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Abstract
In recent years there has been an explosion in data traffic due to the prevailing
Internet. A technique called wavelength division multiplexing (WDM) promises to
accommodate the increased traffic without replacing the existing fiber networks.
Wavelength sensitive devices such as tunable filters, detectors, and lasers are key
components in the WDM system. Surface micromachining is one of the most promising
technologies to fabricate such devices.

A typical surface micromachined wavelength-tunable device was demonstrated by
integrating a deformable membrane of dielectric mirror stack to optoelectronic devices.
These devices have been applied to different fields such as communications, parameter
extraction, etc. As the number of WDM channels increases, these devices have to contend
with narrower channel linewidths. This is especially important for the passive devices
where the linewidth is determined largely by the cavity finesse. However, the previously
developed dielectric top mirror stack has both complicated fabrication and low
reflectivity problems. To achieve this, a novel top mirror with high reflectivity and wide
bandiwdth is desired. The process of this new type of mirror must be easy enough to
integrate into the generic optoelectronic devices process flow. Another important issue is
how to lower the tuning voltage of devices. In this work, we focus on building a tunable
optoelectronic filter with low actuation voltage, narrow linewidth, and wide tuning range.

To design an optimal structure, I establish an opto-mechanical model which can
evaluate the micromachined structure easily and accurately. Through this model, we can
quantify the optical diffraction loss caused by the curved surface and thus facilitate the
design of high finesse tunable filters. A comprehensive mechanical method, called the
“area moment method,” is used to provide an accurate surface profile of the mirror under
actuation. This profile is then input into to a second-order perturbation model to estimate
optical loss. The linewidth broadening effect can be directly obtained from the loss.
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From the above analysis, a less stiff top movable structure is accomplished using
Al2O3/GaAs as the distributed Bragg reflector material. A tunable optical filter is grown,
processed and measured. Its surface profile matches our mechanical analysis and it
demonstrates 64 nm tuning range under a 12-volt swing. The tuning characteristics of this
device can also be changed by additional silicon nitride etching. This new design of
tunable devices will be attractive for future generation of optical communication systems.
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Chapter 1 Introduction
1.1 DATA TRANSMISSION DEMAND ON INTERNET
During the past decade, the invention and explosion of the Internet has brought a
tremendous impact on modern daily life. Similar to the telephone, the Internet makes the
communication between people, broad expression of ideas and business much easier. The
fast connection between the different continents is an intriguing opportunity for the entire
global market. The copper twisted pair can provide a very convenient way to connect
very short distances up to hundreds of MHz, but with the drive to 1 GHz and above, and
the necessity of long connections losses and dispersion create severe problems. Once the
speed requirement exceeds 10GHz, and distances exceed a number of meters optical fiber
becomes the only practical choice.
The lightwave transmitted in optical fiber brings a new need for a different
category of devices. These devices must sense and transfer electronic and photonic
signals back and forth. These devices are called optoelectronic devices. These new
devices are the key components in optical fiber transmission systems. The much broader
bandwidth (or faster speed) that optical fiber provides has triggered a much larger growth
in the Internet traffic. In addition to the original voice and text data, images and even
animation data become more and more frequent. These types of data require an even
faster transmission system and thus the need for continued expansion of bandwidth of
data communication is always an issue for modern communication systems.

1.2 WAVELENGTH DIVISION MULTIPLEXING AND OPTOELECTRONIC
DEVICES
To solve the increasing demand on data transmission bandwidth, there are several
choices: one is called Time Division Multiplexing (TDM), and a second is called
Wavelength Division Multiplexing (WDM). If we would like to boost the amount of data
transmitted, the number of the channels has to be increased to accommodate this. The
concepts of these two schemes are simple: in TDM, the speed or bandwidth of each
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channel is increased, hence different channels lie in the time domain; while in WDM
many more lower bandwidth channels are used with the different channels embedded in
the frequency (wavelength) domain. One of the benefits of the WDM system is that it can
utilize most of the optical system bandwidth without requiring very high data rates on
individual channels. Due to its multiple wavelength nature, more available bandwidth can
be occupied with modest channel bit rates. Also if we try to put in more data, we can
either increase the number of channels accommodated or the data rate of each channel.
Thus from a system’s point of view, WDM is more flexible and agile. TDM is
conceptually easier to implement because all it needs is high speed optoelectronic
devices. However, if the number of channels or the total operating bandwidth has to be
upgraded, the costs for the high-speed devices are relatively expensive and the channels
have to be re-configured. The TDM system is thus more difficult to change.
From the comparison above, systems designers are usually more interested in
WDM since system capacity can be expanded more easily than the TDM system.
However, a difficulty for WDM systems is that devices operating at many different
wavelengths are required. Most photodetectors are inherently and spectrally broadband
devices. To make a filter or wavelength selective photodetector becomes a more
important job for the full realization of WDM systems. One of the promising
technologies is a resonant cavity enhanced (RCE) device whose active material (the
absorbing region or quantum wells) is contained within a resonant cavity. This concept,
combined with the vertical cavity structure, can provide a very good device for WDM
applications.

1.3 SURFACE MICROMACHINING FOR TUNABLE DEVICES
Single fixed wavelength selective device is, however, not enough for the WDM
system. Since each channel (or each wavelength) must be detected and generated,
capability for tuning to different wavelengths is necessary for the device. Since only one
wavelength is possible in a fixed RCE device, different fabrication or device structure
design is necessary to implement each different wavelength. This greatly increases the
production cost of the devices, requires a large inventory of different devices, and
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decreases the manufacturing tolerances to achieve such uniform control of different
wavelengths devices. These are not easy tasks, hence not commercially desirable. In the
ideal case, it will be better to have devices that can easily vary their wavelength. A
broadly tunable optoelectronic device can make the design and fabrication work simple
because only one structure is necessary and many of the process issues can be controlled.
There have been many efforts to achieve this goal and several major technologies
have been successfully applied to the devices. Here I would like to concentrate the
discussion on a surface micromachined tunable approach because this technology is
simple to realize and different research groups have shown a number of widely tunable
optoelectronic devices based on this method.
Generally speaking, surface micromachining is one branch of the larger family of
Micro Electromechanical Systems (MEMS) technology. The other counterpart is called
bulk micromachining. Surface micromachining involves more processes on the surface of
the wafer, including thin film deposition, dry-etching and sacrificial etching. Most of the
optical components, like mirrors or lenses, are made of deposited material on the surface.
Compared to bulk micromachining, which carves into the wafer to form the optical
components, surface flatness is inferior in surface micromachining. However, surface
micromachining is more versatile in terms of microstructure design and is easier to
implement tunable device designs. The details of this will be discussed in the following
chapters.

1.4 ORGANIZATION
The organization of this dissertation can be stated as follows: chapter 2 is a
background study of the mechanisms used to make tunable optoelectronic devices, and
specially focused on passive components. Chapter 3 focuses on the mechanical modeling
of the structure design, I introduce a fast and reasonably accurate method to calculate the
deformation of the microstructure during the electrostatic actuation. Chapter 4 describes
optical modeling of the devices. The ordinary transmission matrix method will be
reviewed and a more elaborate 2-D method based on Fox-Li’s algorithm and second
order perturbation theory of the cavity mode is introduced to calculate the optical
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diffraction loss of the deformed mirror. The epitaxial material growth and fabrication
processes are described in chapter 5. The experimental data for several micromachined
tunable devices such as tunable VCSELs, phototransistors and filters are shown in
chapter 6. Finally suggestions for future work on this devices and conclusion of this
thesis are presented in chapter 7.
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Chapter 2 Background
2.1 INTRODUCTION
In a general optical fiber network, there are two required components: transmitters
and receivers. The transmitter is composed of light emitting units, such as light emitting
diodes (LEDs) or lasers. They transform the electronic signals into a modulated light
wave and couple this light wave into the fiber. At the receiver end, the photons will be
transformed back to an electronic signal which is read out by high speed circuits. In the
WDM scheme, however, more than one frequency must be generated and decoded,
hence, a wavelength tunable device can be really helpful for such a system.
In the past, more efforts have been devoted to the active tunable devices such as
tunable lasers, LEDs or detectors. However, according to market research, tunable
passive devices will become far more important for network management. Thus more
passive devices are needed in the systems than active devices. Some components, such as
optical routers, optical add/drop multiplexers, wavelength conversion devices and optical
cross-connects are purely passive. However, much less research has been focused on
surface micromachined tunable passive devices because these network management
issues were not as apparent as the wavelength tunability of the transmitters and receivers.
In this chapter, I stress the basic concepts of tunable filters. Several major technologies
that can be used to tune wavelength will be discussed in this chapter. Also from the
background research, we identify a suitable solution for future WDM passive component
structures.

2.2 REQUIREMENTS FOR TUNABLE FILTERS IN WDM SYSTEMS
Tunable filters are one of the key components in WDM systems. As mentioned
previously, tunable filters serve several functions in devices and form a core technology.
To satisfy the requirement of WDM system architectures, several conditions have to be
met for these devices [1]: insertion loss, bandwidth, sidelobe suppression, dynamic range,
tuning speed, control mechanism, size, mass-production possibility and low price. Some
of these factors are subjective and there is no universal agreement on the requirement,
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like the price and mass-production possibility. However, some of them have been set by
international standard and have to be followed strictly. For example, the International
Telecommunication Union (ITU) standard grid for 100 GHz channel spacing corresponds
to 0.8 nm at 1.55 _m band and 0.4 nm for 50 GHz channel spacing. The sidelobe
suppression that is required for the channel isolation has to be –20 to –30 dB for tunable
filters. The dynamic tuning range has to cover the entire Erbium doped fiber amplifier
(EDFA) bandwidth (about 40 nm) at 1.55 _m band. The tuning speed of tunable devices
is also an important issue. For circuit switching schemes, one microsecond of tuning
speed is enough. However, for future packet switching or cell-switching schemes, 10nanosecond or less changing speeds will be required. These different technical issues,
combined with the implementation possibilities, will set the limitation on every
technology that possesses the tunable capability.

2.3 FABRY-PEROT VERTICAL CAVITY TUNABLE FILTER
The Fabry-Perot cavity was invented more than 100 years ago. The operating
principle is quite simple: two mirrors are lined up and form a resonant cavity between
them. The distance between the mirrors defines the resonant wavelength of the cavity.
The device will have a reflection dip when the optical wave has the same phase (2π
difference) after a round-trip. The shape of the transmission peak is a Lorenzian function
of the frequency. To change the cavity length, we can either change the refractive index
of the media in the cavity or physically change the position of one of the two mirrors.
There are a number of electro-optical effects which can produce a change in the refractive
index. In semiconductors, this is usually achieved by injectivng electrical current through
the device and the increased carrier density will affect the refractive index. However, this
phenomenon is quite limited in expanding the tuning range (less than 10 nm). Another
way to change the refractive index in the cavity is to insert a ferroelectric liquid crystal to
fill the cavity. The electrodes create an electric field over the cavity and this field can
change the spatial orientation of the liquid crystal molecules[2]. The performance of this
device is also somewhat limited: 14 nm for tuning range and a linewidth of 0.84 nm, but
a switching time of around 400 _s.
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To achieve a larger tuning range, the other method, i.e. moving the mirror
position, has to be implemented. This can be done in several different ways: one can use
heat or the piezo-electric effect to change the distance between two fiber facets[3]. The
finesse of the cavity is as high as 200 but the tuning time is quite long, on the millisecond
scale. Another approach is using micromachining technology, which makes one movable
mirror to vary the cavity length by electrostatic force or other actuation energy. In the
past, most of the micromachined devices were made of silicon because its fabrication
processes are better developed than those of III-V compound semiconductors. Since only
III-V compound semiconductors can emit and detect light efficiently, it would be better
to use GaAs or InP as the base material for the convenience of future integration of active
and passive components. Different structures have been implemented for micromachined
tunable devices such as flip-chip bonded mirrors[4], deformable membranes[5],
cantilevers[6], etc.. The effective cavity length of these devices can be changed by
applying electrostatic force. The tuning range can be as large as 70 nm in the 980 nm
band[6] and the insertion loss is only 0.9 dB[7]. The polarization dependence of these
devices is minimum if we use a vertical cavity structure and have light incident normal to
the surface of the wafer. More theoretical details of Fabry-Perot resonator will be
discussed in Chapter 4.

2.4 ACOUSTO-OPTIC TUNABLE FILTER
The concept of acousto-optic tunable filter was first invented by S. E. Harris, and
R. W. Wallace in 1969[8]. When an acoustic wave travels in a crystal, the induced strain
among the atoms changes the refractive index of the crystal. If an optical beam is incident
on such a crystal, it will be diffracted differently with the acoustic wave on or off. In a
anisotropic medium, like LiNbO3, the light might be diffracted from one polarization to
another under some crystal orientations. Just like the Bragg condition in X-ray
diffraction, the condition for a strong interaction between the input waves will be when
the sum of the wave vectors equals the wave vector of the orthogonally polarized
diffracted wave.
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To have an acousto-optic filter, the incident optical wave will be diffracted into
another orthogonal polarized direction by a collinearly propagating acoustic wave. For a
specific input acoustic frequency, only a small range of optical frequencies can satisfy the
wave vector rule above and thus have strong transmission. If the acoustic wave frequency
is changed, the corresponding transmitted optical frequency will be changed,
Optical waveguides

Polarization splitter

output

input

Acoustic wave

Acoustic Transducer

Absorber

Fig. 2.1: The modern design of the acousto-optic tunable filter [9]

too. The ratio of the output power in one polarization to the input power of the orthogonal
polarization is as follows[8]:
1/ 2


∆k 2 
2
 L 
sin  Γ +
4 


 2 2
Γ L
 2 ∆k 2  2

 Γ +
L
4 

2

Px ( L) 
=
Pz (0) 

o
e

(2-1)

where L is the length of the anisotropic crystal, the propagating direction of optical wave
is along y-axis, x and z are two orthogonal axes in the optical field, Px(L) and Pz(0)
indicates the output power at the end of crystal (y=L) and the beginning position of the
crystal (y=0), respectively, ωo is the frequency of the output optical wave, ωe is the
frequency of the input optical wave, and Γ is a parameter related to this anisotropic
material. The ∆k in the expression is the mis-match between the three propagating waves,
including the input/output optical waves and input acoustic wave. So ∆k will be written
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as: ∆k=ko-ke-ka, where ko, ke, and ka are the wave vectors of the output optical wave,
input optical wave, and acoustic wave, respectively. It is clear that when ∆k equals zero
there will be nearly 100% transmission (assuming ka is very small compared to other two
terms) if ΓL is π/2. The transmittance of this filter is basically a sinc2 function. With the
capability of changing the acoustic frequency, we can achieve a very wide
electrodes
n1
ë 0, ë 1 ë 2 …ë M-1 ë M

ë 1 ë 2 …ë M-1 ë M

n2
ë0
Fig.2.2: The schematic diagram of the electro-optic tunable filter

tuning range (covered from 1.3 µm to 1.6 µm) at relatively high speed (in the range of
µs)[1].
Modern tunable acousto-optic filters tend to have a monolithic design[10], as
shown in Fig. 2.1. The generic collinear acousto-optic filter based on x-cut, y-propagating
LiNbO3 has single-mode optical fiber to let signal in and out. The acoustic wave is
generated by interdigital transducers (IDT’s), which are confined to an acoustic
waveguide. A typical drive power of 10mW is needed for acoustic wave generation.
Some other technologies have been integrated with the basic elements of this tunable
filter scheme such as polarization beam splitters, proton-exchange waveguides. One of
the disadvantages of this tunable filter is the polarization dependence of the input light
wave. By integrating the mode converter with two polarization splitters, and the acoustooptic tunable filter can achieve less than 1 dB in polarization dependence[9].
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Effective index

V=0

V
ëv
ë0
Wavelength

Fig. 2.3: The tuning mechanism of the electro-optic filter. The solid curves are the two dispersion
curves of the waveguides. The intersection point, _0, is the phase-matching wavelength. When the
voltage is applied to the filter, the matching point will move to _v due to the electro-optic effect.

2.5 ELECTRO-OPTIC TUNABLE FILTER
The operational principle of the electro-optic tunable filter is very similar to that
of the acousto-optic filter. Fig. 2.2 shows the general diagram of the filters [11]. There
are two waveguides composed of material with two different refractive indices, n1 and n2,
and two different electrodes to apply the voltages. Without these two pairs of electrodes,
the two waveguides form a directional coupler. As shown in Fig. 2.3, only the phasematching condition at a specific wavelength, _0, can cause a strong coupling between the
two waveguides and the input light wave can be observed from the output port of the
other waveguide. In the WDM system, if we have multiple wavelength signals coming
into the upper branch of the waveguide, with suitable geometry design, only one
wavelength, _0, will be coupled to the other branch as shown in the illustration. When an
electric field is applied to the waveguide material, the effective refractive indices of the
two waveguides are changed due to the electrooptic effect of the material. This change in
effective refractive index shifts the dispersion profile of the waveguide as shown in Fig.
2.3, which results in the shifting of the characteristic wavelength[11]. The transmission
profile can be described by the following equation[11]:

[

S ( ) = sin 2 L(
2

2

+

2 1/ 2

)
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2
2

) −1
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(2-2)

where S(_) is the so-called “cross-over efficiency”, L is the length of the interaction, _ is
the coupling coefficient, and _ is the wavelength-dependent phase mismatch
(_=(π/_)[n1(_)-n2(_)]).
With two pairs of electrodes, we can actually adjust the cross-over coupling of the
selected channel to be 100%. The equation (2-2) is very similar to that in acousto-optic
tunable filters, which means this filter suffers the same problems as the acousto-optic
filters. The polarization dependence is strong in this kind of devices since they rely on the
plane wave guide. Thus integration of TE/TM polarization splitters and TE/TM mode
converter/combiner are necessary to achieve independence of polarization [12].

