it was noticed that the photocurrent generated during the alignment phase of a

measurement would fluctuate over a wide range. Presumably this was due to minute shifts
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in the probe tip positions while the modulator position was being optimized. This problem
was probably compounded by the rather long (~ 3 inch) and thin (1/32 inch piano wire)
probe tips that were in use at the time.

Optimization of the vertical geometry was certainly possible in order to minimize
the meésurement uncertainties associated with the electrical contacts; however, while the
effort was being expended to redesign the probe tip arms and mounting configuration, the
decision was made to modify the characterization system even further in the hope of

achieving even further stabilization of the intended measurement.
3.3.2 Horizontal geometry

The primary concern with the vertical free space coupled geometry was that the
electrical character of the system seemed to fluctuate most likely due to probe tip
movements on the contact pads owing to the mass of the probe arm and the vertical
mounting geometry. In order to eliminate these concerns, the characterization system was
modified one final time in order to mount the modulator array in a horizontal fashion with
free space coupling. A schematic of the final electro-optical characterization system is
shown in figure 3.4. Several design improvements were implemented which radically
increased the characterization systems stability and repeatability over that obtainable with
the previous characterization systems.

One major improvement that is not visible in the characterization system schematic
diagram is the probe tip redesign. In the earlier characterization system implementations,
the electrical probe tips were pieces of spring steel nearly 3 inches long, 1/32 inch in
diameter with one end ground to approximately a 10 pm tip. The two individual probes
were held on independent X-Y-Z translation stages with an electrical insulator between
the probe tip and the stage assembly. Due to the long, thin nature of the probes, a large
amount of flexure was evident upon sample contact. The flexure made it difficult to
evaluate the force of the probe tip on the sample so much so that frequently the probe tips
could be seen to move due to vibrations in the surroundings.

In order to maximize the stability of the probes while keeping the small tip size, a
two stage probe arm/probe tip assembly was designed. The probe arm was constructed of

brass welding rod - 1/8 inch in diameter and nearly 3 inches long. The tip was constructed
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of the same spring steel used in the earlier probes; however, it was only 1/2 inch long.
The tip was inserted into a hole in the end of the probe arm, and held in place by an 0-80
screw through the side of the probe arm. Using this design, both mechanical stability as
well as small tip size was obtainable simultaneously.

‘The other important features of this final electro-optical characterization system
are the high resolution positional controls, X-Y-Z as well as pitch and yaw, that position
not only the modulator but the probe assemblies relative to the focus lens. Visual
determination of the probe tip placement is possible using a television camera and lens
mounted above the final focus lens viewing through the 1.55 pwm high reflector that serves

to direct the optical beam into and out of the modulator.
3.4 Reflectivity Measurements

Now that a stable characterization system had been implemented that permitted
repeatable reflectivity measurements to be performed, confidence could be placed in the
measurements taken. The final purpose of the entire characterization system design and
implementation was to permit repeatable reflectivity measurements to be made so that the
\ modulator characteristics could be determined with confidence.

The benchmark to which this sample was to be compared was results that had been
previously reported [14-15]. In his measurements, an on-off ratio of greater than 15 dB
was reported within a 10 V bias swing at a center wavelength of 1535 nm. An example of
these data are given in chapter 4 which discusses modeling of these devices. Ben also
reported high speed tests of individual modulators - with a measurement instrument
limited modulation rate of 20 GHz, but has not yet reported operation as an array of
modulators. For the purpose of these measurements, if even a partial row (of the possible
18 modulators in a row) of modulators could be determined to have reasonable on-off
ratio characteristics, quite interesting optical pulse shaping experiments could be imagipéd
after packaging the device into an array.

Unfortunately, optical characterization of these modulators was hindered by a
large number of the modulators exhibiting characteristics of an electrical short. In these
modulators, as the magnitude of the electrical bias was increased, the current would

radically increase. Conversely, in modulators that did not exhibit the electrical short
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character, the current generated with light incident on the modulator, the so called
photocurrent, would increase nearly linearly with the magnitude of the applied bias. In
these ‘good’ modulators, the character of the optical reflection could be seen to change as
the applied bias was increased while the ‘bad’ modulators showed no change in
reﬂe_ctivity.

Simply as a means of documentation, the procedure for making a reflectivity
measurement on an individual modulator was as follows. First, with the electrical bias
turned to zero, the probe tips were positioned on the modulator of interest. While
connections on the modulator were available in a ground-signal-ground configuration,
only a single ground was used in these DC measurements. The signal pin was connected
to a power supply so that variable negative biases could be applied.

