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ABSTRACT
Miniaturized and total analysis systems (µTAS) or lab-on-a-chip technology is
epitomized by the integration of complex microfluidic systems (such as channels, mixers,
pumps, particulate filters, etc.) with complex chemical processing and analysis
(Polymerase Chain Reaction (PCR), DNA fluorescent labeling, capillary electrophoresis,
etc.) to create compact biological and chemical analysis systems. µTAS has received
much attention due to its potential application in medical diagnostics and high-throughput
research instrumentation. Fluorescence sensing remains one of the most widely used
detection technologies for µTAS due to its superior sensitivity and specificity.
Unfortunately, traditional fluorescence sensing systems remain bulky, non-portable and
expensive, stifling the application of µTAS in portable diagnostics and medical care. The
theme

of

this

research

is

to

capitalize

on

optoelectronics

developed

for

telecommunications to create an integrated sensing solution. Integrated semiconductor
optoelectronic devices can provide a portable, parallel and inexpensive solution for onchip fluorescence sensing.
In this work, vertical-cavity surface-emitting lasers (VCSELs) operating at 773nm,
PIN photodetectors and emission filters are monolithically integrated to form the
optoelectronic basis of the integrated fluorescence sensor.

These optoelectronic

components are placed in a proximity sensing architecture, where the VCSEL is
surrounded by a donut photodetector. This is the first work to integrate a laser and
photodetector in such close proximity (≈50µm) towards fluorescence sensing.

By

bringing the optoelectronic components in such close proximity, laser background
sources are created that limit the sensor sensitivity.

Laser background sources are

characterized, and design solutions are proposed and implemented to reduce laser
background. With integrated metal optical blocks, the internal optical isolation between
the photodetector and laser is greater than 106, which shows that highly sensitive
detection is possible despite the close optoelectronic integration. With the metal blocking
structures, the dominant source of laser background is due to reflections occurring above
the sensor. The sensor is particularly sensitive to these reflections due to sub-optimal
iv

performance from the emission filter. With reflections taken into account, the total
optical isolation between the laser and photodetector is approximately 2 ×104.
The sensor is integrated with microfluidic channels to test sensor sensitivity. The
experimental and theoretical limit of detection of IR-800 dye is determined to be 250nM
and 40nM respectively. These detection limits are sufficient for applications such as
clinical chemistry and immunology. Large increases in sensor sensitivity are possible
through the systematic reduction of laser background and will enable a wider range of
applications. Results from this first generation sensor suggest that order of magnitude
increases in sensitivity will be possible by improving the filter performance and
increasing spatial filtration. It is believed that this technology holds great potential to
reach detection limits less than 1nM and compete against bulk optical approaches.
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CHAPTER 1
INTRODUCTION

1.1 MINIATURIZED AND TOTAL ANALYSIS SYSTEMS
Miniaturized and total analysis systems (µTAS) have received much attention from
the scientific research community due to their potential application to high throughput
biological analysis and portable medical diagnostics. For research applications, µTAS
promises reduced cost through less reagent and sample consumption and increased speed
and parallelism for high throughput analysis [1]. In medical diagnostics, µTAS can
provide immediate point-of-care services that could facilitate detection of common
diseases, pathogens, and early-stage cancer [2].
Microfabrication technologies have had a tremendous impact on the development of
µTAS.

The integration of microfluidic systems (e.g., channels, mixers, pumps,

particulate filters, etc.) with chemical processing and analysis (e.g., Polymerase Chain
Reaction (PCR), fluorescence-based DNA hybridization assays, capillary electrophoresis
(CE), etc.) enables the realization of miniaturized chemical and biological analysis
systems [1-7]. Fig. 1.1 shows an illustration of a hypothetical µTAS. The example
implementation involves a sample input chamber for inserting the sample. Then, the
sample can be labeled in the reaction chamber for fluorescence detection. Particulate
filters can be important for filtering contaminates and collecting the molecules of interest.
As discussed below, a variety of analysis techniques, such as CE, chromatography or
microarrays, can be used to physically separate and organize the molecules for
subsequent identification. Finally, a sensing system must be used to detect the presence
of molecules for readout of experimental results.
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Fig. 1.1. Schematic of hypothetical µTAS. Microfluidic channels, sample reaction chambers, particulate
filters and fluorescence sensing can be integrated and used to perform biological analysis for diagnostic
purposes or scientific research.

Much of analytical chemistry and analysis is based on the physical separation of
molecules. For example, most of the commonly used analysis techniques, such as CE,
chromatography, mass spectroscopy (MS) and microarrays, are all based on physical
separation [1,8,9]. The separation is a function of the molecule’s properties. This
functional dependence allows the experimentalist to determine the molecular type or
characteristics based on measurement of the physical separation.