Port 1

L+ L

L

Port 2

Port 1’

Port 2’

Fig. 2.4: The basic device layout of a Mach-Zehnder optical interferometer.

2.6 MACH-ZEHNDER TUNABLE FILTER
Mach-Zehnder interferometers have been applied to phase modulators, optical
frequency translators and signal processing applications[13]. The basic concept of the
devices is shown in Fig. 2.4. This is a 2×2 configuration. The two different input waves
will travel with different optical path (L and L+∆L) inside the silica waveguide. The
phase differences between these two waves will cause an interference effect at the output
ports. With careful design of ∆L, the power outputs at port 1’ and 2’ can be related to the
input power at port 1 and 2 (if only one wavelength is present in the waveguide) [13]:
P1' = sin 2 (k∆L / 2) × P1 + cos 2 (k∆L / 2) × P2
P2 ' = cos 2 (k∆L / 2) × P1 + sin 2 (k∆L / 2) × P2
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(2-3)

where k is the wave vector. When there are two wavelengths of signal present in the
waveguide, the above equation can be modified by changing the wave vector to the
difference between the two wavelengths, but the basic sin2 relationship is kept. This
interferometer can then become a wavelength selective device. One port may have more
output power of the specific wavelength than the other output port.
To make a generic Mach-Zehnder filter tunable, one could transfer to the
unbalanced type of this interferometer, which can be seen in Fig. 2.5[14]. The tuning
mechanism relies on the electro-optic effect of LiNbO3. The transmission function of this
unbalanced Mach-Zehnder filter still follows the sin/cos expressions in eq. (2-2).
However, due to this specific transmission function of the system, if the

input

output

electrodes
Fig. 2.5: Unbalanced Mach-Zehnder tunable filter. The central electrodes are the controller to
change the refractive index of the waveguide material via electro-optic effect.

required transmission linewidth must be narrower, the free spectral range of the system
will be reduced. Because of this, filtering out a single wavelength in a WDM signal
requires several Mach-Zehnder filters to be cascaded in series to achieve the required
performance as shown in Fig. 2.6 [14]. The switching speed between different channels is
very fast, typically is less than 50 ns. The insertion loss of the device can be around 1 dB
and crosstalk is less than –22 dB. The tuning range, however, is limited to 4 nm.

2.7 COMPARISON AND SUMMARY
These major technologies have already been applied to tunable filters
successfully. Most of them use the interference of two input waves. Planar waveguides
are general characteristics of these devices. Some of them rely on nonlinear phenomenon
of the waveguide material to enhance the tunability. Only the Fabry-Perot cavity can have
12
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Fig. 2.6: The cascaded tunable Mach-Zehnder (MZ) filter for single channel transmission.

Fabry-Perot filters
(Vertical Cavity)

Acousto-optic
filters

Advantage
Simple structure, narrow
linewidth, reasonable
insertion loss, no polarization
dependence
Wide tuning range, fast tuning
speed (_s)

Disadvantage
Moving component, tuning
speed (10 _s)

Polarization dep., loss,
linewidth, power
consumption, 2-D integration
Same as above
Narrow tuning range (~nm)

Electro-optic filters Very fast tuning speed (ns)
Mach-Zehnder
Narrow linewidth, fast tuning
filters
speed (50 ns)
Table 2.1: Comparison among the major tunable filter technologies.

the light path normal to the device surface. Because the interference effect dominates the
filtering action, the resultant transmission is related to a sinusoidal function. The
sidelobes of this sinusoidal behavior become important when the channel spacing is
reduced. Inter-channel interference will become serious if these sidelobes are not suitably
suppressed. The power consumption of these different technologies varies greatly. FabryPerot tunable filters which consume virtually no power can be realized because the power
to move the mirror is basically capacitive charging. On the other hand, filters such as
acousto-optic filters or electro-optic filters, need to pump extra power through tuning
mechanism components, for example, the acoustic actuation transducer, in addition to
running current in the devices. These are not serious problems in the research lab
developing stage, but they become more important when the commercialization of the
technology is considered.
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The following table (Table. 2.1) compares the advantages and disadvantages
among these major technologies to realize tunable filters. Other methods, such as fiber
Bragg gratings, arrayed waveguide grating, or ring resonator tunable filters are all subsets
of these technologies or have inferior performance to them. From this table, the benefits
of the Fabry-Perot vertical cavity scheme are very obvious. Although this structure needs
a moving component and only has moderate switching speed. The advantages it brings
are greater than the competing technologies. When the fabrication and packaging
techniques advance, the moving component will not be a major obstacle and the
switching speed can be increased by changing the mechanical design of the movable part.
In the following chapters, we introduce a more detailed description of the design,
fabrication, and measurement of the micromachined tunable optoelectronic devices based
on the Perot vertical cavity.
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Chapter 3. Mechanical analysis of the deformable
membrane
3.1 INTRODUCTION
With increasing demand on data transmission, more bandwidth is required. Large
efforts have been made to increase the modulation bandwidth of both lasers and detectors
in the past. However, to achieve a quantum leap in accessible bandwidth, multiple
channels, instead of one, have to be realized in optical fiber systems. This is called
wavelength division multiplexing (WDM). The essential components in this scheme are
the wavelength tunable devices that can be used as transmitters and receivers of different
channels. Continuous tuning is especially desirable to make systems more failure tolerant
of any specific channel because all the components are capable of performing the
function of the channels.
Surface-micromachined deformable mirrors have been used for adaptive optics
and continuously wavelength tunable optoelectronic devices. In previous research, high
density arrays [15] and devices, such as filters [5;7], detectors [16], and lasers [17] have
been implemented. Fig. 3.1 shows the basic structure of the devices. Dielectric materials
and Au/Si have both been used for highly reflective layers in these cases. To achieve
higher mirror reflectivity, Al2O3/GaAs distributed Bragg reflectors (DBRs) have been
investigated. Table 3.1 shows a comparison between different types of mirrors.
Al2O3/GaAs pairs have a larger index contrast than the other materials. Unfortunately,
deformable Al2O3/GaAs DBRs are much stiffer and suffer a much high tuning voltage
[7]. To overcome this problem, we have designed and fabricated a new structure that
capitalizes on the high reflectivity of Al2O3/GaAs, but avoids the high tuning voltage.
In this chapter, we are going to develop a mechanical evaluation process for the
design purpose of the tunable structure. This mechanical evaluation has to be easy
enough to obtain the results quickly while achieving sufficient accuracy of the evaluation
to be useful. A one-dimensional Hooke’s model is first used to calculate the displacement
versus tuning voltage relationship. This method is simple yet powerful. We secondly
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GaAs/AlOx DBR
Si3N4/Gold/Ti/GaAs
Supporting Legs

n+ GaAs Substrate
Tuning Contact

Air Gap

Fig. 3.1: Schematic diagram of the surface micromachined tunable devices.

apply basic bending theory of a non-uniform cross section plate to find out the internal
stress of different top designs because this internal stress will affect the stiffness of the
top structure during the actuation. A classical method, called the area moment method is
then applied to calculate the deformation profile of the membrane under electrostatic
actuation. All three methods comprise the main evaluation of the mechanical design of
the devices. The mechanical design is very essential for a micromachined object because
the final tuning characteristics and frequency response are completely dependent upon
the mechanical layout.

3.2 ELECTROSTATIC ATTRACTION FORCE AND ONE DIMENSIONAL
MODEL
In this section, the basic theory of movable membranes will be discussed. The
model is based on one-dimensional Hook’s law such that we do not lose physical
intuition. The 1-D results are fairly accurate compared to full three dimensional
calculation [18]. To visualize this one-dimensional model, we can first observe the action
of the real device shown in Fig. 3.1. The real device is composed of an over-hanging
central plate with designed optical multiple layers and four supporting legs extending
from the posts. When the electrostatic field is applied between the top plate and substrate,
the attractive force will pull the central plate towards the substrate. This process has to be
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balanced by a mechanical force developed in the top structure in order to prevent it from
collapsing onto the substrate. Usually this specific force originates from the tensile
stressed silicon nitride film deposited on the supporting legs. The movable membrane can
thus be treated as four springs tied to a central plate assuming it as a rigid body. When the
electric field is applied between the top and bottom plate, the electrostatic attractive force
will pull the plate toward the substrate. However, the springs act as a counter-force to
keep the plate at a balanced position. Usually the four supporting legs with tensile stress
material are regarded as spring sets, which will balance the electrostatic attractive force
applied between the top and bottom surfaces. The forces in a one-dimensional force
model can be found [18;19] :
2
2
2
2

E h
E  u  
Fmechanical = Fstress + Fbend + Fstretch = Fstress × 1 +
+
 
 

3 l
4  l  


Fstress =
k eff

N l bh
u
l

N bh
= l
l

(3-1)

(3-2)

2
2
2
2


1 + E  h  + E  u  

3 l
4  l  


(3-3)

where keff is the effective Hook’s constant, l is the length of the supporting legs, and Fstress
, Fbend and Fstretch represent the corresponding mechanical force components. Fstress is due
to the deposition condition of the film. Fbend is the linear bending force. The third
component is due to the stretching of the beam at large displacement. In our case, since
the Young’s modulus and material stress are about the same order and the length of the
supporting legs is much larger than the thickness of the film or the displacement (1 µm to
120 µm), the second and third term in keff are basically negligible. The theory of the
electrostatic force that acts on the structure has been fully discussed in previous
dissertation [19] and I am going to briefly reviewed it below. Since both the plate and
legs have
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Refractive
# of DBR for
Reflectivity
Index
99.95%
Si3N4/SiO2
2.05/1.46 0.9278(4 pairs) 12
GaAs/AlAs
3.53/2.96 0.7583(4 pairs) 22
GaAs/Al2O3
3.53/1.55 0.9984(4 pairs) 5
Au/Si[20]
N/A
0.91
N/A
Polysilicon/SiO2 [21]
3.44/1.46 0.74 to 0.69
N/A
Table. 3.1: Comparison of reflectivity between different material systems
Material for mirrors

the electric field across them, the electrostatic force can be further formulated as follows
[19] :

Felectrostatic = F plate + Fleg
=

2
l
A 0V 2
0V
+
4
w
∫0 2( g 0 − ux / l ) 2 dx
2( g 0 − u ) 2

(3-4)

A 0V 2
2 wLV 2
=
+
2( g 0 − u ) 2 g 0 ( g 0 − u )
In eq. (3-4), an important assumption is that the deformation of the legs is linear from the
post to the center. In real situations, this is not true. However, most of the electrostatic
force comes from the first term, which is the central plate term, so this approximation is
fairly accurate compared to the fully analyzed displacement [18;19]. For this system to be
stabilized, the electrostatic force and the mechanical restoring force have to be equal. So
we can get a final expression as :
Felectrostatic = Fmechanical
⇒

A 0V 2
N bh
2 wLV 2
+
≅ l
u
2
2( g 0 − u )
g 0 ( g 0 − u)
l

(3-5)

This expression is simple yet very useful to evaluate the behavior of this deformable
membrane system. Fig. 3.2 shows both the experimental measurement and calculation
from this model, and as we can observe, the model fits pretty well.
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Fig. 3-2: The theoretical fitting of the one-dimensional model

3.3 TOP STRUCTURE DESIGN – PLATE THEORY
In addition to the general relationship between displacement and applied voltage,
one must consider how to design the central membrane. Usually this part is simple
because the central object can be treated as a rigid body. However, as the structure
becomes more complex, it is possible that some part of the membrane is easier to bend,
and treating the problem as a rigid body is then not suitable. This non-standard situation
creates extra tension which is not necessary and to solve this problem, the central
membrane has to be regarded as a plate. In this section, the basic plate theory will be
reviewed and applied to the actual design of our top membrane. The generalized plate
theory leads to a bendable structure whose cross-section is not always the same. The final
result will demonstrate the better layout that reduces the internal stress of the structure.

3.3.1 Pure bending of plates
Before further discussion of the bending of our micromachined structure, it would
be beneficial to first review some of the essence of the general plate theory. Fig. 3.3
shows a generic plate with a small deflection. The small deflection, dw, caused by
external forces on the plane, can be described by the local slopes of the surface element
between the two adjacent points on the plate: a and a1 [22]:
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dw =

∂w
∂w
dx +
dy
∂x
∂y

(3-6)

where dw is the displacement along the z axis, dx and dy are the infinitesimal length
between point a and point a1. The curvature along the x axis, rx, and y axis, ry can be
defined as:

ri = −

∂2w
, where i = x or y
∂i 2

(3-7)

On the other hand, the direction between a and a1 plus the perpendicular direction,
at , can also provide another curvature sets, rn and rt. The angle between an and x axis is
called α. These two sets of curvatures, rx,y and rn,t, must obey the following rule [22]:

1 1 1 1
+ = +
rn rt rx ry

(3-8)

In the future discussion, it will be of our great interest to find the maximum and
minimum of the surface curvature. By setting the expression of derivative of rn, the
maximum/minimum α can be found as [22]:

tan 2 =

2
rxy

(3-9)

1 1
−
rx ry

From this expression, two angles can be solved. One of them represents the
maximum of surface curvature at point a, and the other represents the minimum. These
two angles are separated by π/2 and the curvatures they represent are called principal
curvatures of the surface.
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Fig. 3.3: The illustration of the small bending of a generic plate.

3.3.2 Symmetrical deflection of circular plates
We start with a circular plate with some load acting on it. As shown in Fig. 3.4, if
the load is symmetrically distributed on the plate, the deformation of the plate will be
symmetric, too. In Fig. 3.4, if we take point O as the origin of the coordinates at the
center of the undeflected plate, and w as the displacement, and r as the radial distance
from O, the maximum slope of the deflection is –dw/dr, and the two principal curvatures,
that represent the maximum and minimum of the surface curvatures at the point A, will
be as follows [22]:

1
d 2w d
=− 2 =
rn
dr
dr

(3-10)

1
1 dw
=−
=
rt
r dr r

(3-11)

where rn is the radius of one of the principal curvatures of the deflection surface at A, rt is
the radius of the second principal curvature, ϕ is the small angle between the normal to
the deflection surface at A and the axis of symmetry OB. The physical bending is very
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Fig. 3.4: Symmetric bending of circular plates

clear from the introduction of previous paragraph. This displacement (or curvatures) of
the targeted surface is caused by the external force acting on it. The relationship of these
two physical quantities (bending and force) is built on the famous Hooke’s law, ie., the
small elongation of the material is proportional to the force exerted on the corresponding
sides of the material. This elongation of material can be directly related to the curvature
of the point. On the other side, the external force is also equivalent to the bending
moment because the integration of the unit stress (or force) along the structure leads to
the bending moment [22]:

∫

i

zdz = M i dz, i = x , y

(3-12)

where σi is the specific direction (like x or y ) of external stress developed on the
structure, and Mi is the bending moment along the same axis of stress.
So knowing the curvatures of the deflected surface, we can solve the
corresponding bending moment from the curvatures [22]:
 d 2 w v dw 
d
v 
 = D
M r = − D 2 +
+

r dr 
 dr r 
 dr
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(3-13)

 1 dw
d 2w 
d 

M t = − D
+ v 2  = D + v

dr 
dr 
r
 r dr

(3-14)

where Mr is the bending moment per unit length along the circumferential sections of the
plate, such as the section made by the conical surface with the apex at B. Mt is the
bending moment per unit length along the diametric section rz of the plate and D is the
rigidity of the plate material. Note that since the direction of the maximum curvature is
now in the radius direction, we use “r” instead of “n” for the subscript. The rigidity can
be expressed as [22]:

Eh 3
. The external load acting on the plate will introduce a
12(1 − v 2 )

shearing force, Q, in the structure of the plate. For example, in a uniformly loaded case,
the relationship between shearing force, Q, and load intensity, q, can be determined as:
2 rQ = r 2 q .
The shearing force, Q, is determined by the external load and the internal
moments, Mr and Mt, are the corresponding components in the structure. Equating the
coupling components introduced by Mr and Mt and the shearing forces Q, we can obtain
the following equation of equilibrium in an infinitestimal element of the plate [22]:

Mr + r

dM r
− M t + Qr = 0
dr

(3-15)

Substituting eq. (3-13) and (3-14) for Mr and Mt, eq. (3-15) becomes:
d2
Q
1d
+
− =−
2
r dr r
D
dr

(3-16)

This differential equation can then be solved for ϕ, and the deflection of the uniformthickness plate, w, can be solved as integration of ϕ with proper boundary conditions.
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3.3.3 Deflection of plate with non-uniform thickness
If the thickness of the plate is not uniform, the rigidity, D, of the plate will not be
constant. So when we replace the former eq (3-15) with D, w, and r, the differentiation of
D and the integration of the load intensity, q, have to be taken into account [22]:

D

d d
1 r
 dD  d

+ +
+ v  = − ∫ qrdr


dr  dr r  dr  dr
r
r 0

(3-17)

where the shearing force, Q, is replaced with the term :

Q=

1
2 r

∫

r

0

q 2 rdr

(3-18)

since q is no longer a constant quantity as the previous uniform cross section case. To
make the equation dimensionless, we introduce the following notation:

r
= x,
a

h
= y,
h0

p=

6(1 − v 2 )a 3 q
Eh03

(3-19)

where a is the outer radius of the plate, h is the thickness of the plate at any point, and h0
is the thickness of the plate at the center. Eq. (3-17) becomes :

d2
1 d ln y 3 d
1 v d ln y 3
px
+( +
)
−( 2 −
) =− 3
2
x
dx
dx
x dx
dx
x
y

(3-20)

where x is the normalized distance from the center (x = r/a, a is the diameter of the plate),
y is the normalized thickness variation along x, ϕ is the derivative of deflection in the
radial direction, v is Poisson’s ratio of the material, and p is a constant related to the plate
geometry. A special analytical solution of this equation from reference [22] can be found,
if y = exp(-_x2/6). From [22] , ϕ has the following form:
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n
∞

(1 + v)(3 + v) L (2n − 1 + v) 2 n +1 
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a
x
+
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∑
1
1
n =1 2 × 4 × 4 × 6 L 2n × 2n × ( 2n + 2)



(3-22)

However, for our case, equation (3-20) is very complex and impossible to solve
analytically. To evaluate the problem properly, equation (3-20) is solved numerically by
direct substitution by a Taylor series method with proper profile of membrane shape, y.
After ϕ is solved, the diametric internal stress, _t , and the membrane deflection, w, can
be calculated by the following equations [22] :

t

=

6M t
h2

(3-23)

From the above derivation, we can solve the internal stress of the specific structure. For
more general non-uniform cross section, numerical methods have to be utilized to get the
answer from eq. (3-20).