The first adjustment of modulator position did not rely at all on the applied
electrical bias. The pitch and yaw controls of the modulator assembly were adjusted so
that the beam reflected from the modulator was directed directly back upon the input.
This alignment was confirmed by closing down the iris shown in figure 3.4. The power
measured after the beamsplitter was maximized by adjusting the pitch and yaw controls.
Any angular misalignment of the reflected beam relative to the input éould easily be
eliminated using this scheme. After the angular controls were set during any particular
measurement session, they were typically not adjusted further.

With the angular controls set, the next step was to couple a visible helium-neon
(HeNe) laser into the optical fiber connected to the fiber lens. Using this visible light, the
position of the modulator stage was set to where the HeNe beam was roughly centered on
the modulator of interest. The positioning could only be set roughly since the optical fiber
used was single mode at 1.55 pm, but multi-mode at the 0.632 um HeNe wavelength.
Now that the modulator position was coarsely set, the visible light was disconnected and
the light from the CW erbium fiber laser was connected to the fiber lens pigtail. Typically,
some photocurrent was evident at this time for a modest magnitude of electrical bias
(around -5 V). The position of the modulator stage was then adjusted, in X, Y, and Z in
order to optimize the measured photocurrent. All of the photocurrent based adjustments

were made with the characterization source acting as a laser.
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Finally, with the position of the modulator optimized, the diffraction grating
component of the characterization source was blocked and the pump power adjusted in
order to give the maximum amount of ASE available from the source without it actually
lasing. The electrical bias was set to O volts, and an optical reflectivity spectrum was
recor_déd over the range of roughly 1.520 pm to 1.580 pm in a single shot using the OSA.
The magnitude of the negative bias was then increased, and the reflectivity measurement
was repeated. Examples of reflectivity spectra taken at 0 and -10 V bias conditions are
shown in figure 3.5. Note that these spectra are logarithmic in intensity.

In order to determine the change in reflectivity versus applied bias, the recorded
intensity spectra were converted to linear scales and the zero bias trace was divided by the
biased case in post measurement processing. A typical change in reflectivity curve is
shown in figure 3.6 for a ten volt swing. Several general trends in these measurements
should be mentioned at this time. First, the full-width-at-half-maximum (FWHM) of the
dip in reflectivity tends to be approximately 9 nm. Second, the center wavelength of this
dip changes nearly linearly with modulator position across the sample from 1.570 nm at
one extreme to 1.580 nm at the other. This systematic variance in the center wavelength
is evidence of a thickness variation across the sample. As will be seen in chapter 4,
thickness variation is a critical parameter in the design and implementation of Fabry-Perot
devices. Finally, the largest reflectivity change measured was only 50%, or 3 dB.
Comparison of these results with those previously published will be carried out in the
modeling chapter.

While the FWHM of the reflectivity change and the range of center wavelengths
provide some encouragement for the use of these devices as an array, the maximum
measured on-off ratio does not. While much has been learned about the DC
characterization of devices such as these, actual optical pulse shaping experiments utilizing
these devices is not to be carried out in the near future due to the low contrast and the
large number of inactive devices on this sample. If other samples were to be forthcoming,
DC characterization could be carried out in a straight forward manner; however, that

seems unlikely at this time.
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On one final note, even though the contrast of the present devices is far from ideal,
much can be learned about the character of these devices using some rather simple

modeling. The results of this modeling is presented in the next chapter.
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4. MODULATOR MODELING

4.1 Introduction

Given the large discrepancy of the measured results compared to those previously
published, one would consider whether the measurement was flawed or the device had
some difficulty. Much effort was expended developing the characterization system
detailed in the previous chapter in order to increase confidence in the measurement. Due
to this effort, and perhaps some bias, an attempt to explain the suboptimal results through
modeling of the structure was initiated.

The bulk of this chapter walks through the steps taken in developing the modulator
model. The sections are organized in much the same order as the thought process that
created the final model. Finally, in the last section, the results of the model calculation are
directly compared to the previously published data and the reflectivity data taken on the
current device. With simple changes to the model, it is easy to show the origin of the
decreased measured contrast. These calculations also serve to provide insight into the

tolerances necessary to fabricate these devices in a repeatable fashion.
4.2 General Procedure

As is actually the case, the device structure is considered to be composed of a
series of layers of different thickness and composition. The impedance of the entire
structure is calculated from the thickness of the different layers and their refractive index
in much the same way as the impedance of a series of transmission lines is calculated [16].
For simplicity, the entire structure is first assumed to be non-absorbing. In the final
model, absorption is taken into account by including experimental absorption data into the
imaginary refractive index. Using the total effective impedance of the structure, a
reflectivity coefficient is determined so that the intensity reflectance of thé device can be

calculated. For the sake of completeness, relations for the wavelength dependent
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refractive index of the various cbmponent materials were located and included in the
model.