Fig. 1.2 shows a

general schematic of how CE and microarrays work. CE separates molecules, such as
DNA, by applying an electric field in a channel [1]. Different chemical species have
different charge-to-mass ratios. Therefore, the molecules move at different speeds in
response to an applied electric field and spatial separation is achieved. For microarrays,
probe molecules are immobilized on a substrate surface and are used to specifically bind
to the molecules of interest

[9].

Therefore, the location of binding identifies the

molecular species because the probe element location is known.
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Fig. 1.2. Schematic of typical analytical analysis based on spatial separation. (Left) Example of capillary
electrophoresis (CE). Molecules are separated based on their charge-to-mass ratio. (Right) Example of
microarray technology. Molecules are separated based on their binding properties to immobilized probes.

Fig. 1.3. Example measurements from CE and microarray experiments. (Left) Schematic of CE readout.
Peak vs. time signature allows readout of spatial distribution of separated molecules. (Right): Schematic
readout of microarray experiment. The two dimensional spot pattern identifies binding properties.

1.2 MOLECULAR SENSING
After chemical analysis has taken place, the result must be measured to provide useful
information. Usually, this involves sensing for the molecules of interest and measuring
the spatial distribution of these interesting molecules. For the CE example shown above,
a point sensor can be used to readout the separated molecules by flowing the molecules
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under the sensor. In this manner, a peak vs. time signature can be obtained, where the
peak is representative of a group of molecules that have similar charge-to-mass ratios, see
Fig. 1.3. In the microarray example, the immobilized molecules are measured after
binding, yielding a two-dimensional spot pattern that identifies the molecule’s binding
properties, see Fig. 1.3.
A variety of sensing schemes have been developed to detect the presence of
molecules and/or their properties. Comparing these various techniques is a daunting task
due to the number of techniques combined with the number of applications and the fact
that the success of each technique can be highly dependent on the application and sample
preparation techniques used. Mass spectroscopy, fluorescence labeling, magnetic bead
labeling, electrochemical, Raman spectroscopy, interferometry, surface plasmon
resonance and optical absorption are the more commonly used methodologies [10-13].
Perhaps the largest challenge facing µTAS is the analysis of complex samples for
medical diagnostics and field-based applications [14,15]. The analysis of complex field
samples such as blood, urine or soil is plagued with difficulties such as interference from
unwanted molecules and low sample concentration.

When analyzing complex field

samples, it is difficult to make the detection method specific to the agent of interest and
avoid interference from other molecules, which is commonly referred to as achieving
specificity. In addition, many relevant biological or chemical agents occur in such low
abundance that there is little probability of detecting these molecules with current
detection methods and sensitivity [7].

Agent concentration methods, such as PCR

amplification, together with exquisite detection sensitivity and specificity are needed for
the successful implementation of µTAS in the field.
As discussed above, successful analysis of complex biosamples requires a high
degree of specificity and sensitivity. Therefore, a detection technology which is based
upon a typical or common molecular property will reduce specificity and sensitivity. For
example, developing detection technologies based on mass, electrochemistry, index of
refraction, Raman scattering and optical absorption will result in reduced specificity
because most molecules have these properties.

Chapter 1. Introduction

In addition, signals from unwanted

4

molecules will create large background signals, which will reduce sensitivity as discussed
in Section 2.3. Therefore, much preparation chemistry would be needed to filter out
unwanted molecules for analysis systems utilizing these unspecific detection
technologies. Sample preparation remains a major technical bottleneck for µTAS so
avoiding sample preparation will help overcome these technical hurdles. Fortunately,
external labels are a good way to achieve a high level of specificity and sensitivity in
complex molecular environments.

The label can be designed to have measurable

properties which are not an inherent property of the surrounding biological molecules.
For example, many types of molecules do not show significant fluorescence or magnetic
properties

[16].

Therefore, specially designed fluorescence and magnetic tags can

drastically increase sample specificity and sensitivity and reduce the need for sample
preprocessing in µTAS.

1.3 INTEGRATED FLUORESCENCE SENSING
Fluorescence labeling will continue to be a leading technology for µTAS.
Fluorescence sensing offers exquisite sensitivity and specificity [1,17].

In addition,

fluorescence labeling is compatible with many commonly used chemical protocols such
as PCR, which can increase detection limits and improve specificity.
One technical challenge facing the practical application of µTAS is the size and
expense of conventional fluorescence detection systems.