3.4 DIFFERENT TOP MEMBRANE DESIGNS
With this equation (3-20) solved, we are able to calculate the internal stress of
different shapes of the top membrane design. There are two cases under consideration as
shown in Fig. 3.5: case (a), the DBR partially covers the base GaAs mechanical
supporting layer, and case (b), the DBR fully covers the base GaAs layer. From a
fabrication process viewpoint, case (a) is easier to deal with, because the base plate is
wider and the alignment of the mask is not critical. In case (b), the alignment of the mask
has to be precise. However, it will be the level of internal stress that decides the layout
we will choose. As shown in the figure, the central plate of case (a) does not have a
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Case (a)

Case (b)

GaAs base plate
20 m

20 m

GaAs supporting leg
30 m
AlOx/GaAs Top DBR
Fig. 3.5: Top view of two different designs for movable top mirrors

uniform cross section while case (b) does, regardless of the supporting legs. The internal
stress of the structure will affect the tuning voltage of devices such that we may have to
reduce it.
To simulate these two cases, we use the expressions in the previous section about
the plate with non-uniform cross section to evaluate the internal stress of these structures.
The profile of the plate is simplified by using the following expression:

1

h( x ) =

1 + exp(

x−c

(3-24)
)

where c is the starting position of the DBR section and _ controls the slopes of the DBR
etch. The ratio between the base plate thickness and DBR thickness is adjusted to closely
fit the real situation.
Fig. 3.6 shows the deflection profile of the plate and Fig. 3.7 shows the resultant
stress caused by the structures of cases (a) and (b). The profile of the membrane is also
shown in the insert of Fig. 3.7. It is very clear that the uniform thickness case does not
develop significant internal stress while the non-uniform case develops a large stress.
This larger internal stress will make the legs stiffer and harder to bend. It can be also
noted that the deflection in the non-uniform case is much larger than that in the uniform
case. This will result in a larger curvature in the top mirror which significantly degrades
the finesse of the cavity if the size of the light beam covers the whole top plate area. If the
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light is focused on to the DBR stack only, these two cases do not make too many
differences in terms of optical diffraction loss. The deflection of the plate, though, is
always small compared to the length of the air cavity.
From these calculated results, it is clear that although case(a) gives us more room
in processing error, case(b) possesses less internal stress and less deflection of the top
membrane structure and this can lead to better performance in tuning voltage. However,
if the supporting legs are taken into consideration and the local stress is concerned, case
(a) will provide a gradual change in the stress distribution, while case (b) does not. So the
choice of the structure is totally based on the necessity of the specific application.
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Fig. 3.6: The calculated membrane deflection versus distance from the center of membrane.
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Fig. 3.7: The calculated internal stress for both uniform plate and non-uniform plate. The insert
is the membrane profile.
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3.5 SURFACE DEFORMATION PROFILE CALCULATION
In the previous section, we discussed the case of the top plate design and how this
affects the stiffness of the structure. In order to know the bending profile of the whole
structure, including the supporting legs and top membrane, more complete mechanical
details must be considered. The deflection profile of the structure is especially important
in the central membrane region because this deformation will redirect the incoming light
out of the cavity formed by the top and bottom mirrors. Such stray lightwaves cause extra
diffraction loss in the cavity and this loss becomes a problem when a high-finesse filter is
needed for dense wavelength division multiplexing (DWDM) systems. Previous research
[4;23] has already shown that: (a) the surface of movable structures is curved due to
electrostatic actuation or internal strain and (b) a linewidth broadening effect has been
observed in the filter response. While the broadening effect can be attributed to either
added diffraction loss or reduced reflectivity of the top mirror, detailed theoretical
analysis is necessary. There are three ways to evaluate the deformation of the whole
structure: (a) finite element analysis; (b) static equilibrium differential equations; (c) area
moment method [24]. Our goal is to establish a mechanical model which can handle the
micromachined structure easily and accurately. Through this model, we wish to quantify
the extra optical diffraction losses caused by the curved surface and thus facilitate the
design of high finesse tunable filters. The profile calculated above is then input into to an
optical-diffraction model, which will be introduced in the next chapter, to estimate optical
loss.

3.5.1 Mechanical analysis of deformable membrane profile under external
load
In this section, we briefly introduce three methods to solve for deformation profile
of the top membrane. The first two methods usually are more costly because they require
a lot more calculation time. The area moment method will be far less costly, but need
more background in mechanics. For our purposes, a faster and easier design method is
preferred because it
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Fig. 3.8: 3-D visualization of the tunable membrane by MEMCAD

fits into engineer’s needs better. Greater emphasis is placed on the area moment method
in the following discussion.

3.5.2 Finite Element Analysis
Finite element analysis is the most commonly used method to solve for the
deformation of micromachined structures. Its principle is to divide the whole structure
into several hundreds or thousands of small units, which are called meshes. Each mesh
unit follows basic mechanical equations and boundary condition from adjescent units.
Once the whole meshing process is finished and the solution of each unit is solved, the
solution of the whole structure is produced accordingly. Several commercially available
software packages can be used for this purpose. Here we demonstrate such a calculation
using MEMCAD by Coventor, Inc.. Fig. 3.8 shows the 3-D visualization of the structure
and Fig. 3.9 shows the extraction of the 2-D cross section view of the calculated
deformation. The origin of the plot starts from the anchored end of the supporting leg and
the slope of the beam is clearly flattened at the center of the top structure.
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Fig. 3.9: The extracted 2-D cross section of the deformation profile of
the tunable membrane shown in the previous figure.

The problem of finite element analysis is that the meshing process and calculation
for each element take a long time. Also, failure of meshing process to produce a
converging solution is not rare. Another concern is that most of the software programs
are so computationally intense and require extensive resources.

3.5.3 Static Differential Equations
If we choose not to use finite element analysis, another approach is to utilize
classical static mechanics. The classical pure bending problem of a static beam can be
solved directly by writing down the static differential equations. From Hooke’s law and
the definition of moment of force acting on the specific cross section, we obtain the
following expressions [24] (also shown in the Fig. 3.10) :

x

=

Ey
r

M (moment ) = ∫

(3-25)
x

× ydA =

EI z
r

(3-26)
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where σx is the stress in the x-axis direction, E is the Young’s modulus of the material, r
is the curvature of the beam at the position, y is the distance from the center z-axis, and Iz
is the moment of inertia with respect to z axis.
Z

óx
y

X
dA

Y
Fig. 3.10: Cross section of the beam with external load. The _x denotes the
internal stress caused by external load.

Also for small bending, the curvature r can be approximated using second order
differentiation of y towards x. So combined with the above formula, we can conclude the
bending moment, M, can be related to the bending profile, y(x), like [24]:

d2y
1
d2y
=
−
⇒
EI
= −M
z
r
dx 2
dx 2

(3-27)

Fig. 3.11 shows the classical case of a simple-supported, uniform cross section
beam under concentrated load. The bending moment diagram is just a triangle in this
case, as shown in Fig. 3.11(b). We solve the deflection profile of the beam by the
differential equation sets [24]:

 EI z

 EI
 z

d2y
P(l − a )
=−
x LL x ≤ a
2
l
dx
d2y
P(l − a )
=−
x + P( x − a ) LL x ≥ a
2
l
dx
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(3-28)

In eq. (3-28), l is the length of the beam, a is point of load, and P is the load. The solution
to these equations is trivial in this case.
Generally, all the situations that can be solved by eq. (3-28) are called statically
determinate. However, more constraints are needed when we deal with the fixed-end type
of the problem, which means more equations need to be solved in eq. (3-28). More
important, the shape of the targeted beam will affect the complexity of the right-handside of eq. (3-28). This complexity is against our purpose which is to find an easier way
to predict the deflection profile of our structure.

P
l-a
b

a
A

B

x
y

1

z
(a)

n
a1

Pa(l-a)/l
m
R1 ∆
a1mn

b1
R2

(b)
Fig. 3.11: Diagram of a simple-supported beam under a concentrated load: (a) illustration of the
physical beam, and (b) bending moment diagram.

3.5.4 Area Moment Method and Conjugate Beams
In most of the cases, the differential equations are difficult to solve directly
because of the sophisticated layout of the mechanical structure, but fortunately the
solution can be found by using an easier method called “area moment method”. This
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Fig. 3.12: Illustration of area moment method: (a) the beam AB of
consideration (b) corresponding bending moment diagram.

method exploits the known results of the regular cases, utilizes and modifies the
bending moment diagram and avoids tedious solving of differential equations.
The basic area moment method can be illustrated in Fig. 3.12. When we try to
integrate the differential equations (3-28), we are actually dealing with the bending
moment diagram. The right-hand sides of equation (3-28) are actually describing the
profile of the bending moment, M(x), along the beam. With this understanding, we can
solve some parameters of concerns just by looking at the diagram. The displacement, δ,
from A to B can be found as [24]:

=

∫

B

A

xMdx
EI z

,

Iz =

bh 3
,
12

(3-29)

where M is the profile of bending moment diagram, and b and h are the width and height
of the cross section, respectively, if it is a rectangular shape. The angle between two
tangets, θ, is found as [24]:
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=

∫

B

A

Mdx
(3-30)

EI z

From equations (3-29) and (3-30), one can simply conclude that the bending
displacement is the centroid of the bending moment diagram divided by EIz, and the
angle is the same formula except the centroid is replaced with the area under the profile
of bending moment diagram.
If the structure is a cantilever, the deflection at every position of the beam can be
solved correctly by equation (3-29) and equation (3-30). When the structure is a simple
bridge supported at each end, the concept of a conjugate beam has to be introduced. In
Fig. 3.11 (b), we can treat the area of the bending moment diagram as a load concentrated
at the centroid of the area. The reaction at both ends, R1 and R2, can be calculated and
linearly superimposed. From the area moment method, z, δ, and θ are already solved. The
deflection at any point of the beam, y, can be calculated by (θ_x-z) for a small deflection.
Once we substitute every term, the actual displacement of the beam at this point is found
as [24]:

y=

1
x
( R1 x − ∆a1 mn × )
EI z
3

(3-31)

where R1 is the reaction at the end A of the beam due to the load, and ∆a1mn is the
shaded area under the bending moment diagram, as shown in Fig. 3.11(b). This
expression treats the bending moment as a virtual load on the beam a1b1 . This imaginary
beam a1b1 is a “conjugate beam” with respect to the real beam, AB. With the concepts of
conjugate beams and area moment method, we can solve various problems of uniform
cross section beams without resorting to the differential equations.
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Fig. 3.13: Schematic diagram of the reduced mechanical model

3.5.5 Beams With Fixed End and Various Cross Section
Fig. 3.13 shows the general structure under consideration. The four-leg style
membrane is simplified into a two-leg case. This simplification comes from the
symmetry of the top membrane. The composite mechanical response under the electrical
field for the four-leg structure can be found simply using superposition principle. Two
aspects make the problem a little different. First, the fixed posts on two sides make this
problem a “built-in” supported beam, whose slope at the post must be zero. Second, the
cross section of the beam varies when approaching the center of the membrane due to the
enlargement of the central plate (as shown in Fig. 3.13). This change of the width of the
cross section is first constant in the supporting leg region and then linear in the central
plate if the central plate is square-shaped. Different modifications are necessary for each
case.
In the classical static problems, like a simply supported beam or a cantilever
beam, there are external loads and supporting ends. The reactions on the supporting ends
can be determined by the equations of statics. However, the built-in type of beam is a
statically indeterminate problem in which the static equations (such as eq. (3-28)) are not
sufficient to determine all the reactive forces at the supports because, in this case, the
wall or anchor that fixes the end of the structure also provides some reaction on the beam.
Additional reactive elements must be defined to fit the physical constraints, such as the
bending slope of the beam [24]. These elements are called redundant constraints (or
redundant coupling moments). To solve the varying cross section problem, the bending
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moment can be normalized to the supporting leg of the structure [24]. All these
modifications are necessary to make the calculation more accurate.
With this understanding, we can begin modeling the structure. To simplify our
problem, our example will be concentrated on a four-leg style, fix-ended membrane with
a uniform thickness but variable width of cross section. The possible thickness variation
can be taken into account through the moment of inertia term that will be shown in the
later formulation. We take x as the longitudinal direction, normalized to the whole
structure such that x equals 0.5 in the center. Only half of the beam will be analyzed since
the structure is symmetric. If the load is concentrated at the center, and the cross section
of the beam is uniform, the bending moment will become a simple straight line in the leg
portion, which will be Px/2 where P is the load. However, due to the change of cross
sectional area and thus the moment of inertia, (I=b(x)×h3/12), grows proportionally to the
width of the beam (assuming the thickness is the same). The width b(x) of the cross
section is:
b0


b( x) =   (C − 1)

b0 
( x − A) + 1
  B


0< x< A
A< x < A+ B

(3-32)

where A is the normalized starting position of the central membrane and A+B=0.5
indicates the center point of the top structure, b0 is the width of the supporting leg, and
the widest cross section in the center is C times larger than the supporting leg. The
displacement and angle of the deflection equations will then be modified as [24]:

xM ( x)dx
,
A EI ( x )
z

(3-33)

M ( x)dx
EI z ( x)

(3-34)

=∫
=∫

B

B

A
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Fig. 3.14: Modified bending moment diagram of bending moment and statically indeterminate
coupling. The shaded region indicates the starting position of the central membrane.

where

M ( x)
  (C − 1)

= 6 Px h 3 
( x − A) + 1 . The fixed end of the beam (at x=0) has zero
I z ( x)

  B

slope and we have to introduce the redundant coupling moment. This coupling moment is
utilized to assure that the boundary condition (zero deflection angle at the end) will be
satisfied. The magnitude of this redundant coupling moment can be found by equating the
deflection angle of the original bending moment to this redundant coupling moment [24].
Again, we have to normalize this redundant coupling moment in the central region the
same way we normalized the bending moment. Fig. 3.14 shows both the normalized M(x)
and the normalized redundant coupling moment of this structure.
Under these considerations, the deflection profile of the structure can be
calculated easily and the real shape of the structure will be given by the following
superposition:

Φ ( x) = g 0 −

u y ( x)
2 max( y )

(3-35)

where y(x) is the calculated result from the area moment method, g0 is the initial air gap
and u is the measured maximum displacement of the central membrane. The factor 2 in
the equation comes from the superposition of two identical sets of this structure (i.e. four
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Fig. 3.15: Calculated deformation under different electrical bias voltages.

legs total). Fig. 3.15 shows the deformation under different electrical biases. The central
membrane is 20 µm by 20 µm and the supporting legs are 5 µm wide by 120 µm long. As
the figure shows, the slope at the center of the membrane is always zero for a symmetric
structure. At the post, the slope also has to be zero to satisfy the built-in condition.

3.5.6 Comparison of the two top plate design cases
Once we have solved the deflection profile of the varying cross section beam, as a
demonstration, we can compare two designs. They are: (i) the leg and the central plate
have the same thickness; and (ii) the central part is thicker than the leg, as shown in Fig.
3.16. The case (i) is the design in the first generation in which the DBR is distributed

(i)

(ii)

Fig. 3.16: The two cases of the top membrane design : (i) the DBR is everywhere; (ii) the DBR is
etched except over the central plate. In (i), the DBR is not removed from the supporting leg region.
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Fig. 3.17: The calculated results of cases (a) and (b). It is obvious that case (b) has much less
deformation in the central region (the shaded region).

both the supporting legs and the central plate. The case (ii) is more advanced in terms of
the design because the DBR is etched away from the supporting leg region, and this will
cause a better tuning voltage due to thinner legs. Another important point of case (ii) is
that it “decouples” the reflectivity of the central DBR to the tuning characteristics [25].
The greater the number of quarter wave pairs in the DBR, the higher the reflectivity.
However, if the DBR also forms part of the supporting legs, as in case (i), the stiffness of
the structure will increase when we try to raise the reflectivity by increasing the number
of DBR pairs. With the DBR layers etched away from the supporting leg regions, the two
physical properties of the structures (the reflectivity of the DBR and the stiffness of the
membrane) are successfully “decoupled” [25]. Using the area moment calculation, we
can demonstrate that there is less deformation in the center in case (ii) compared to case
(i) (as shown in Fig. 3.17). The reason is simply because the central plate is much thicker
than the leg in case (ii), and this will significantly increase the moment of the inertia by
the cube of thickness (I=bh3/12). As we can observe from eq. (3-33), the deflection, δ, is
inversely proportional to the value of the moment of inertia, so in case (ii), the structure
will possesses much less deformation, especially in the center. Since it is possible that the
deformation of the top membrane will cause additional optical diffraction loss, the
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minimum amount of deformation is then highly preferred. Although case (ii) requires
additional fabrication processes, we believe that case (ii) is a better approach than case
(i). In the next chapter, we will use this information (the deformation of the top plate) to
evaluate the additional optical diffraction loss introduced by actuation.