The layer structure of the asymmetric Fabry-Perot reflection modulator is shown in
figure 4.1. However, before considering this complex structure, consider the simple three
layer s&ucmre shown in figure 4.2 in order to summarize the calculation process [16].

The reflectivity at z = 0 is desired, and the impedances of the three layers, 1); as
well as the thickness, 1, of layer 2 is considered known. For simplicity, layer three is
considered to be of infinite extent, and the propagation direction is considered to be
normal to the layer boundaries. ‘

Using the relation

71, cos(kijlj) + jmj sinkilj)
! nj cos(kily) + j Zp, sin(kilj)

Z; =m

the impedance of the structure can be calculated one layer at a time starting with the right
most (or farthest in) and working left (or toward the front). In this equation, the subscript
irefers to the current layer, the subscript L refers to the impedance of the structure to this
point, I; is the thickness of layer (i), and k; is the wavenumber, 2 T n; / A.

Now, starting in layer three, the impedance of layer 3, Z; = 1;. Then, employing

the above relation for the effective impedance.

7y =1 Z3 cos(kl) + jno sin(kl)
272 1, cos(Kl) + j Z3 sin(Kl)

At this point, the effective impedance of this simple structure is known, and the
reflection coefficient, at z = 0, can be calculated from:
_Z2-m
Zp + M1
The reflectivity is calculated by squaring the reflection coefficient, p, from above.
This simple procedure can be followed to calculate the reflectivity of a more
complex structure, such as the asymmetric fabry perot reflection modulators, by simply
iterating on the calculation of Z;. The only missing component is the relationship between

impedance and refractive index which can be given by:
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Assuming that i = L.
4.2.1 Refractive index relations

In order to carry out the required calculations, the relationship between refractive
index and wavelength must be known for each material in the structure. The results of
literature searches into the refractive index relations of the various materials in the AFPM
structure are detailed in the following sections according to the material.
4.2.1.1 InP

From OSA Handbook of Optics, Volume II [17] for A = 0.95 pm to 10.0 pm in

units of microns:

2.316 A2 . 2765 A2

2
n“ = 7.255 +
12 - (0.6263)2 7\,2 - (32.935)2

4.2.1.2 InGaAsP

In this quaternary compound, the refractive index is dependent of the mole fraction
of the various components, x and y, as in In, ,Ga;As,P,.,. In order to simplify matters, and
since this compound is alternated with layers of InP in the AFPM structure, the relation
between x and y was chosen so that the compound would be lattice matched to InP. The
lattice matching condition is given by [18]:

0.1894 y
04184 - 0013y

The refractive index is given by:

Ed | Eg B2 N (e n 2Eo? - Bg? - E?
Eo E03 T Eg2 - E2

n2=1+

With the above variables given by:

Eg = 135 - 072y + 0.12y>

Eo = 0.595x2 (1-y) + 1.626xy - 1.891y + 0.524 x + 3.391
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{ = mEq/2Eo’ (Eo? - Eg?)
Ed = (1236x - 12.71)y + 7.54x + 28.91
E = 1.240/A

Once again the wavelength, A, is given in microns.

4.2.1.3 InGaAs

In order to keep InGasAs lattice matched to InP, the mole fraction must be
Ing 53Gag.47As [19]. Using the lattice matched condition, the refractive index is given by
[20]:
2 64.1508
+ ) 2
(2.5105)° - (hv)

Note that since this element is the absorptive element within the AFPM structure, the
index indicated above corresponds to the real portion, n,, of the refractive index only. The
imaginary portion of the refractive index, n;, obtained from the Kramers-Kronig relations
will be discussed in a later section. The total index will be a combination of the real and
imaginary parts according to:

n =n;-jnj

4.2.1.4 AllnGaAs

Al,In,..,GayAs can be lattice matched to InP over a range of mole fractions
through the lattice matching condition [21]:
0468 = 0983x +y
Fortunately, guidance was provided by one of Ben Yoo’s publications [14] concerning the
AFPM. In this publication, it was noted that the bandgap wavelength of this material was
1.25 um. Using this knowledge, and the relation for the bandgap (in eV) versus mole

fraction:
Eg(x.y) = 036 + 2093x + 0.629y + 0.577x% + 0436y + 1.013xy - 20xy (1-x-)