Traditional fluorescence-

sensing systems use bulky and discrete elements which are expensive and non-portable.
The deployment of such optical systems coupled to µTAS has been cost-prohibitive and
impractical. Integrated fluorescence sensing systems are needed to reduce manufacturing
expenses and increase portability, allowing for the mass production and implementation
of µTAS.
The goal of this work is to realize a novel integrated fluorescence sensor for µTAS
applications. The approach used capitalizes on optoelectronic technologies developed for
the telecommunication industry. The sensor design monolithically integrates all the
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components of a conventional fluorescence sensor (laser, photodetector and emission
filter) onto one GaAs substrate. By capitalizing on semiconductor technologies, drastic
reductions in cost and increased parallelism can be leveraged to open up new
applications. For example, cost reductions may allow for a disposable fluorescence
sensor, which would be important for portable diagnostic settings. For basic research,
sensor units could be made in parallel to allow for large gains in experimental
throughput.

1.4 OUTLINE
The following two chapters are provided to give the reader sufficient background to
enable understanding of the sensor operation.

Chapter 2, entitled “Laser-Induced

Fluorescence Sensing”, discusses the physics of fluorescence sensing and general
methodology. The chapter also covers the advantages of fluorescence sensing in the
near-infrared (NIR) regime, where the integrated sensor is designed to operate. Chapter
3, entitled “Semiconductor Optoelectronic Devices”, gives a brief overview of the basic
physics of semiconductor optoelectronics and operation of the optoelectronic devices
used in the sensor: vertical-cavity surface-emitting laser (VCSEL), PIN photodetector
and distributed Bragg reflector (DBR).
Chapter 4, entitled “Sensor Design”, describes the general optoelectronic design of
the integrated fluorescence sensor and discusses design advantages.

The design

monolithically integrates a VCSEL, PIN photodetector and DBR optical filter to form a
complete fluorescence sensor.

In addition, other approaches towards integrated

fluorescence sensors are reviewed and compared to the design used in this work. Chapter
5, entitled “Fabrication”, details the fabrication of the sensors. More specifically, the
exact epitaxial structure is provided in addition to the semiconductor processing steps
required to realize the sensors. Appendices A and B are referenced throughout Chapter 5
to provide more fabrication details.
The final chapters of the thesis provide a compete characterization of the sensor.
Chapter 6, entitled “Optoelectronic Device Characterization”, characterizes the individual
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components of the sensor: VCSEL, PIN Photodetector and DBR optical filter. Then,
Chapter 7, entitled “Laser Background Analysis”, describes the interaction of these
components in the context of how this interaction causes laser background, which limits
the sensor sensitivity.

Chapter 8, entitled “Sensitivity”, characterizes the sensor

sensitivity in a microarray and microfluidic format and shows how these sensors can be
used towards practical applications. Finally, the thesis is concluded with Chapter 9,
“Summary and Future Work”, which summarizes the thesis and proposes future
directions for this research.
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7

CHAPTER 2
LASER-INDUCED
FLUORESCENCE DETECTION

Due its superior sensitivity and selectivity, laser-induced fluorescence (LIF) detection
is a preferred detection technique in analytical chemistry and miniaturized and total
analysis systems (µTAS). The integrated sensor developed in this work capitalizes on
LIF to perform molecular sensing.

Therefore, this chapter is provided for general

background into the physics of fluorescence and engineering design of LIF detection
systems.

2.1 BASIC PHYSICS OF FLUORESCENCE
Fluorescence is a well understood process and many sources are available that
provide a detailed explanation of the physics of fluorescence

[18-20].

A brief

explanation is provided here. Fig. 2.1 illustrates the basic physics of fluorescence and is
known as a Jablonski diagram. A molecule can be excited into a higher energy state by
the absorption of incident radiation. This is usually viewed as a valence electron of the
molecule in the ground level (G) being excited by a photon into a higher energy state
(S2). After a given period of time, the electron will relax back into the energetically
favorable ground state. Fluorescence is one possible relaxation mechanism as well as
phosphorescence and non-radiative recombination.

During fluorescence, a molecule

relaxes into the singlet S1 state and finally emits a fluorescence photon at a slightly lower
energy than the absorbed photon energy. The energy difference between the absorbed
(S2) and emitted (S1) radiation is defined as the Stokes’ shift and is caused by energy
loss through molecular relaxation.
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Fig. 2.1. Modified Jablonski diagram. The diagram illustrates the electronic levels of fluorescent
molecules and the process of absorption, fluorescence and phosphorescence.

Fluorescent molecules have characteristic absorption and emission spectra.

The

relationship between the wavelength and energy of a photon is given by

λ=

hc
,
E ph

(2.1)

where λ is the wavelength of the photon, h is Planck’s constant (6.63×10-11 J s), c is the
velocity of light in vacuum (2.998×108 m s-1) and Eph is the energy of the photon. As
deduced from Eqn. 2.1, the fluorescence emission shifts to longer wavelengths with
respect to the absorption spectrum due to the Stokes’ shift. Fig. 2.2 shows the measured
absorption and emission spectra for IR-800 (LI-COR, Inc.) dye in methanol.