3.5.7 Comparison of the finite element analysis and the area moment
method
Although the area moment method combined with the variable cross section
concept can provide a very expedient way to evaluate the deflection profile of the
structure, the accuracy of this method was still unknown. If this method is not accurate at
all, we should just discard it and use one of the more complex models. To find out, we
use the finite element analysis method for comparison. One of the common commercial
software packages is called MEMCAD by Coventor, Inc.. Fig. 3.8 defines the model we
built for this simulation. The central plate is simulated using a zigzag shaped square as
shown and the boundary condition of the structure, which is the fix-ended post, can also
be simulated using the “fixedAll” condition and four support studs shown in the figure.
The width of the central square is four times of the width of the

Fig. 3.18: The calculated result of the finite element analysis software (MEMCAD 4.8) and the
modified area moment method.
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supporting leg. The central plate composes 15 % of the x axis direction length. The final
calculation can be seen in Fig. 3.18. As we can see here, the results of these two methods
are very close to each other, which proves the accuracy of our modified area moment
method for application as the input for an optical designs.

3.6 SUMMARY
In this chapter, we developed a mechanical model and used it to analyze our
device structure, especially the top membrane structure. The purpose of the mechanical
modeling is to evaluate the internal stress of the designed layout and also predict the
deflection profile of the supporting legs and the top membrane structure. If reduction of
tuning voltages is a major concern during the device design, we believe that the top DBR
layers have to cover exactly the same area with the base GaAs plate to reduce the internal
stress. However, this design also introduces extra stress at the junction of the central plate
structure and supporting legs that our model does not cover. The other design, in which
the DBR does not cover the whole base plate, actually provides a transition from the
beam to the plate structure. This transition might be helpful to release some stress in the
structure. More experiment results will be demonstrated in the later chapter to illustrate
which effect dominates. Also the area moment method can provide a quick and accurate
way to calculate the deflection profile. The method we adapt indicates that the thicker
central membrane with perfect alignment to the GaAs base plate will give the lowest
internal stress and minimum deformation in the central region. The information we gather
from this mechanical analysis can be fed back to the optical diffraction loss calculation in
the next chapter.
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Chapter 4. Optical analysis of tunable
optoelectronic devices
4.1 INTRODUCTION
The surface micromachined tunable optoelectronic devices is a wavelength
sensitive element which can distinguish between the signals of different wavelength
under various actuation conditions. With a movable membrane in the device, these
devices can change their cavity length or the light path in the device. The movable
membrane significantly increases design varieties, but it also increases the complexity of
analysis. In the past, when optoelectronic devices were not wavelength sensitive, the
active material such as quantum wells, determined the optical properties of the devices.
With WDM requirements to accommodate more channels in the same optical fiber
bandwidth to increase the data transmission traffic, wavelength selectivity of the devices
has become a critical parameter. This means the linewidth of these WDM devices has to
be narrow enough. In the ITU grid, the channel is 50 GHz (0.4 nm) apart in the 1.55 _m
communication band. The design of suitable devices with the required linewidth is thus
an important job.
In traditional waveguide devices, the only reflecting surface is the semiconductor
and air interface and this is very easy to model. As we increase the cavity finesse, inplane waveguide devices have evolved into distributed Bragg reflector style, in which a
periodic refractive index variation is introduced by etching and re-growing the devices
[26]. These grating structures are more complex to analyze and people have used coupled
mode theory to solve this problem. With the development of the new materials growth
technology, new concepts for optoelectronic devices have evolved. Vertical cavity
devices first appeared in the 1980’s [27], and they provided a different way of fabricating
devices. Instead of having the light path in the plane of the devices, the vertical cavity
devices have light oscillating perpendicular to the surface of the devices. Thus the
multiple epitaxial layers that compose these devices lying directly in the light path.
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Fig. 4.1: A general scattering network with input ports, ai, and output ports bi.

The natural vertical structure makes these devices far easier for two dimensional
integration and the optical mode shape is almost a perfect Gaussian while the in-plane
waveguide devices always have an elliptical beam shape. These advantages make vertical
devices very promising for the future WDM systems. The mirrors in these devices also
rely on distributed Bragg reflectors, however, the refractive index difference between
layers are usually large, such that scattering matrix theory can be utilized to calculate the
exact reflectivity.
When micromachined tunable devices were invented, another issue arose for the
optical modeling of the devices: the effect of mechanical parts. The tilting and
deformation caused by mechanically movable parts are usually small but the diffraction
effect of these structure was not fully understood and analyzed.
Our purpose in this chapter is to start with the scattering matrix theory, which is
basically a one-dimensional model to solve the general resonant properties of multiple
layers of the vertical cavity devices, and then apply a two-dimensional model, the Fox-Li
method, to calculate the field distribution of the cavity due to limited size of the mirrors.
The two-dimensional model also provides the information to calculate the diffraction loss
of the deformed surface of the top mirror when we apply second order perturbation
theory. Finally the experimental results will be compared to evaluate the relative
influence caused by this deformation.
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4.2 PLANE WAVE MODELING OF MULTIPLE LAYER STRUCTURE
To evaluate the reflectivity of the multiple semiconductor or dielectric layers, one
has to work with general scattering theory. In this theory, the multiple layer structure of
the device can be mapped to a scattering network illustrated in Fig. 4.1. The input and
output of this network can be treated as the incoming light and reflected light
components. So from analyzing this network, one can calculate the reflectivity or
transmission of the device structure. In a generic network with various input and output
ports, the output results are always the linear combination of the inputs [26]:
bi = ∑ S ij a j

(4-1)

j

where the Sij are called the scattering coefficients, aj and bi are the inputs and outputs of
the network. So if we have a system with incident and reflected light, we have a two port
system which can be described by a scattering matrix as follows:
 b1   S11
b  =  S
 2   21

S12   a1 
S 22  a 2 

(4-2)

If this matrix represents the interface between two dielectrics with refractive
indices n1 and n2, the physical meaning of these matrix elements is easy to understand.
They represent the reflectivity and transmission from port 1 to port 2 and vice versa. The
exact expression can be found as:

S11 =

S 22 =

b1
a1

a2 = 0

b2
a2

a1 = 0

= −r1 =

n1 − n2
n1 + n2

(4-3)

= r2

(4-4)

S12 = S 21 = t = 1 − r12

(4-5)
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Fig. 4.2: Two scattering networks cascade to each other.

Another notation used to express this scattering network is the transmission
matrix, in which the input and output from one given port are represented by the
complementary output and input at other ports. The transmission matrix can be related to
scattering matrix since they are the different formulation of the same system:
a1  T11 T12  a 2 
b  = T
 
 1   21 T22  b2 

(4-6)

Obviously, the transmission matrix can be obtained directly from the scattering
matrix as follows:

1
,
S 21
S
T21 = 11 ,
S 21
T11 =

S 22
,
S 21
S S − S12 S 21
T22 = − 11 22
S 21

T12 = −

(4-7)

While the scattering matrix components represent the reflectivity and
transmission ratio directly, the advantage of the transmission matrix notation is that we
can treat every layer individually and then cascade all the transmission matrices together
to obtain the final matrix for the system. For example, in the two networks which share
one port, as shown in Fig. 4.2, the total matrix of this system can be realized by :
a1  T11 T12  T / 11 T / 12  a ' 2 
 b  = T
 /

/ 
 1   21 T22  T 21 T 22  b' 2 

(4-8)
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Once we adapt the scattering matrix concept, every interface and interior of the
epitaxial layers of optoelectronic devices can be treated as one individual transmission
matrix. To generalize all the situations that we usually meet in optoelectronic devices,
several conditions are summarized below [26]: (The illustration is shown in Fig. 4.3.)
(a) interface between two layers: This is a classical case and the transmission
matrix is like:

1
t12

1
r
 12

r12  2
, r12 + t122 = 1 , where r12 and t12 are the interfacial
1 

reflectivity and transmission, respectively.
(b) inside the individual layer: When the wave propagates inside the medium,
there will be a phase variation along the traveling path, and this change can be

e j
expressed by a transmission matrix: 
0

0 
,
e 
−j

=

2

L , where ϕ is the

extra phase added onto the optical waves after traveling distance L.
(c) two layers of materials with a traveling distance L: The combination of the
above two situations. The reference plane is set to be L from the actual
interface between the two materials. The transmission matrix is:
1
t12

 ej

j
r12 e

r12 e − j  2 2
, r12 + t12 = 1
e− j 

(4-9)

With these three cases built, the reflectivity of a Fabry-Perot etalon can be
implemented. Using the scattering networks concept, three matrices can be written: two
at the interface, and one inside the etalon. The reflectivity and transmission at the two
interfaces can be denoted by r1, and r2, t1 and t2, respectively. The resulting scattering
matrix components will become [26]:

S11 = −r1 +

S 21

t12 r2 e −2 j L
1 − r1 r2 e − 2 j L

t1 t 2 e − j L
=
1 − r1 r2 e − 2 j

L

(4-10)

= S12

(4-11)
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Fig. 4.3: Basic cases in the general multiple layers of optoelectronic devices. (a): interface
between two materials. (b) transmission line in one material (c) combination of (a) and (b). (d) a
Fabry-Perot etalon.

S 22 = −r2 +

t 22 r1e −2 j L
1 − r1 r2 e − 2 j L

(4-12)

Fig. 4.4 shows the absolute value of reflection and transmssion coefficients (S11
and S12, respectively) when the two sides of the etalon have the same material and there
is no loss in the cavity. In this case, r1= r2 and t1= t2 and S11 + S12
2

2

= 1 . The maximum

peak in the reflection or valley in the transmission occurs at the axial resonances or
modes of the cavity where the phase variation, 2_L, equals even integral number of π. It
is also clear from the plot that the reflection and transmission plots demonstrate sharper
transition when the facet reflectivity r1 and r2 becomes larger.

4.3 APPLICATION OF SCATTERING MATRIX TO MULTIPLE
SEMICONDUCTOR LAYERS
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Fig.4.4: The reflection and transmission coefficient S11 and S12 versus phase variation. Different families
of the curves corresponds to r=0.3, 0.5, 0.9, respectively.

The advance in materials growth technology has enabled the realization of nearly
perfect multiple semiconductor layers in devices. To simulate the optical properties of
these structures, we have to rely on the scattering matrices developed in the previous
section. Here we are going to apply this theory to the real case and demonstrate a series
spectral simulation of tunable optoelectronic devices.
One of the most important structures in modern optoelectronic devices is the
distributed Bragg reflector (DBR). DBRs have been applied in vertical cavity devices to
enhance the cavity finesse. The high reflectivity formed by multiple pairs makes it a very
suitable candidate for laser mirrors. In vertical cavity surface emitting lasers (VCSELs)
(for example, [28]), or resonant cavity enhanced (RCE) photodetectors [29], the DBRs
greatly increase device performance by containing the optical field in the cavity due to its
high reflectivity.
A single DBR pair consists of one high refractive index material and one low
refractive index material. The thickness of these two layers is each one-quarter
wavelength long. When the light propagating in the media is exactly at this dedicated
wavelength, it is called the Bragg condition. Applying the scattering matrix to this
structure by replicating m times, we can find the analytical solution for reflectivity at the
Bragg condition [26]:
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1 − (n1 / n2 ) 2 m
rg =
1 + (n1 / n2 ) 2 m

(4-13)

To calculate the result for propagating waves whose wavelength is away from the
Bragg condition, we have to express the whole matrix in a more general way [26]. If we
denote the transmission matrix for one DBR pair as T, and the total transmission matrix

[ ]

m
of the whole structure as Tg , we have the following relationship: Tg = [T ] . Since the

simple transmission matrix, T, can be easily solved, the composite matrix Tg can be be
related to the T components as [26]:

Tg11 =

sinh m
sinh m cosh − cosh m sinh
T11 −
sinh
sinh

(4-14)

Tg12 =

sinh m
T12
sinh

(4-15)

Tg 21
Tg11

=

T21 T11
sinh( m − 1)
1−
T11 sinh m

(4-16)
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Fig. 4.5: The measured and simulated spectrum of a 10 pairs AlAs/GaAs
DBR. The results have been normalized.
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Fig. 4.6: The simulated spectral response of a tunable filter with a 5 pairs Al2O3/GaAs DBR.

where _ is the discrete propagation constant relating the electric field vector at one plane
to the field vector at the next. The exponent of the discrete propagation constant can be
treated as the eigenvalue of this DBR structure.
Fig. 4.5 shows the implementation of this scattering matrix and the measured
reflectivity of an AlGaAs/GaAs epitaxial growth. Usually the epitaxial growth rate
fluctuates due to the recess of the material surface or the depletion of the material in the
growth system. So the final resultant epilayer thickness is different from the originally
designed value. In this case (in Fig. 4.5), the layer thickness is averagely increased by 5%
to the original value. After taking this into account, we can calculate the corresponding
DBR reflectivity spectrum. As we can observe here, the peak and valley are fitted very
well. The abnormal decrease of the measured spectrum in the long wavelength region is
an experimental artifact due to the drop of efficiency in the optical grating of the
spectrometer and quantum efficiency of the silicon detector.
In a generic vertical cavity device, the thickness of each layer is not just onequarter wavelength. Many other layers are added in the device because of different
reasons, such as the resonant cavity layer or the current spreading layer. The optical
simulation still follows the same steps described above, but without the analytical
solution of reflectivity of the structure. With semiconductor DBR mirrors present in a
device structure, careful design of the cavity length is required such that one can achieve
the resonant cavity mode in the “stop” or highly reflecting band of DBR reflectors. In
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VCSELs or RCE devices, there will be quatum wells inside the cavity and this resonant
mode has to match the quantum well absorption peak to achieve high efficiency in light
detection or lasing condition. In the surface micromachined tunable filter, we have an air
gap which we can vary during the simulation to see where the resonant mode will sit
corresponding to different air gap thicknesses. This will provide a very good estimation
for the operating range of any specific device design. Fig. 4.6 demonstrates the simulated
reflectivity of the filter which possesses a 5 pairs Al2O3/GaAs top mirror and 4 pairs
Al2O3/GaAs bottom mirror.

4.4 REFRACTIVE INDEX MODEL OF ALXGA1-XAS SYSTEM
To simulate the reflectivity of the multiple semiconductor layers successfully,
there is one more parameter to understand, the exact refractive index of different
composition alloys in this materials system. Among all possible semiconductor
combinations, the refractive index of the AlxGa1-xAs system is most important for our
applications. The GaAs/AlGaAs materials system has very little lattice constant
mismatch, so these two materials can be grown with any combination of composition and
thicknesses. Also the high/low refractive index contrast is very large compared to the InP
based system. AlGaAs with very high Al content (> 90%) can be oxidized under H2O/N2
mixture to form Al2O3. The oxidized layer can provide even higher refractive index
contrast. These properties make the GaAs/AlGaAs material system a very promising
candidate for integrated distributed Bragg reflectors.
There has been considerable research measuring and calculating the refractive index of
the GaAs/AlGaAs system[30-32]. The most popular method uses the Kramers-Kronig
relationship to calculate the near band edge index from absorption data. From the
Kramers-Kronig relationship, we can derive the refractive index from the dielectric
constant of the material. When sufficiently far away from the narrow absorption band,
Stern pointed out that the real part of dielectric susceptibility is related to photonic energy
differences [33]. Since the refractive index, n, is related to dielectric constant by n2 =
ε(E)/ε0, the n below the band gap of the semiconductor can then be represented easily by
[32]:
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Fig. 4.7: Refractive index dispersion obtained from Gehrsitz et al. [32]. The solid line is the fitting
curve from the theory.

n 2 ( x) = A( x) + C 0 ( x) /( E 02 ( x) − E 2 ) + C1 ( x) /( E12 ( x) − E 2 ) + R( x)

(4-17)

R( x) = (1 − x) × C 2 /( E 22 ( x) − E 2 ) + x × C 3 /( E32 ( x) − E 2 )

(4-18)

where A, Ci, Ei are determined empirically from the data. Ci is related to the oscillator
strength, Ei is related to the absorption energy band of the material. Fig. 4.7 shows the
illustration from S. Gehrsitz’s paper [32] demonstrating very good agreement using this
semi-empirical model with measured results.

4.5 THE TWO-DIMENSIONAL CAVITY ANALYSIS
Unless the top mirror is fabricated as a dome shape to collect the light, due to the
deformation of the top surfaces, the lightwave is more easily deflected out of the cavity
than the ideal cavity, in which the two mirrors are flat. The calculation from the previous
chapter can provide a reliable estimation of the surface profile. This bent surface will
serve as an input for the optical calculation in this section. We would like to know the
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effect of this deformation on additional diffraction loss. In the previous sections, we
introduced the scattering matrix theory that can be used to calculate the resonant mode.
However, this theory can not be applied to analyze the diffraction loss of the cavity
because it assumes the lateral size of the layers to be infinite. The Fox-Li model is used
for field distribution calculations. However, to apply this to vertical cavity devices, the
Vainhstein waveguide method has to be introduced [34]. We start with a normal cavity
with orthogonal eigenvalues and eigenfunctions, we then calculate the walk-off situation
using second order perturbation theory of an ideal cavity. Finally a comparison between
the experimental and theoretical results will be shown.