The specific composition of interest can be calculated to be Alg,joIng 53Gag2sAs.
Now that the mole fractions, x and y, are known, the refractive index can be

calculated from [22]:
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%

2
Eo J FXso); + Bo

2 1
= A + - | —
n o1/ 2':E0+0

with
1
Fx) = %72 [2 - (1+X)A - (1-@%]

he

X=EO

Xso = o
(Eo + Ap)
Eo = 1424 + 1455x + 0.191 x2 + 1.614y + 0.55y2 + 0.043xy
Ag = 03x +043y + 034 (1-x-y)
Ag = 29715 + 11.6407 x + 1.5749y
B, = 8.7279 + 10.2892x + 4.62578y

4.3 Distributed Bragg Reflector Results

The first attempt at modeling the AFPM was to model the back mirror stack. In a
previously published paper [14] on the modulators’ performance, it was mentioned that
the miﬁor stack had a 1.535 pum center wavelength, a bandwidth of approximately 100
nm, and a reflectivity of greater than 99%. It was also mentioned that the stack consisted
of 42.5 pairs of InP/InGaAsP, but the thickness of the layers was not indicated; therefore,
the layers were assumed to be of quarter wavelength thickness at the indicated center
wavelength.

In order to test the general procedure of layer impedance calculations as outlined
earlier, the reflectivity of the mirror stack alone was calculated. The results of this
calculation is shown in figure 4.3. As can be seen, the calculated center wavelength,
bandwidth and reflectivity agree quite well with the previously reported values. This
calculation gives a large level of confidence in the calculated refractive index relations and

the effective impedance calculation procedure.

4.4 Full Cavity
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With the confidence that the effective impedance calculation seemed to be working
properly, it was time to calculate the reflectivity of the entire structure. Initially, the
reflectivity of the entire structure was calculated without taking into account absorption
effects; then, absorption was added in through the imaginary refractive index of InGaAs.

- The imaginary refractive index was calculated using [23]:
Y
4
Where o is the absorption coefficient obtained from the transmission spectra of the
multiple quantum well structure according to
I
E = exp(-o d)

Where /1, is the transmission through the sample, and d is the sample thickness.

The absorbence of 80 periods of the multiple quantum well used in the AFPM was
published previously [14] and this data, shown in figure 4.4, was scanned and digitized in
order to generate the absorption coefficient versus wavelength. The absorbence was
defined in this paper to be -logio(Transmission). Since no information was available
concerning the exact absorption character of the current sample, and it was known that the
center wavelength shifted as one sampled devices across the sample, it was necessary to
consider that the exact wavelength of the primary absorption feature may be different than
that which was published. Further, other sources of information [24] clearly showed that
the wavelength of the absorption feature tends to increase with applied electrical bias.
Since no electro-absorption data was available on the current sample, an estimate of
wavelength shift needed to be made in order to simulate the device character under bias.
Other features were also present in electro-absorption data in the published literature, such
as a decrease in the magnitude of the absorption and a broadening of the absorption edge
with increased bias; however, these effects were neglected in order to simplify the model.
Justification for neglecting these rather important effects will be mentioned later.

As a reasonable starting place, it was decided to attempt to model the previously
published results of the AFPM devices. The logic behind this decision was that if these
results could be reasonably modeled then the nonideal behavior of the current sample

should be able to be explained with some simple modifications to the model. In order to
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determine where the absorption edge should be placed, versus wavelength, within the
cavity, the published reflectivity results were examined [14]. The primary feature to note
is that at O bias, the absorption dip in the middle of the mirror stack reflectivity band
shows a base reflectivity of nearly 60% while at -10 V bias the reflectivity decreases to
exhibit- the reported 15 dB on-off ratio. This change in reflectivity is caused by a shift in
the absorption edge with increasing electrical bias.

In the on state, at O bias, the absorption is relatively high - high enough that little
of the light gets through the absorber to reflect back out. In the off state, the absorption is
decreased so that light with frequencies within the resonance band of the Fabry-Perot gets
through the absorber and adds destructively to the incident field thus nulling the
reflectance and creating a large on-off contrast. In order to estimate the position of the
absorption edge in these two extreme bias conditions, a simple model of an asymmetric
Fabry-Perot cavity with variable absorption was created based on the results of [25].