4.5.1 Optical Field Distribution – The Fox-Li Model
In modern optoelectronic device design, a cavity formed by confinement of two
mirrors is the most common one. This type of device, often called a Fabry-Perot cavity
device, comprise most of the optoelectronic devices today, including VCSEL, RCE,
distributed Bragg grating devices, etc. In these devices, the optical waves leave one of the
two mirrors, travel through the cavity medium, either get absorbed or amplified or
scattered and then reach the second mirror. This circulating feature helps to build up the
field intensity inside the cavity and enhances the device performance. When these two
mirrors are infinitely large, the cavity mode, which is the stable condition for that
wavelength of light to exist in the cavity, is very easy to calculate as we showed in the
previous scattering matrix section. With two mirrors of limited sizes, Fox and Li [35]
showed that a stable optical mode can still exist between them with additional diffraction
loss out of the cavity. Their model uses a plane wave going through hundreds of round
trips between these two mirrors. At the end of the calculation, the resulting wavefront
changes very little from one reflection to the other. This has been widely accepted as a
viable solution for real world cavity design [35].
To simplify our problem, we start with a one-dimensional plane mirror. This
mirror is infinite in one direction and finite in width in the other direction. As shown in
Fig. 4.8(a), from a side view in the y direction, we have a finite cavity formed by these
two mirrors. When light hits the second plane mirror, it will get absorbed, diffracted,

53

reflected or transmitted. Since there’s no other structure which will reflect the scattered
light back into the cavity, it is reasonable to assume that we have a periodic aperture as
shown in Fig. 4.8(b) where the screen is completely absorbing. The lightwave travels
through this periodic aperture system and every time it passes through one aperture it is
like hitting on one plane mirror in the real cavity. The transmitted lightwave will follow
Huygen’s principle in the scalar term. The electromagnetic field at one of the apertures
can be represented by an integral of the field at the previous one. The Fresnel field, up,
due to the field in the previous aperture, A, is given by the formula [35]:

Ψp =

jk
4

∫

A

Ψa

e − jkR
(1 + cos )dS
R

(4-19)

where _a is the aperture field, k is the wave vector, R is the distance from the previous
aperture to the next aperture, and θ is the angle which R makes with the unit normal to
the aperture.
With every trip, the phase and amplitude of the wavefront are adjusted by the
boundary conditions, which are determined by each mirror surface. The wavefront
approaches a steady-state shape after a number of round-trips, after which it varies only
slightly. When this stage is reached, we call it an optical mode of this cavity. At this
point, it is conceivable that the field distribution from one reflection to the next is pretty
much the same except for a complex constant, which will be the eigenvalue of this mode
in the cavity. In terms of mathematics, the relationship between the qth reflection and
(q+n)th reflection after reaching steady state will look like:
Ψq + n =

n

Ψq

(4-20)

If we substitute eq. (4-20) into eq. (4-19) , the final result of the integration equation will
be:
a

m

Ψm ( x' ) = ∫ K ( x' , x)Ψm ( x)dx

(4-21)

−a
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Fig. 4.8: Illustration of basic conception of the Fox-Li model: (a) two semi-infinite plane mirrors
with width a form a one-dimensional cavity. (b) the resonating phenomenon can be depicted as a
series of optical apertures lining up with optical waves propagating through each aperture
following the Huygen’s principle.
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Fig. 4.9: Optical field distribution using Fox-Li’s model for calculation.

where the m indicates the mth mode of the cavity. The K(x’,x) term is the combination of
phase and radiation formula in the eq. (4-19). Fig. 4.9 shows the Fox-Li calculations for a
deformable membrane with 0.01λ maximum displacement from the perfectly-aligned
case as well as the tilt mirror case for comparison. The size of the mirror is 20λ×20λ, and
the cavity length is 100λ. The plot clearly demonstrates that the introduction of
symmetric deformation does not shift the mode position, while tilting the mirror causes
such a shift.

4.5.2 Modes in an open resonator with high Fresnel number
Fox & Li's method is powerful when used for low Fresnel numbers, N, defined as
(half of the mirror width)2/(λ×Lcav), typically less than 20 [36]. For vertical cavity
devices, the Fresnel number can be as high as 100 because of the inherent short cavity.
Under this condition, Fox & Li's method has to be modified using a complicated
Kirchhoff integration (or near-zone field integration), but beating between the two lowest
modes makes the iteration procedure inefficient [35]. A simpler method for large N is to
use the asymptotic behavior of a waveguide to derive the eigenfunctions or eigenvalues
of open resonators[34;37]. The theory is based on the fact that existing modes behave like
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guided waves with frequency slightly higher than the critical frequency. Such waves do
not leak at the open end of the resonator. On the contrary, most of the energy is reflected
back into the waveguide. The resultant eigenfunctions and eigenvalues for a semi-infinite
plane mirror set with width, a, can be formulated as [34]:

cos( 2a[1 +
Ψm ( x ) = 
sin(

2a[1 +
m

= exp(

m x
)
(1 + i ) / M ]
m x
)
(1 + i ) / M ]

i 2m2
)
2[ M + (1 + i )]2

m = 1,3,5, L (even)

(4-22)

m = 2,4,6, L (odd )
m = 1,2,3,4,5, L

(4-23)

where β=0.824 is a constant, M= 8 N and N is the Fresnel number. The normal
diffraction loss of the plane mirror cavity will be 1 −

2
m

, which decreases exponentially

with decreasing cavity length.
When the mirror is of finite dimension, the eigenfunctions and eigenvalues of this
cavity are simply products in the following form [34]:
Ψmn ( x, y ) = Ψmx ( x)Ψny ( y )
mn

=

mx

(4-24)
(4-25)

ny

where Ψmx , Ψmy , and γmx , γmy are in the same forms shown in the previous semi-infinite
case.

4.5.3 Optical Diffraction Loss from Second Order Perturbation Theory
Once the eigenfunctions and the eigenvalues are known, the extra diffraction loss
can be calculated. The eigenvalue of the specific mode, m, is the ratio between the
successive reflection waves, so |_m|2 is the difference of these two reflections. The power
loss caused by this reflection will then become 1-|_m|2. When there is a small
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imperfection in the mirror alignment or mirror surface, the diffraction loss can also be
calculated based
Φ1(x)

Φ2(x)

z

O

Mirror 1

Mirror 2

Fig. 4.10: The perturbed Fabry-Perot resonator with phase variation

on the ideal mirror eigenvalues. The modification caused by this deformation can be
estimated by second-order perturbation theory [26;38-40]. We assume a semi-infinite
mirror in one direction and further assume that the deformation is small enough (as
shown in Fig. 4.10, two mirrors are tilted at in some small angles, Φ1, Φ2, respectively. )
such that the integral equation in Fox & Li can be rewritten as [38]:

a

m

Ψm ( x) = exp[i (Φ 1 ( x) + Φ 2 ( x))] ∫ K ( x, x' )Ψm ( x)dx'

(4-26)

−a

where γ m is the new eigenvalue, Ψm is the eigenfunction , Φ1(x) and Φ2(x) are the phase
change due to mirror deformation and K is the integral kernel. In general, Φ1,2(x) can be
expressed as (wave vector)×(deformed surface profile). Since Φ(x) is very small, the
integral equation can be linearized by taking a Taylor’s series expansion of Φ(x),
eigenvalues γm, and eigenfunctions Ψm.
(Φ 1 + Φ 2 )
L
4
( 2)
+ Ψm L
2

exp(i 2Φ ) = 1 + i (Φ 1 + Φ 2 ) −
Ψm = Ψm
m

=

(0)

(0)
m

+ Ψm

+

(1)
m

(1)

+

( 2)
m

L
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(4-27)
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Fig. 4.11: Single pass power loss versus applied tuning voltage. The loss is increasing towards the
larger bending.

If we substitute the terms in the original integral equation (eq. (4-26)) with
equation (4-27) and then multiply a different mode, Ψn, to both sides of this equation, the
integration on both sides will eliminate some terms due to the orthogonality between the
modes of the cavity. In our case, one of the mirrors can be treated as flat because it is the
substrate bottom mirror, while the deformable mirror is the movable top mirror. Φ1 will
become the wave vector times surface profile of the top mirror, while Φ2 will be zero.
Using the expression we developed previously and applying general second-order
perturbation theory, the relationships among the zero-, first- and second- order
corrections of the eigenvectors can be found as [39]:

(1)
m

( 2)
m

=i
=

(0)
m

(0)
m

Ψm Φ Ψm

 Ψm Φ Ψm

2


2

(4-28)
n

− Ψm Φ 2 Ψm + ∑

m≠ n

Ψm Φ Ψn
1−

(0)
m

/

2
(0)

n





where Φ is the non-zero Φ1 we mentioned above and the brackets represent the
symmetric operator similar to the Hermitian operator in quantum mechanics.
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(4-29)

The single-pass total power loss is then 1 −

2
m

. With the deformation profile of

the top membrane solved in the previous chapter (Fig. 3.14), we can input it into the
second order perturbation model to calculate the diffraction loss under different tuning
bias. Fig. 4.11 shows the power loss per transit versus Fresnel number, N, under different
bias. We can clearly observe that higher tuning voltage causes more bulging of the loss
curve and when the applied tuning voltage is too large, the curve will diverge because of
the failure of second order perturbation from the large displacement of Φ. For the twodimensional case, the eigenfunction can be treated as two independent cosine functions in
x and y, respectively. The eigenvalues will then become the multiplication of γmx and γmy,
as described in the previous section. In our devices, because the plate is square, for the
lowest order mode, γ0x = γ0y = γ0. So the final power loss will be 1 −

2

2
0x

0y

= 1−

4
0

.

4.6 COMPARISON WITH EXPERIMENTAL RESULTS
The single transit power loss we calculated is not an easily measurable physical
quantity and we have to find a method to quantify it. One way is to measure the linewidth
broadening of passive devices. The linewidth of passive optoelectronic devices is usually
determined by the finesse of the cavity, in which the loss of the cavity plays an important
role. The deformation of the top mirror introduces extra diffraction loss in the cavity.
Once we have information about the deformation of the membrane, the optical diffraction
loss can be calculated from equation (4-26) and (4-27). This power loss is attributed to
the air gap between the top and bottom mirrors and will presumably broaden the
linewidth of spectral responses. In our resonant enhanced structure, the linewidth is
calculated as [29]:

∆

1/ 2

=

2

1 − R1 R2 × (mirror loss )

2 × n × Lcav ( R1 R2 )1 / 4 (mirror loss )1 / 2

(4-30)

where λ is the wavelength of the resonant cavity, n is the refractive index of the cavity
(which is 1 in this case.), Lcav is the effective length of the cavity, and R1, R2 are the top
and bottom reflectance, respectively. The mirror loss is the value calculated from second
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Fig. 4.12: Comparison between the theoretical calculation and experimental results of linewidth
broadening of tunable phototransistors.

order perturbation theory. Eq. (4-30) is just an estimation of the extra diffraction loss
caused by the deformation of the top mirror. Other sources of broadening, such as free
carrier absorption are not included.
Fig. 4.12 shows the calculated result with and without deformation loss. As the
plot shows, the diffraction loss caused by deformation of the central plate is limited but
not negligible (about 3%). In our devices, the linewidth of the spectral response does not
suffer from deformation, while the results from other group [4], had significant
broadening (four times) in the spectral response due to a larger membrane deformation.
The discrepancy between experiments [41] and calculation indicates that other factors,
such as growth errors and free carrier absorption due to high doping might also play
important roles in reducing the cavity finesse.

4.7 SUMMARY
We reviewed the transmission matrix theory for the calculation of the resonant
wavelength of multiple layers of semiconductor at the beginning of this chapter. This
method can not estimate the diffraction loss caused by the finite size of actual devices. To
calculate this, the Fox-Li model is a very useful algorithm to evaluate the transverse field
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and diffraction loss of the Fabry-Perot cavity. However, the nature of high Frenel
numbers of the vertical cavity devices force us to use second order perturbation theory
because of the inefficiency of the Fox-Li method in this realm. This method, combined
with the linewidth calculation, can predict the theoretical broadening caused purely by
the top membrane deformation. From a comparison between the experimental and
theoretical results, it is clear that the deformation in our devices is small, but not
negligible and other factors play important roles. The effects and controllability of these
factors, such as growth error and dopant absorption, will be discussed in the next chapter.
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Chapter 5 Material growth and fabrication of
tunable optoelectronic devices
5.1 INTRODUCTION
The previous chapters dealt with the theoretical part of the device design. We now
have to fabricate these devices. This chapter will cover a basic introduction of the
material growth, device fabrication processes. Measurements of the mechanical and
optical properties of the wavelength tunable optoelectronic devices will be discussed in
the next chapter.
The materials growth of the device is very crucial to the whole procedure for
tunable devices, although these procedures are pretty much well-known in today’s
technology. Different growing technology can affect the performance of the devices
greatly. The quality of the multiple layers of semiconductor has to be controlled. The
smoothness and sharpness of the interfaces will affect the reflectance of the mirror pairs
and the cavity length. With the introduction of vertical cavity devices, the thickness of
each layer becomes far more important. Different methods have been proposed to
monitor or control the growth rate. The source materials that are used during growth also
play important roles. Various problems associated with the crystal growth will be
discussed in this chapter.
After the growth, the whole wafer will be processed using various chemical or ion
plasma ion etches with proper photoresist masking layers. These processes will define the
geometry and layout of the targeted structures. Also some thin film and metal depositions
are necessary to provide suitable built-in stress and electrical contacts. Although most of
the procedures are standard, the integration of them is a tedious task and there are
significant challenges to increase the yield of such devices in a the real production line
environment.

5.2 MATERIAL GROWTH
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Fig. 5.1: Schematic Diagram of a MBE system.

During the last half of the century, a number of materials growth technologies
have been invented and commercialized. Every time a new materials growth technique
has been deployed, device innovation and fabrication advances to another higher level.
As device structures have become ever more and more elaborate, the growth techniques
face ever greater challenges. The invention of quantum well structures pushed the
materials growth technologies toward their ultimate limits where layer thickness is
reduced down to the atomic scale with atomic scale interface abruptness and smoothness
with similar requirements for surface morphology. Two main technologies have arisen
for this latest task: molecular beam epitaxy (MBE) and metal organic chemical vapor
deposition (MOCVD). Between these two, we have chosen MBE technology because it
provides sharp atomic level interfaces and the source material of MBE is safer than that
of MOCVD’s.
Fig. 5.1 shows a generic MBE schematic diagram. The MBE system consists of
an ultra-high vacuum chamber (usually 10-10 to 10-11 torr), several furnaces, non-oil based
high vacuum pumps, a RHEED system, and system sample transferring mechanism. The
individual material sources are high purity elements (Ga, Al, In, As, etc.) contained by
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PBN crucibles in the furnaces which are attached to this chamber. When the source
temperature is elevated, the source materials evaporate as atomic or molecular beams to
reach the substrate in the center of the chamber. The ultra-high vacuum provides a long
mean free path for

incoming atoms

desorption
lattice incorporation

atoms nucleation

surface diffusion
Substrate

Fig. 5.2: Illustration of surface chemistry of the MBE growth

particles and this ensures the evaporated materials reach the substrate surface without any
collisions or chemical reactions. The temperature of the furnace determines the
evaporation rate of the material and thus the growth rate. The substrate temperature is set
such that the arriveing species have good surface mobility and find an appropriate lattice
site where surface chemical reactions occur between will happen when particles on the
surface (for example, As and Ga atoms combine to form GaAs). Fig 5. 2 illustrates the
surface processes that take place during the growth [42]:
(a)

adsorption of the constituent atoms or molecules impinging on the
substrate surface,

(b)

surface migration and dissociation of the adsorbed molecules,

(c)

incorporation of the constituent atoms into the crystal lattice of the
substrate or the epilayer already grown,

65

(d)

thermal desorption of the species not incorporated into the crystal
lattice.

When the substrate temperature is not in the correct range, surface segregation and threedimensional growth will occur. The shutters in front of the source furnaces and the
growth rate of the sources will control the layer structure thickness and composition. The
shutter controls whether the species appears in a particular layer. The growth rate controls
both the composition and the thickness of the layer. Usually there is an overpressure of
group V elements to control the relative populations of chemisorbed group III and V
precursors [43] and the growth rate of the layer is determined solely by group III material
arrival. If several group III species are present at the same time, the total growth rate of
the layer is the algebraic sum of each individual species because each has unity sticking
coefficient and there is virtually no interaction between them with an excess column V
flux. These can be interfaced to a computer through GPIB interface cards and the whole
growth can be programmed and controlled automatically. The source materials used in
our Varian Gen-II MBE system are Al, Ga, In and As. The dopant materials are Si for ntype and Be for p-type.
The substrate temperature influences all aspects of the epitaxial crystal growth
and quality, including the incorporation and redistribution of impurities, deep levels and
lattice defects [43]. These will in turn effect the electrical and optical properties of the
grown epitaxial layers. Dopant incorporation can also be a strong function of substrate
temperature, effecting re-evaporation, surface segregation, site incorporation and
precipitation of dopant atoms. In our MBE system, beryllium and silicon are used for ptype and n-type dopants, respectively. To have a high beryllium doping concentration, the
substrate temperature has to be lower (around 480 °C to 520 °C). Beryllium
concentration control can be quite precise in both low and high doping, unlike its carbon
counterpart. However, the redistribution of high concentration Be (> 5_10 19 cm –3)
means Be diffuses out of the original grown region. This has long been a serious problem
for heterojunction bipolar transistors [44]. The solution to prevent this from happening is
to either lower the substrate growth temperature or use high As4 overpressure to suppress
the out-diffusion problem [45]. Other methods also include introduction of In in the layer
[46] and growth on a GaAs wafer with different orientation like (311)A which can
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suppress this redistribution because of its larger surface step density [47]. Si is an
amphoteric dopant, which tends to occupy the gallium sublattice on a GaAs (100) surface
for a very wide range of growth conditions [43]. The highest achievable electron
concentration is around 7_1018 cm –3.
While the quality of the epitaxial layer effects both the optical and electrical
properties of the devices, another important factor is the thickness of each layer.
Thickness is particularly critical if there is any difference in lattice constant between
layer and substrate or where electronic states or optical modes are determined by layer
thickness. Our devices use distributed Bragg reflectors (DBRs) as the mirrors, hence the
thickness of each layer must be quite precisely a quarter lambda (0.25 λ) to achieve the
maximum reflectivity condition. Also the length of the resonant cavity is determined by
the thickness of the central cavity layer. Thus growth rate and its control are very
important issues to understand during MBE operation, which we explore next.

5.3 IN-SITU GROWTH CALIBRATION
Usually we can observe the output flux of the pre-heated material source with an
ion gauge in the substrate position to determine the growth rate. This method gives a
good estimate during short growth periods. However, when the growth is extended to ten
or twenty hours, the growth rate will drift away from the originally set value due to the
recession and the change in the shape of the source material surface on the PBN
crucibles. The first in-situ measurements and layer thickness corrections used optical
reflectivity and computation during a growth interruption [48]. Subsequently real-time
laser interferometry has been developed to monitor the growth of each epitaxial layer
through the periodic variation of the reflected laser signal[49;50]. However, this method
requires almost perfect alignment of the substrate holder to ensure normal incidence of
the laser beam, which means no wobbling during rotation, and no vibration of the system.
These two constraints make this method difficult for practical implementation. We utilize
the former way to monitor the grown structure by measuring the optical reflectivity as a
function of wavelength at various stages of the growth. Unfortunately this method
requires a break in the growth sequence and pulling the wafer out of the growth chamber
to make the measurement. This takes more time; however, the accuracy is high. The
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measured reflectivity can be matched by the transmission matrix calculation result
described in the previous chapter. Once we find the deviation in growth rate, suitable
adjustment is made to the growth rate settings and a new phase-matching layer is added
to adjust the resonant cavity mode to exactly the desired wavelength. The only concern
using this method is that during the reflectivity measurement, the surface of the wafer can
become oxidized if the measurement chamber is
1.1
1
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Fig. 5.3: The reflectivity of the multiple InGaAs quantum wells sample with GaAs barrier
and background. The dip around 970nm is from the absorption peak of the quantum wells.

Under ultra-high vacuum, particularly if an AlAs layer is exposed. We can easily solve
this problem because our measurement chamber reaches the same vacuum level as the
growth chamber. Also an additional oxide blow-off under As overpressure is provided at
the beginning of each stage to ensure the cleanness of the surface.
The multiple quantum well samples are calibrated using the strong exiton peak at
room temperature which is easily measured by our white light reflectance method. Fig.
5.3 shows the reflectivity of a multiple InGaAs quantum well sample with GaAs barriers.
The reflectance thus becomes that due to GaAs plus the absorption peak of the multiple
quantum wells. In the following growth we then use this peak as a standard to match the
cavity mode with the exiton peak of the quantum well. With this technique, we have
successfully demonstrated the surface micromachined VCSELs [17;51;52]
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Fig. 5.4 (a) to (c) shows the general outcomes of this method during a tunable
vertical cavity device growth. In Fig. 5.4 (a), a 10-pair of DBR is grown and measured.
The fitted line is calculated by the scattering matrix theory introduced in the previous
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Fig. 5.4: The in-situ reflectivity plots of the tunable devices: (a) after 10 pairs of DBR grown; (b)
after the main cavity grown; (c) fully finished wafer. The solid line is the calculation and dash line is
the measurement.

section. Fig. 5.4 (b) is after the second stage of growth where the rest of the bottom DBR
pairs, the central Fabry-Perot cavity plus the first two pairs of the top DBR have been
grown. Since the top structure is not yet totally grown, we can adjust the cavity mode at
this stage. Fig. 5.4 (c) shows the reflectivity of the completed device and as we can see,
the cavity mode and layer thickness can be quite precisely fitted to prediction. From
processing a number of wafers, we find that this thickness measurement and correction
procedure generally quite accurate.
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5.4 DEVICE FABRICATION
A simplified tunable device process flow is illustrated in Fig. 5.5. After growth,
the sample is wet-etched to expose the Al0.97Ga0.03As layers, which are then oxidized in
an ambient of H2O/N2 mixture at 440 oC for 18 minutes [53]. Only the central part of the
Al0.97Ga0.03As/GaAs layers are left for oxidation to reduce the thickness of the
supporting. legs. This approach, as first developed by F. Sugihwo[25], can efficiently
decrease the stiffness of the legs without affecting the reflectivity of the DBR stack.
Ti/Au is deposited and lifted off to form top p-type electrical contact pads. Several
thousand Angstroms of high tensile Si3N4 are deposited put down by plasma enhanced
chemical vapor deposition (PECVD). A RIE dry etch is used to define the membrane
pattern and expose the Al0.85Ga0.15As sacrificial layer. The bottom n-type contact is made
by evaporating Au/Ge/Au followed by rapid thermal annealing (RTA). Finally, the
sacrificial etch layer of thickness 9800 Å is removed in HCl/H2O solution to release the
membrane. Fig. 5.6 shows a SEM micrograph of the released devices. The air gap and the
shadow can be clearly observed. A more detailed list of all process steps and parameters
is described in Appendix A.

Si3N4
DBR
GaAs
AlGaAs

(a)

(b)

(c)

(d)

Fig. 5.5: Simplified process flow of the tunable devices: (a) pattern the central
membrane; (b) etch away the unwanted mirror material; (c) deposit the silicon
nitride and partially etch the sacrificial AlGaAs layer for electrical contacts; (d)
fully release of the membrane.
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(a)

(b)

Fig. 5.6: The SEM micrograph of the successfully released tunable memebrane: (a) the whole view of
the tunable structure with four supporting legs and the central membrane; (b) the close-up view of
the central membrane, the shadow underneath the membrane indicates the full release of the
process.
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Chapter 6 Surface Micromachined Wavelength
Tunable Optoelectronic Devices
6.1 INTRODUCTION
Surface micromachining technology has been available for more than 10 years. In
the past, research focused on the change of optical path length that the movable
component brought into the design. Various applications, like adaptive optics, antireflection switches, etc. utilized this powerful approach to change the phase of an
incoming lightwave by individual pixels to either correct the phase aberration[15] or
transmit/reflect the desirable wavelength of the signal[54]. With the emerging needs of
Internet data traffic, wavelength division multiplexing (WDM) became the best solution
to increase bandwidth without changing the existing optical fiber infrastructure.
Wavelength tunable optoelectronic devices based on surface micromachined technology
are becoming important elements for WDM communication systems because of their
wavelength agility and versatility. Several results have been reported, including
lasers[17;19;55;56], detectors[16;57;58], and filters[4-7;59]. These devices can be
categorized into 2 general structures: (a) four-leg style deformable membrane, and (b)
one-leg style cantilever. Although the cantilever approach provides lower actuation
voltage and easier fabrication processes than the four-leg structure, the cavity mode
performance, as we illustrate later in this chapter, is poorer than the membrane structure.
Our group has focused on the four-leg membrane style devices and the remainder of this
thesis describes our research efforts.
Most of the devices in the four-leg style design, as shown in Fig. 6.1, use a
dielectric material for the top DBR mirror because such dielectric materials like
SiO2/Si3N4 have a larger index of refraction and thus greater DBR bandwidth of the high
reflectivity region compared to semiconductor DBRs. However, the dielectric deposition
conditions are quite critical and sometimes difficult to predict. These layers play a critical
role because different dielectric materials and deposition conditions effect the
compressive/tensile stresses which have to be balanced in order to have enough tension
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Substrate structure

Air Gap

Tuning Contact

Fig. 6.1: A generic surface micromachined tunable structure.

during the release steps of the fabrication processes to prevent membrane collapse. These
all cause many practical problems for the dielectric DBR pairs. To overcome this, we
developed an Al2O3/GaAs DBR as a replacement[60]. Al2O3/GaAs has a very large
refractive index contrast while thickness control is comparably easy because it is
controlled by MBE deposition. The only dielectric needed in this design is the tensile
stressed silicon nitride. Since only a single tensily stressed layer is utilized in the
microstructure, the survival rate of the release step is greatly enhanced. In this chapter,
we discuss both dielectric mirrors and Al2O3/GaAs mirrors as they are important players
in the evolution of surface miromachined tunable devices. First the tunable devices
results based on the dielectric top DBR will be introduced. They will include the
parameter extraction techniques developed for tunable VCSELs, tunable photodiodes and
phototransistors. The second part of the chapter focuses on implementation of the
Al2O3/GaAs DBR to a tunable filter. Both mechanical and optical measurements will be
demonstrated. As we demonstrate, the Al2O3/GaAs DBR significantly improves both
device fabrication and performance.

6.2 DIELECTRIC TOP MIRROR TUNABLE DEVICES
All the top mirrors of the first generation tunable devices were made with
dielectric material plus conducting metal layers. These devices are very mature in turns of
the fabrication processes. In this section, we describe new measurement approaches to
characterize the device parameters of tunable devices. First, we used a tunable VCSEL
for extraction of some important semiconductor laser parameters. Second, we developed
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two tunable photodetection schemes: PIN diodes and phototransistors. The former has the
benefit of integration with VCSELs because of the duality of the PIN device. The
phototransistor can amplify the absorbed optical signal to increase the detection margin.
The results from experiments and theory will be compared. All these devices are well
understood such that they are ready for general device applications.

6.2.1 Tunable VCSEL and parameter extraction
As mentioned previously, there has been much research focused on tunable
VCSELs. The importance of this key device is that it provides an easier way to
implement system provisioning. It can also make the system more agile. Besides these
functions, wavelength tunable VCSELs can be used as an important device to measure
the internal parameters of the VCSEL itself, which is very difficult for fixed wavelength
VCSELs. The dependence of external quantum efficiency upon mirror loss is generally
used to extract the parameters of laser diodes. The expression used is:

ext

=

m
i
i

+

(6-1)
m

where _ext is the measured external quantum efficiency, _i is the internal quantum
efficiency, _i is the internal loss, and _m is the mirror loss. From a plot of 1/_ext vs. 1/ _m,
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Fig. 6.2: The threshold current and external quantum efficiency versus the tuning wavelength.

74

For edge emitting lasers, this method is readily straightforward using various
cavity lengths, L, made by cleaving the wafer stripes into different lengths. For Vertical
Cavity Surface Emitting Lasers (VCSELs), because the cavity length is predetermined
once the epitaxial layers are grown, implementation of this method is not straightforward.
Yang, et.al. [61] changed the reflectance of the top Distributed Bragg Reflector (DBR) by
systematically etching away mirror pairs and measuring the resulting change in _ ext.
Under the assumption that cavity length does not vary, a plot of equation (6-1) can be
made and the parameters can be extracted. This method is not only very time consuming,
but subject to differences between individual devices and errors of under or over etching
slightly in the removal of exactly 1 mirror pair in the DBR.
In this section, we describe a new method of extracting laser diode parameters
using a tunable VCSEL structure [51]. The advantage of this method is that we do not
need to fabricate different VCSELs. The parameters can be measured from the same laser
diode such that differences caused by growth nonuniformity can be eliminated. The
tunable VCSEL is similar to that shown in Fig. 6.1. When an electrostatic bias is applied
between the membrane and top semiconductor surface, the width of the air gap is
reduced, causing a change in the effective cavity length which shifts the lasing
wavelength [19]. The external quantum efficiency

12.2

12

1/ηext

11.8

11.6

11.4

11.2
0.1

0.105

0.11

0.115

0.12

0.125

0.13

0.135

1/α m
Fig. 6.3: Inverse of external quantum efficiency vs. inverse of mirror loss.
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can be measured and used for extraction of internal loss and internal quantum efficiency.
The device illustrating this process was grown using a Varian GEN-II MBE. The
hybrid dielectric top mirror consists of 1/4_ GaAs, stress-matched SiO2/Si3N4/SiO2
trilayer and 1500Å gold. The air gap thickness is slightly greater than 3/4_0 and the air
gap acts as part of the top mirror. This device is designed as the semiconductor-extended
cavity style [51]. The device tunes 25 nm, going from 976.64 nm to 951.68 nm. AlAs
oxidation is used to create an 18 _m current diameter aperture [53;62]. From the L-I
curve under different membrane bias, the extracted external quantum efficiency and
threshold current vs. lasing wavelength are plotted in Fig. 6.2. Because the air gap
thickness is 0.87 _0 at zero bias, the threshold current decreases until the gap reaches 0.75
_0, which corresponds to the peak resonance condition. Beyond this point, the threshold
current again rises. The external quantum efficiency has been corrected by the ratio
between the output power from the bottom mirror and the total output power as described
in [26]:
Pbot
1 − Rbot
=
Ptotal (1 − Rbot ) + (1 − Rtop ) Rbot Rtop

(6-2)

We neglect the last 2 data points in Fig. 6.2 because of the mode switching [51]. Fig. 6.3
shows the dependence between 1/_ext and 1/_m. From the intercept and slope of the data
in Fig. 6.3, the extracted internal loss _i is 2.36 cm-1, and the internal quantum efficiency
is 11%.
Knowing _i , the relationship between mirror loss and threshold current density
can be used to calculate the transparency current density, Jtr, and the average logarithmic
gain coefficient, g0, as shown in the following equations:[63]

g th = g 0 ln(

J th
)
n w J tr

ln( J th ) = ln(

i

n w J tr
i

)+

(6-3)
i

Γg 0

m

(6-4)
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Plotting ln(Jth) vs. _m /(__ _d), we can extract Jtr and g0 using curve fitting as
shown in Fig. 6.4. The result shows that Jtr = 41.22 A/cm2, and g0 = 2317.05 cm-1, which
are close to those values reported in [61].
From the results, we find that _i is very small compared to the 40-80 % values
reported for the best VCSELs. Such data provides insight into the device structure. We
believe this low efficiency is caused by the additional non-radiative leakage current
running through the four membrane posts supporting the tunable membrane. This
leakage current is caused by incomplete conversion of AlAs into Al-oxide. Further
experiments are underway to investigate the magnitude of this leakage.
To sum up, we have demonstrated a novel technique using a tunable VCSEL
structure to easily measure the important laser parameters. Good agreement is found with
literature values except for internal quantum efficiency. These measurements provide
information on the device structure, which in this case is a high leakage current due to
incomplete oxidation of the AlAs layer underneath the membrane posts.