In this case, the refractive index of the cavity was considered to be a weighted
average of the refractive indices of the materials in the actual cavity. The reflectivity of
this simple cavity was plotted versus wavelength for a range of absorption -- exp(-0. d) = 0
to 1 as shown in figure 4.5. The back mirror reflectivity was taken to be 0.99 and the
front mirror reflectivity was taken to be that of an InP-air interface -- 0.27. From this
simple model, it was possible to determine that the absorption in the on state was
approximately 90% while the off state absorption was approximately 50%. Finally, from
these absorption values, it was possible to determine the approximate position of the
absorption edge in the unbiased and biased cases. This shift of the absorption edge was

taken into account in the final model in order to attempt to duplicate published results.
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4.5 Experimental Comparison

Figures 4.6 and 4.7 show two comparisons of the model described above with the
published reflectivity data. In order to generate the unbiased case, the absorption edge
was blue shifted 36.5 nm relative to the published absorbence data while, in the biased
éase, the edge was red shifted 16.3 nm relative to the published data. As can be seen, the
calculated reflectivity curves match very closely the experimental results. The on-off
contrast is calculated to be 15.3 dB -- in close agreement with the measured 15 dB
contrast. The major discrepancy in both cases is apparent at the extremes of the plot. In
the oscillatory tail of the mirror stack, the measured and calculated reflectivities are out of
sync by as much as a half period. While the agreement within the central reflectivity band
is excellent, this discrepancy in the tail shows that some miscalculation is occurring in the
model.

The discrepancy between the model and the experiment can most probably be
explained by a lack of information on the exact material composition of the InGaAsP in
the mirror stack. The material was taken to be lattice matched to InP, which is probably a
reasonable assumption, but it is unclear if this is the case or not. If the mole fraction were
adjusted in the model, the refractive index would be modified, and the agreement with the
experiment may be able to be improved. However, this effort has not been expended at
this time due to the excellent agreement between the model and the experiment within the
central reflectivity band - which is where is device is actually operated.

Now that the model has been shown to very reasonably predict the operation of
the AFPM under typical operating conditions, modifications need to be made in order to
attempt to explain the sub-optimal contrast seen in the current device. Since this device is
a Fabry-Perot, it follows that the most reasonable modification that could affect device
performance is an error in the cavity length. In order to investigate the magnitude of the
performance degradation due to a change in the cavity length, the thickness of the various
layers that make up the AFPM cavity were systematically altered - all other parameters

were left unchanged.
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Figure 4.8 shows the results of an increase in the cavity length of 2%. As can be
seen, the center wavelength of the on-off contrast feature has moved to longer
wavelengths, and the contrast ratio has decreased by nearly 8 dB as compared to the
previous result. Clearly, this relatively small cavity length change indicates that this
para:nétcr is critical to the optimum performance of the device. This conclusion should
not be unexpected given reports of other devices [26] that actually make use of a
thickness variation across the surface of the wafer.

In an attempt to explain the decreased contrast ratio of 3 dB that was measured
with the current device, the cavity length within the model was increased even further. -
Figure 4.9 shows the model results at a cavity length of 4.5% over the optimum case. The
experimentally measured on-off contrast for a -10 V bias is plotted on the same graph for
comparison. The close agreement between the measured and calculated contrast
obviously explain the sub-optimum device performance that was measured with the
current sample. As a final sanity check, figure 4.10 shows the calculated reflectivity of the
AFPM for a range of biases from 0 to -10 V.
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Fig. 4.1. Layer structure of the asymmetric Fabry-Perot.
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Fig. 4.2. Example effective impedance calculation structure.
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Simple AFPM Model
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Fig. 4.5. Simple model calculation.
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Thickness Increased 2%
1 I T ] 1 1
09+ .
0.8} ON N _

Reflectivity
©c o o o
R -

o
(™)

<
S

e
[S—y
1

O i 3 ] ! ]
1.4 1.45 1.5 1.55 1.6 1.65
: Wavelength (microns)

Fig. 4.8. Modeled reflectivity with cavity length increased by 2% for OV bias (dashed) and
-10V bias (solid).
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Thickness Increased 4.5%
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Fig. 4.9. Modeled reflectivity with cavity length increased 4.5% for OV bias (dashed) and
-10V bias (solid).
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Fig. 4.10. Calculated reflectivity for a range of reverse bias conditions. Peak reflectivity
decreases for increasing magnitude of electrical bias.
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5. CONCLUSIONS & FUTURE WORK

In summary, the work presented here has demonstrated the design and
construction of a moderate output power CW erbium fiber laser and DC characterization
apparatus for use in performing reflectivity measurements on asymmetric Fabry-Perot
reflection modulators in the 1.55 um communications band. The devices tested to date
show a radically decreased on-off contrast ratio compared to previous published results.
The reason for this decreased contrast is explained by an error in the cavity length of the
AFPM that modifies the resonance wavelength of the device in such a way that high on-off
contrast is not possible to obtain with desirable low voltage biases.

Future experiments on devices such as these are certainly of interest. The
characterization system has been constructed and proven to produce repeatable resuits.
At such time as other device samples become available, the DC reflectivity can easily be

measured using the techniques discussed herein.
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