6.2.2 Tunable PIN photodiode
Tunable photonic detection can be easily achieved by reverse-biasing the tunable
VCSEL. This turns the original VCSEL into a PIN photodiode. When the light penetrates
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Fig. 6.5: The photocurrent spectrum of tunable PIN diode under different
tuning bias.

into the cavity, the photons are absorbed by quantum wells in the device and this can
generate an electron - hole pair. This electron-hole pair is pulled apart by the reverse
electric field applied across the PIN junction and creates a photocurrent. The duality of
this device is very attractive for systems integration. With proper designs in devices and
driving circuits, one tunable unit can serve both the laser source and receiver nicely. The
plot in Fig. 6.5 shows the narrow linewidth electronic signal spectrum. The tuning range
is 28.5 nm (from 980 to 950 nm). In this device, the tuning range is limited mainly by the
coupled-cavity design of the tunable VCSEL. If a larger tuning range is required, a
different optical cavity design, such as an air-coupled cavity [19;64], has to be used, in
which case the detector won’t function as a laser to enable simple integration. However,
no matter how efficient the photodiode is, one photon can only generate one electron-hole
pair. If the input signal is weak, extra electronic amplification will then be necessary and
a heterojunction bipolar phototransistor may be a good candidate.
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6.2.3 Parameter extraction of phototransistor
Heterojunction bipolar phototransistors (HPT) have been widely investigated over
the past twenty years for varying photodetection applications[65]. Two-terminal HPTs
have demonstrated satisfactory performance in amplification and sensitivity, however,
compared to avalanche photodiodes (APDs), HPTs are not as good in terms of
sensitivity[66]. Also, the high speed performance of two-terminal HPTs varies according
to the input optical power intensity, which makes it less attractive for optical
communications. However, in the fields of optoelectronic integrated circuit (OEIC) [6769], biochip[70], sensing [71]and spectroscopy [72], HPTs still find a wide range of
application. With the incorporation of a resonant cavity, the functionality of HPTs can be
enhanced due to added wavelength selectivity [29]. In order to make HPTs more practical
for general detection use, the non-constant current-gain characteristic must be fully
understood and modeled. In this section, we formulate the optical gain and current
characteristics, which can then be adapted for various levels of illumination. Previously
Chand [73] did a similar analysis, which covers the higher illumination range very well.
On the other hand, the constant gain region observed under low illumination, which is an
important operating region for optical receivers, has not been addressed. There are
numerous experimental results under the low illumination, but without quantitative
formulation [74-76]. We have developed a model based on the floating-baseconfiguration and excellent agreement is obtained for both our devices and published
measurements referred above.
The current components of a Npn HPT are shown in Figure 6.6. Light is incident
from the collector side and is absorbed in the reverse-biased base-collector region. The
photo-generated electron-hole pairs are separated by the external electrical field inside
the base-collector region. Because of the floating base, the external base current, IB,
component is zero. We can then write down the following equations:

Ic=Inc+Igc
Ie=Ine+Ipe+Ire

(6-5)

Igc=Ipe+Ire+Ibr
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Fig. 6.6: Schematic diagram of a heterojunction phototransistor. The input photon and current
components are also depicted. The shaded region is the quantum well absorbing region.

where Ic is the collector current, Ie is the emitter current, and Igc is the photo-generated
current. Ire is the recombination current in the emitter-base depletion region, and Ibr is the
recombination current in the neutral base region. Ine and Ipe are the component electron
and hole currents in the emitter and base junction, respectively. For a heterojunction
device, we can write the ratio of Ine to Ipe:

Dn L p N d
I ne
= A=
I pe
D p Ln N a

 m*np m*pp

 m*nN m*pN







3/ 2

 E gN − E gp
× exp
kT



 >>1



(6-6)

Since the base is floating, the collector and emitter currents must be equal. Ibr is
negligible in modern narrow-base HPTs. Hence the generated photocurrent, Igc, will be
equal to (Ic+A×Ire) so that the optical gain of the HPT can be defined as the following:
Ic
I × ( A + 1) I e × ( A + 1) ( I ne + I pe + I re ) × ( A + 1)
= c
=
=
I gc I c + A × I re I e + A × I re
I ne + I pe + I re × ( A + 1)

(6-7)

In resonant cavity devices, the generated photocurrent, Igc can be related to the
incident power through the following: (assuming every absorbed photon generates one
electron-hole pair) [29]:
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Pabsorbed
Pincident =

=

1 − 2 R1 R2 e −

d

(1 + R2 e − d )
cos(2 L + 1 +

−2
2 ) + R1 R2 e

d

× (1 − R1 )(1 − e − d )

(6-8)

where R1, R2 are the reflectivity for top and bottom mirrors in the device, _ is the
absorption coefficient of the quantum wells, d is the total thickness of the quantum wells,
L is the cavity length, ϕ1 and ϕ2 are the phase added by top and bottom mirrors
respectively and β is the propagation constant. Using the quantum efficiency of the
device, η and the incident power intensity, we can derive the generated current from the
equation (6-9):
I gc = Resp × × Pincident

(6-9)

where the Resp is the responsivity at that wavelength.
Considering the thermionic emission and generation-recombination equations in
standard p-n junctions, one can postulate that Inp+Ine=If=If0( e qVBE
Ire=Ir0( e qVBE

nkT

kT

− 1 ) and

− 1 ) where n is the diode ideality factor in the emitter-base junction. The

factor n is nominally between 1 and 2 for homojunctions but can be larger than 2 in a
heterojunction [77]. Ir0 will be slightly dependent on VBE via depletion width modulation,
which can be taken into account if a term

Vbi − VBE is included where Vbi is the built-in

potential. Using this formula, one can immediately identify three regions of operation:
(a) when the illumination is low, VBE is small, qVBE << kT , thus expanding the
exponential gives:If ≈ If0× qVBE kT , and Ire ≈ Ir0 × qVBE nkT . Substituting these
two expressions into equation (6-7):
I r0
qV BE
qV BE
( I f + I re ) × ( A + 1) ( I f 0 kT + I r 0 nkT )( A + 1) ( I f 0 + n )(A + 1 )
Ic
=
≅
=
qV BE
qV BE
( A + 1)
I gc
I f + I re × ( A + 1)
If0 +
I r0
If0
+ ( A + 1) × I r 0
n
kT
nkT
(6-10)
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Equation (6-10) will have a constant value, independent of the magnitude of
collector current, Ic, flowing through the device in this low illumination regime.
(b) when illumination is in the intermediate regime, If > Ire , but If ≤ A×Ire, then
qVBE
1
1
( A + 1) I f
If0
(1− )
Ic
(1− )
kT
n
≅
≅
× (e
) ∝ Ic n
I gc
AI re
I r0

(6-11)

This is the general relationship observed most often in the literature [73].
(c) when illumination is high, such that If >> A×Ire, then
I c ( A + 1) I f
≅
= ( A + 1) = hFE + 1
I gc
If

(6-12)

Usually HPTs seldom operate in this region. Because Ipe will dominate the
current, the ratio of Ine to Ipe is actually the maximum current gain of the device. These
three operating regimes have been described qualitatively elsewhere[76]. With the above
formulation, we can fit the actual data and extract the diode ideality factor and If0, Ir0.[65].
A small signal model can be deduced directly from the AC current components in
equation (1). If the intensity of the incident light is modulated with a small AC variation,
the potential across the emitter-base junction will change correspondingly. If the small
signal components are denoted as lower case variables, we can write the following
expressions (the variation of Ir0 can be neglected to first order):

ic = I C ,total − I C ,DC = I f 0 (e
= I f 0e

qVBE
kT

(e

qvbe
kT

≅ (I f + I f 0 ) ×

− 1) + I r 0 e

q (VBE +vbe )
kT
qVBE
nkT

(e

−e

qvbe
nkT

qVBE
kT

) + I r 0 (e

q (VBE +vbe )
nkT

− 1)

qVBE

− e nkT )
(6-13)

qvbe
qv
+ ( I re + I r 0 ) × be
kT
nkT

Similarly,

igc = ( I f + I f 0 ) ×

qvbe
qv
+ ( I re + I r 0 ) × be × ( A + 1)
kT
nkT
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(6-14)
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Fig. 6.7: The collector current vs. VCE of a phototransistor.

Figure 6.7 shows typical I-V characteristics of our resonant cavity HPT devices with
various incident optical powers. The resonant cavity HPT was originally designed for
tunable devices. The detailed structure and fabrication can be found elsewhere[33]. The
solid line in Figure 6.8 shows the DC gain and the dashed line gives the AC gain fitted by
this model. The scattering of the data at lower collector currents is likely caused by a
larger measurement error for the weak signal since our laser source is not well power
stabilized. A second reason is because the dark current is of the same order of magnitude
as the photogenerated current. The values of If0 and Ir0 determined from this model are
3.0628 × 10-9 and 7.812 × 10-9 Amp, respectively. The diode ideality factor, n, is 2. The
lowest incident optical power the device can detect is 15 nW. Figure 6.9 shows the fit
using our model to data extracted from other paper[74;76] . Excellent agreement in fitting
similar data to devices fabricated by other groups and of different dimensions suggests
that our model is widely applicable to describe the current gain as a function of optical
power in HPTs.
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To sum up, we have developed a simple, yet powerful model for HPT devices.
This model can be used to evaluate the parameters, such as ideality factor, If0 and Ir0 in
phototransistors. The excellent agreement between our model and experimental results of
several groups demonstrates the accuracy and generality of our theory. This theory is
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Fig. 6.8: The measured and fitted AC and DC optical gain vs. JC plot.
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very helpful when we need to determine the operating point of the device and the
expected operating optical gain.

6.2.4 Tunable phototransistor
From the previous section, we see that the phototransistor can provide electronic
gain to the photodetection process. Although the gain is related to the input signal power,
this feature can be exploited for fabricating tunable devices. Since the optical field can be
smaller than a generic PIN diode, we can design this device possessing a cavity formed
by an air gap between the top structure and bottom substrate [58]. The resulting design is
as follows: the top mirror consists of _ _0 GaAs, 0.674 _0 Si3N4, and 1500Å gold. The
bottom mirror is 9.5 pairs of n-doped AlAs/GaAs DBR. The absorbing region is formed
by two 80Å In0.24Ga0.78As/GaAs quantum wells. The emitter-base junction is graded from
Al0.3Ga0.7As to GaAs. The graded region can distribute the bandgap change at the
junction between the conduction and the valence band edges and increase the difference
of the transportation between two carriers (electrons and holes) and lower the contact
resistance. The whole transistor is a N+-p+-n- type, and only two terminals, emitter and
collector require electrical contacts. The air gap is 10,500Å thick and the design of this
device is an air-coupled cavity configuration, where the air gap forms the main cavity and
the semiconductor layers are treated as DBR mirror pairs [19].
The mechanical design of the device is the same as the tunable VCSEL/PIN diode
mentioned before. With bias, an electric field builds up between top membrane and
substrate, the resonant cavity length can be reduced by pulling the top mirror towards the
bottom substrate. Photons are absorbed by the InGaAs quantum wells and the generated
electron-hole pairs are detected by current through the electrodes. The spectral response
is shown in Fig. 6.10. The tuning characteristics are shown in Fig. 6.11. The linewidth of
the device is generally very wide due to the extra absorption of free carriers and the low
finesse resonant cavity. The tuning range is 25.5 nm (from 926.5 nm to 952 nm). The
measured DC gain, _, is above 100 if the input power is high. The high-speed
performance of this tunable phototransistor is poor because of the large Base-Collector
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junction area. This can be alleviated by fabricating a base electrode or extra mesa etch of
the devices to increase the frequency modulation efficiency.

6.3 OXIDE TOP MIRROR TUNABLE DEVICES
Although the prior dielectric mirror pairs serve the tunable purpose fine, there is
still room for improvement. One of the problems in dielectric mirror fabrication is that
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Fig. 6.10: The tuning spectral response of photocurrent of tunable HPT.
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tunable HPT.

the deposition rate of PECVD system is relatively unpredictable. Thus matching the
quarter wavelength requirement is not an easy task. Another more detrimental factor for
the structure is that the silicon dioxide is compressive while the silicon nitride is tensile.
There are several ways to release the overhanging structure including chemical wet
etching, dry etching, or critical point drying (CPD). The dry release steps may produce a
better yield, but usually wet etching is the easiest one in terms of fabrication. Since we
need the supporting legs to survive the wet-etch releasing step, the structure has to be
under tensile-strain to overcome the pulling force from the surface tension of water. The
stress-matching between silicon dioxide and silicon nitride is not trivial because the
compressive stress of silicon dioxide can easily suppress the tensile stress of silicon
nitride if the PECVD conditions are poor. It is difficult to control the stiffness or even
release rate in the resulting structure. These difficulties bring the need for a
semiconductor top mirror approach in which it is easy to control the optical thickness and
stress because the layers are grown by MBE. The best candidate is using Al2O3/GaAs as
the DBR pairs where the Al2O3 is formed by wet oxidation of AlGaAs MBE grown
layers [53]. This combination provides a comparable refractive index contrast to the
dielectric material while the growth is monolithic and the volume shrinkage of the
AlGaAs from oxidation is predictable. In the following sections, we demonstrate a
tunable filter using the Al2O3/GaAs DBR pairs.

6.3.1 Wavelength tunable filter using Al2O3/GaAs DBR as top mirror
Wavelength tunable filters are very important components in DWDM systems.
Filters are used to separate different wavelength channels of signal and transmit them to
broadband photodetectors. With increasing data and communication traffic, more
channels are necessary to accommodate this need. The linewidth of each channel must
then be narrower due to the limited total available optical fiber bandwidth. The oxide /
semiconductor mirror approach provides a much higher reflectivity than the traditional
all-semiconductor DBR. In addition, the fabrication processes are less tedious than the
dielectric mirror stack approach.
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The ultimate design of the tunable filters is based upon the previous discussion of
mechanical response and optical diffraction loss. The flatter the central plate, the less the
optical diffraction loss. To make the central plate flat and also less stiff, the redundant
parts of DBR layers have to be etched away from the supporting legs. The resultant
design can be seen in Fig. 6.12. There are 23 pairs of AlAs/GaAs bottom DBR of

Al2O 3/GaAs Top DBR
Supporting Legs

AlAs/GaAs DBR
Tuning Contact
Contact
Tuning

Air Gap

Fig. 6.12: Schematic diagram of tunable filter with Al2O3/GaAs top mirror

thickness 801Å/670Å and 3 pairs of Al0.97Ga0.03As/GaAs of thickness 1756Å/670Å. The
top Al0.97Ga0.03As layers will later be oxidized to form the top oxide/semiconductor DBR
in this device. The air gap of the filter is 9800 Å long, and forms the main resonant
cavity. The device is designed to operate in the 950 nm range. After the device is finished
processing, mechanical and optical measurements are made to characterize the devices.
These measurements are discussed in the next two sections.

6.3.2 Mechanical Measurement
The mechanical measurements of these tunable structures concentrate on two aspects:
first, the surface profile of the top membrane under electrostatic actuation; second,
displacement of the top membrane versus applied voltage to identify the effective spring
constant. These measurements provide a comparison between different top structure
designs. The mechanical analysis of membrane deformation is first compared to
experimental results. Fig. 6.13(a) shows the surface profile extracted from Dehe, et al.
[23]. The membrane itself possesses a large central plate with short supporting legs.
Although this geometry might be expected to exceed the limitations of our approach, in
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fact, the curve is still fitted with reasonable accuracy. The second case comes from our
own devices [60]. This micromachined structure has thinner supporting legs and a thicker
center, due to the addition of a distributed Bragg reflector (DBR). Using the area moment
method described in section 3.5.4. The thickness of the beam can also be taken into
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measured using a Zygo NewView 5000 interferometer system. This interferometer
system measures the amplitude and phase of reflected white light from the device surface
and calculates the profile of the device based on this information. The vertical resolution
of the measurement is 0.1 nm while the lateral resolution is objective lens dependent, but
0.64 _m is the minimum. The measurable reflectivity of the surface is from 4% to 100%.
The whole station is vibration-isolated. Fig. 6.13(b) shows both the simulated curve and
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Fig. 6.15: The effect of different size of DBR: (a) the uniform thickness in everywhere of the
structure; (b) the central plate thicker than the leg due to DBR. The dimension of the supporting leg
is 120 m by 5 m.

measured data (the DBR thickness has been substracted). The theoretical calculation has
already taken into account the thickness of the DBR region. Note that the central part is
flat during actuation. We observe a near-perfect match between theory and experiment.
Next, we measure displacement versus applied voltage to find the effective spring
constant. Fig. 6.14 shows both the measured data and calculated result. The fit
demonstrates very good description of the system using one-dimensional Hooke’s law.
The spring constant is 14.881 N/m and the corresponding nitride stress is 250 MPa.
The top membrane design is also an important processing issue. From the previous
discussion, we believed that extra internal stress could result from two sources: one from
the junction between the plate and supporting legs, and the other from the pure bending
of the uncovered area of the base plate. If only considering from the plate theory, we
think the larger DBR covering the whole GaAs base plate provides less internal stress and
thus is a better choice. However, this theory can not rule out the possibility of having
extra internal stress from the junction of the structure with different thickness. From the
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experimental results, we can observe which factor dominates the existing structure. In
Fig. 6.15(a), the displacement versus tuning voltage of the two membranes with uniform
thickness demonstrates that the larger the central area, the larger the displacement under
the same tuning voltage. This is supported by the theory discussed in Chapter 3. In
equation (3.4), the electrostatic force is proportional to the area of the central plate in the
A 0V 2
∝ A , where A is the area of the central plate and u is the
first order: F = ku ≈
2( g 0 − u ) 2
displacement. So the larger the area is , the larger the force is and so is the displacement.
However, in Fig. 6.15(b), we can clearly observe a significant abnormality between the
two membranes with different DBR sizes. Case (a) is a tunable structure with 30 _m
diameter GaAs base plate and 20 _m diameter DBR while case(b) is 20 _m diameter for
both DBR and base plate. The larger central area does not display a larger displacement
due to the extra internal stress caused by the partially covered DBR structure.
Another special feature of this device is the ability to adjust the tuning
characteristics. Because the topmost layer of the deformable membrane is tensile silicon
nitride, it is possible to dry-etch some part of this layer after release. Fig. 6.16
demonstrates this phenomenon by comparing two tuning voltage vs. displacement results
on the same device. We can clearly observe that after a 10 minutes etch, a device with
greater tunable range and lower tuning voltage is produced. The significance of this
arrangement is that we can intentionally deposit a thicker silicon nitride film to improve
the wet-releasing steps due to larger tensile stress. Afterward, we can put the device back
into a dry-etching chamber to adjust the stiffness of the structure.
While we have demonstrated this general approach, this process still needs to be
calibrated. According to the equation (3.5), the effective spring constant, keff, should be
proportional to the thickness of the silicon nitride
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Fig. 6.16: The displacement vs. tuning voltage after different etching time of silicon nitride. The solid
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etch.

(keff=Nl_b_h__/l). Thus if the etch rate of the silicon nitride is constant, the spring
constant will decrease proportionally to the etching time. Fig. 6.17 shows the measured
spring constants vs. etching time. From this plot, we can clearly observe a strong
nonlinearity in the data at the very beginning of the etching. Possible explanations of this
situation can be reasoned as follows [78]: (a) the plasma damage to the bonding of the
silicon nitride material, or (b) direct ion bombardment during the dry etch. The plasma
damage can produce dangling silicon bonds throughout the bulk material and reduce

92

Fig. 6.18: The experimental setup of the optical measurement.
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Fig. 6.19: The measured tuning spectrum of the 30 mm by 30 mm device for 10 minutes Si3N4
etching. Multiple peaks due to the backside reflection can be clearly observed. The last measurement
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Fig. 6.20: A detailed spectrum for a tunable filter. One can
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the tensile stress of the nitride directly; second, the damaged surface caused by ion
bombardment will form a compressive, porous silicon oxynitride after exposing to the air.

6.3.3 Optical Measurement
After fabrication, the device is optically measured. We use an Argon laser
pumping a tunable Ti-sapphire laser which is fiber-coupled to the device and wavelength
meter. The light travels through a focusing microscope objective and reflecting mirrors to
reach the backside of the wafer. The device is DC-biased by micromanipulator probes
with proper grounding. The transmitted laser beam is then detected with a calibrated Si
photodetector. Fig. 6.18 shows the general setup of the measurements. The output of an
Advantest wavelength meter and Newport photodetector are fed into a HP4156
semiconductor parameter analyzer. The final spectrum of the transmission is displayed by
the HP4156. Fig. 6.19 shows a typical transmission spectrum of a device with a 30 × 30
µm top membrane. The linewidth of the spectrum is less than 1 nm across most of the
tuning range. From Fig. 6.20, a detailed spectrum is shown and the distance between
multiple peaks is constant. Changing from wavelength to frequency, we find that the ∆f
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between peaks is 4.98 × 1011 Hz. Considering the general etalon effect, we find out there
is an etalon around 100 µm range existing inside the system. The best conclusion we can
draw is thus: multiple peaks are due to some backside reflection, a result of a poor AR
coating. This imperfection couples the whole GaAs substrate (around 500 µm) into the
original vertical cavity and introduces more reflection peaks than we expected.
Another important feature of this device is that, as mentioned previously, the
tuning characteristics of the device can be adjusted by etching away the tensile nitride
layer. From the optical transmission measurements, we also observe that the same voltage
swing produces different tuning ranges. Comparing the transmission data for 0-7 V bias
with different etching time, we find the tuning range increasing from 6.8 nm, 10.3 nm,
14.4 nm, to 15.67 nm for the sample as grown, etched for 2 minutes, 5 minutes, and 10
minutes, respectively. To maximize this improvement, we etch samples for a total of 10
minutes and take the final measurements. We did try to remove more silicon nitride by
etching the sample for 12 minutes. However, this resulted in failed devices. Most of the
membranes collapse after this longer etching process, which suggests the nitride damage
hypothesis for the nonlinear decrease of the effective spring constants at the beginning of
the etch. Fig. 6.21 is a plot of resonant wavelength vs. tuning voltage. Because the Tisapphire laser can only tune from 971.5 nm to 900 nm, we can not measure the resonant
peak at zero bias. Within the normal operation range of the Ti-sapphire laser, the device
tunes over for 64 nm (from 971 nm to 907 nm) with 12 volts bias. Compared to similar
devices in Table. 6.1, this device has much better tuning characteristics and requires
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received in the photodetector with and without passing through the filter. The actual
input/transmitted signal ratio is pretty poor because of the heavily doped substrate and
bottom mirror and the difference is 12.1dB. After correcting for free carrier absorption in
the substrate and bottom mirror and the diffraction of the laser beam, we find the
insertion loss of the device to be 1.8 dB. Such a correction is reasonable since the device
draws no DC current and a more lightly doped or thinned substrate would eliminate the
free carrier loss, but not otherwise effect device performance.

6.3.4 Comparison between optical and mechanical measurement
Once the optical spectral response is measured, we can calculate the tuning curve
as a function of air gap thickness using the transmission matrix method described in
Chapter 4. The actual displacement versus tuning voltage can be obtained
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Author

∆λ/λcenter

Tuning Voltage

M.C. Larson

3.47%

14

Tayebati

5.41%

13.1

This Work

6.82%
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Table. 6.1: Comparison to other previous reports.

Round
Square
Self-Align
Big Square
TOTAL

good (ratio)
33 0.733333
75 0.789474
0
0
22 0.488889
130 0.560345

fair (ratio)
7 0.155556
11 0.115789
7 0.148936
6 0.133333
31 0.133621

bad (ratio)
SUBTOTAL
5 0.111111
45
9 0.094737
95
40 0.851064
47
17 0.377778
45
71 0.306034
232

Table 6.2: The yield chart of the tunable filter with different top mirror shape.
from the Zygo NewView 5000 measurement. We can then compare these two sets of data
for the same device to examine the correctness of our simulation software. In Fig. 6.22,
we demonstrate both data sets versus tuning voltage. As we observe, the two sets match
each other quite well. This agreement validates a number of assumptions in the
calculation, which were used in the projected tuning range and VCSEL parameter
extraction theory.

6.3.5 Yield of the process
The yield of the whole process including the 10 minutes of etching, is comparably
high according to Table. 6.2. The number of good devices for both the circular and square
shaped membranes can reach as high as 75-78%. The large square membranes (30 _m _
30 _m) are more difficult to make because the release etch time takes longer and this
causes more undercut in the posts region. Larger undercut in the posts make the structure
easier to collapse. The success rate for these larger membranes is around 50% as shown
in the table. The self-aligned pattern did not generate any good devices because of a
design flaw in the mask, such that the bottom contact metal covered part of the central
plate and made the releasing-etch step impossible. From the statistics, the general
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releasing-etch step is very robust compared to our previous design due to the larger
tensile stress developed in the structure.

6.4 SUMMARY
In this chapter, we discussed the results of both dielectric and oxide top DBR
structures that have been successfully applied to wavelength tunable optoelectronic
devices. The dielectric material approach was our first generation structure and utilized
for a wide range of applications, such as, VCSEL parameter extraction, integrated
laser/PIN devices and filters. However, the newly developed oxide-semiconductor DBR
devices exhibit better performance in both mechanical and optical parameters. The
semiconductor-oxide tunable filter tunes over a greater range with a lower tuning voltage
swing than previously reported [5;7;79]. Also the linewidth is kept narrow across the
tuning range. These special features demonstrate that the oxide-semiconductor DBR is a
very attractive approach for a variety of tunable devices that will be utilized in future
WDM communications systems.
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Chapter 7 Future work and summary
7.1 FUTURE WORK
Surface micromachined tunable optoelectronic devices have demonstrated
excellent properties that make them candidates to enhance the architectures and
performance of future WDM communications systems. This thesis has focused on two
areas: (1) developing a sounder scientific understanding and modeling of tunable
optoelectronic devices and (2) implementation of the Al2O3/GaAs materials system
membrane for the top mirror. Using the mature dielectric top mirror structure, several
models were developed and verified for these devices. Using these models, a new oxidesemiconductor mirror technology was successfully developed and applied to a tunable
filter design. In the future, research on this topic will become more and more important
because of the increasing demands on bandwidth and transmission speed. Several
questions and problems should be investigated to improve device performance and
achieve systems level acceptance:
1. Reliability of the tunable structure: The movable membrane has not been
tested for the number of actuation cycles that might occur in the lifetime of an
optical system. Whether this structure can sustain millions of tuning cycles is
still unknown. For a reliable communication component and systems level
acceptance, this lifetime test is very crucial.
2. Oxide mirror lifetime: Besides the mechanical properties of the
microstructure, the lifetime of the Al2O3/GaAs DBR is another issue. The
interface between oxide and semiconductor might introduce defects and strain
in the whole DBR stack. These defects and strain could degrade the DBR
slowly, causing layer peeling-off or a change in the optical thickness. This
will require long term testing as well as suitable accelerated aging protocols.
3. 2-D array fabrication of the tunable devices: One of the benefits that vertical
cavity devices bring is the potential for two-dimensional integration of devices
on the same chip. This allows convenient on-wafer testing and a more
compact fiber coupling design scheme. The layout of the array of the tunable
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devices has to be reconfigured. Another issue is the electrical contact of the
tuning electrodes. Because of the non-planarity of these devices, wire-bonding
is the easiest way to connect an array of tunable devices using standard
electronic packaging. However, vibration of the bonding action might cause
damage to the overhanging membranes. Research has to be done to examine
the influence on the whole performance of the system. An alternate means of
making electrical contacts to these devices is to planarize the whole device
structure to avoid wire-bonding. This method is better than the previous one in
terms of shock to the device. However, far more process integration is needed
to be able to planarize these devices without affecting the tunable membranes.
4. Packaging device arrays: The final goal of fabricating tunable optoelectronic
devices is to produce a completed device with readily available plastic or
ceramic cases. The packaging problem is one of the biggest problems for all
optoelectronic devices.
5. Refinement of optical transmission measurement: A better measurement setup
for measuring the transmission spectra of tunable filters is important to fully
characterize these devices. The laser beam size can be reduced further to
decrease diffraction loss. The transmitted light should be collected by a fiber
close to the surface to increase the signal level. The fluctuation in laser output
power also causes problems during measurement. Using a solid-state diode
pumped laser can solve this problem. Another approach is to use a broadband
light source, such as a white light source or LED, to measure the device
performance.
After these issues are solved, we can integrate the oxide mirror technology into the full
range of active devices, such as tunable VCSELs, detectors or LEDs. Because of the
potential two oxidation procedures, more process integration must be considered.
The working wavelength is another major challenge for tunable devices. Due to
prior processing limitations of InP based vs. GaAs based devices, almost all research has
focused on GaAs based devices working in the 950 nm range. Since GaAs and Al2O3 are
transparent at 1.55 µm, a GaAs based filter design can be easily extended to that range
easily. However, a tunable VCSEL covering the longer wavelength communications band
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must have quantum well material which will provide optical gain in this region.
Fortunately, a new material, GaInNAs, possesses a very close-matched lattice constant to
GaAs and already shown promising VCSELs at 1.3 _m [80]and edge emitting lasers at
1.5 _m [81]. Using this GaNAs/GaInNAs as the quantum well material, the other
semiconductor layers in the tunable devices can be kept identical to those for the tunable
950 nm devices (only the thickness has to be changed) and longer wavelength tunable
lasers can be achieved. The metro area network will need 1.3 _m lasers for future
deployment and the surface micromachined tunable VCSELs developed at 950 nm in this
thesis can be extended to 1.3 _m to provide an excellent candidate for a cheap, agile and
integrated system.

7.2 SUMMARY
Surface micromachined technology has been very successful in integrating
traditional optical components, such as mirrors and lenses, with novel optoelectronic
devices. This technology enables a greater range of device designs, but increases the
fabrication difficulties. The improvement of yield and ease of fabrication are very crucial
topics in addition to enhancing the performance of integrated optoelectronic devices. In
addition to performance enhancements, movable components in the device structure
bring possibilities for determining some important device parameters that were originally
difficult to measure. In this thesis, we first utilized the original dielectric top mirror
design of the tunable VCSELs and phototransistors to investigate the internal operating
parameters of these semiconductor devices. These parameters, such as internal quantum
efficiency of VCSELs and characteristic forward/reverse biased current density of
phototransistors, are very important to understand device operation. The traps or defects
of the materials can often be detected by these measurements. The tunable scheme that is
provided by the movable component gave a non-intrusive and also easy characterization
approach during the measurement. The idea of using the same device to finish this kind
of measurement is not only unprecedented, but also easy to implement.
On the other hand, the dielectric top mirror tunable devices are difficult to make
due to complicated fabrication processes. Difficult processes always mean lower yield
and poor performance of the tunable devices. Al2O3/GaAs materials systems have thus
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been introduced for better top mirror performance. From previously reported work [7;79],
we found that the mechanical design of movable components greatly affected the tuning
voltage and deformation of devices. However, little analysis had been done on this
specific issue. I first proposed the area moment method as an efficient approach to
estimate the deformation of the central membrane. The internal stress of different top
structures was also analyzed by generalized plate theory. From these calculations, a
thicker central plate with four thinner supporting legs was suggested to achieve lower
tuning voltages and minimum central plate deformation. Experimental measurements
verified our concerns about the structural design. The extra diffraction loss caused by the
mechanical deformation of the central membrane was also discussed in this thesis. The
Fox-Li model with second order perturbation correction was applied to the tunable cavity
structure to give a good understanding of optical diffraction loss. It is the first time that
mechanical and optical theories have been combined to evaluate a MEMS optoelectronic
device.
In addition to the above theoretical work, a new integration process was
introduced for the new Al2O3/GaAs materials systems. A special arrangement of top
layers of metal and tensile-stressed silicon nitride enables us to adjust the tuning voltage
characteristics of tunable structures even after the release etching. However, the partiallyremoved silicon nitride exhibits the non-linear phenomenon of tuning voltage reduction
due to extra damage caused by the RIE etching process. The adjustable feature,
nevertheless, enhances the yield of tunable devices by intentionally increasing the initial
tension of the structure to survive through a wet release etch.
Then the Al2O3/GaAs top DBR is successfully combined with a bottom
AlAs/GaAs DBR mirror to produce a high-performance tunable filter. This tunable filter
demonstrated a 64 nm wide tuning range with a very narrow linewidth. A low actuation
voltage is recorded and the flatness of the central plate is guaranteed by the surface
profile measurement. The match between the experimental and theoretical results
demonstrates the effectiveness of our model.
To summarize, I discussed a wide range of applications of surface micromachined
technology on wavelength tunable optoelectronic devices in this thesis. I successfully
incorporated a new material system into the existing structure and the device application
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is also shown. Further research on these surface micromachined tunable devices, such as
packaging, dynamic measurement and communication band light emission, will be
expected to become very active in the future. Surface micromachined wavelength tunable
devices will play an important role in future DWDM communications systems.
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Appendix A Detailed Process Flow
Basic Process:
Photolithography:
1. Spray 3612 Photresist on the wafer
2. Spin the wafer in 3000 rpm for 40 seconds
3. Wipe the photoresist in the backside of the wafer
4. Bake the wafer on the hotplate for 10 minutes under 85 °C.
5. Expose for 22 seconds on OAI aligner for edge-beak removal.
6. Use KarlSuss MA-6 mask aligner to align the wafer and expose at 2 seconds.
7. Develop the exposed photoresist in LDD26W for 2 minutes.
8. Bake the wafer on the hotplate for 10 minutes under 85 °C.

Drytek RIE chamber O2 plasma photoresist strip:
Pressure: 150 mtorr
RF Power: 100 Watts
Gas: O2 20sccm, Argon.
Drytek RIE chamber Silicon nitride etch:
Pressure: 150 mtorr
RF power: 20 Watts
Gas: SF6, Argon.
PlasmaQuest anisotropic etch:
Chamber Pressure: 5 mtorr
Gas: Argon: 75 sccm, BCl3: 50 sccm, Cl2: 5 sccm.
Chuck temperature: 20 °C.
ECR power: 400 Watts.
RF power: 50 Watts
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STS tensile silicon nitride deposition:
Chamber pressure: 550 mtorr
Base pressure : 12 mtorr
Gas: SiH4: 2000 sccm, NH3: 35 sccm
APC automatic
Process temperature:350 °C
High-Frequency RF: Match load 35%, tune: 60% Automatic matching,
Process power 11 Watts.

Wafer layer structure: (for Al2O3/GaAs top mirror tunable filters)
All thickness in Å
GaAs 717.007

repeat for

Al0.97Ga0.03As 1741.9

3 times

Al0.97Ga0.03As 3483.9
GaAs 97.37 (Doped with Be: 1.1 _ 1019 cm–3)
GaAs 570.1
GaAs 670.1
GaAs 670.1
GaAs 9
Al0.85Ga0.15As 9800.0
GaAs 100.0
GaAs 570.1
GaAs 670.1
GaAs 9
GaAs 673.1

repeat for 13

AlAs 805.2

times

GaAs 703.605

repeat for

AlAs 841.26

10 times

GaAs substrate

Process flow:
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Doped with Si : 0.7 to 4 _ 1018 cm–3

1. Central mask:
a. pattern the wafer using 3612 photoresist
b. use H2SO4: H2O2: H2O=1:8:40 etch down to Al0.97Ga0.03As layer
c. use HCl: H2O=1:10 selective etch to remove the remaining
Al0.97Ga0.03As
d. Oxidize @ 440 °C (H2O vapour @ 95 °C/ N2 mixure) flow rate: 5
L/min
2. MembraneD mask
a. Evaporate 1000 Å Au and 250 Å Ti
b. Lift-off the metal in acetone solvent.
c. High tensile silicon nitride deposition in STS PECVD
3. MemebraneL mask
a. Remove the unwanted silicon nitride using Drytek
b. PlasmaQuest dry etch to expose Al0.85Ga0.15As
4. Contact mask
a. HCl: H2O=1:1 recess etch to remove the Al0.85Ga0.15As in the ncontact region
b. Lift off the metal in acetone solvent.
5. Top contact mask
a. Drytek RIE etch for silicon nitride to open a contact window.
b. Remove the photoresist.
6. Preetch2 mask
a. use H2SO4: H2O2: H2O=1:8:40 etch the trench around the supporting
posts.
7. Undercut mask
a. Encapsulate the overhanging structure with photoresist.
b. Release the membrane using HCl: H2O=2:1.
c. Remove the photoresist using Drytek RIE etch.
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(a)

(b)

(c)

(d)

(e)
Fig. A-1: The process flow of the tunable devices: (a) After Central mask, the blow up is the SEM
image (b) Deposit the silicon nitride and use MembraneL to pattern it (c) Use MembraneL to
partially remove the Al0.85Ga0.15As (d) Use Contact mask and evaporate metal for bottom contact (e)
Final release of the device.
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