The

absorption lines are relatively broad due to phonon broadening of the excited states, S1
and S2, see Fig. 2.1.

In other words, there are multiple pathways available for

fluorescence relaxation, which create a distribution rather than narrow absorption or
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emission lines. It is also important to note that the absorption and emission spectra are
unique to each fluorescent molecule. Some molecules can fluorescence in the nearinfrared (NIR) part of the spectrum as shown in Fig. 2.2, whereas other molecules
fluoresce in the visible spectrum [21,22]. From Fig. 2.2, the measured Stokes’ shift of
IR-800 in methanol is about 18nm. However, the Stokes’ shift can vary widely for
different fluorescent molecules and range from about 10 – 250nm [22].

Fig. 2.2. Measured absorption and emission spectra of IR-800 (LI–COR, Inc.) in methanol. Measurement
is conducted with a UV/VIS/NIR spectrophotometer (Perkin Elmer-Lambda 19) and fluorimeter
(Instruments S.A.- FluoroMax-2).

The brightness of a fluorescent molecule is another important property. Brightness
represents how much fluorescence is emitted from a molecule for a given amount of
incident radiation.

The brightness is proportional to the product of the molar

absorptivity, ε, and the quantum efficiency, φDye,

Brightness ∝ εφ Dye .
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The molar absorptivity coefficient represents the probability of absorption of incident
radiation. Typical fluorescent labels have molar absorptivity ranging from 40,000 to
300,000 M-1 cm-1 [21,22]. φDye is defined as the number of photons emitted divided by
the number of photons absorbed. Typical quantum efficiencies of designed fluorescent
labels are in the range of 0.1 - 0.9 [21,22]. High quantum efficiency is desirable but less
than 1 due to competing relaxation mechanisms.
Besides the spectral characteristics and brightness, fluorescent molecules have other
properties that must be considered when designing sensing systems.

Assuming the

molecules are randomly aligned, the fluorescence signal is emitted isotropically,
irrespective of the direction of incident radiation. This has important consequences when
considering how to collect the emitted fluorescence with a lens as discussed below in
Section 2.2.3. The fluorescent lifetime or characteristic relaxation time from the excited
state (S2) to the ground state is another important property. For some of the more
commonly used fluorescent labels, fluorescence lifetimes range from 100 ps to 100 ns
[21,22].
For many molecules of interest, the fluorescence emission is weak and difficult to
measure. Therefore, fluorescent labels are often attached to molecules for detection.
Elaborate chemical protocols with high labeling specificity have been developed for a
variety of applications. It is possible to label specific molecules in highly complex
samples. Often, different types of fluorescent labels are used for spectral and lifetime
multiplexing, allowing for the detection of multiple species simultaneously [21-23].

2.2 EXCITATION AND FLUORESCENCE SIGNAL
2.2.1 BASIC DESCRIPTION OF LIF SYSTEM
LIF detection is one of the most commonly used methodologies for biological and
chemical analysis systems.

Many references offering a detailed description of LIF

systems can be found in the literature [19,20,24,25]. A brief description is provided here
as background.
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Lasers offer significant advantages in the excitation of fluorescent molecules. The
high amount of optical power in a narrow spectral line simplifies the use of optical filters
and increases fluorescence signal. Fig. 2.3 illustrates how LIF detection works. The
laser is used to excite the fluorescent molecules, and the resulting fluorescence signal is
collected by the lens and directed onto the photodetector and measured. An optical filter
blocks the reflected and scattered laser light from reaching the photodetector because the
laser light will cause an overwhelming background, often called laser background, and
reduce sensitivity to the smaller fluorescence signals.

Fig. 2.3. Illustration of LIF system and operation. The lens is used to focus the laser beam (solid line) and
collect the emitted photons (dashed line) from the fluorescent molecules. The filter is used to block the
reflected and scattered laser light from reaching the photodetector.
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2.2.2 ABSORPTION OF THE EXCITATION LIGHT
The Lambert-Beer law is typically used to calculate the amount of absorbed
excitation light by a given volume concentration, c, of fluorescent molecules [26]. The
Lambert-Beer law is given by the following equation,

A = log

Io
P
= log o = ε lc,
IT
PT

(2.3)

where Io and Po are the excitation intensity and power, IT and PT are the transmitted
intensity and power, ε is the molar absorptivity, c is the molecular concentration and l is
the path length through the sample.
It is desirable to solve for the absorbed laser power, PA, from Eqn. 2.3. Due to the
conservation of energy, the amount of absorbed power is given by the simple equation

PA = Po − PT .

(2.4)

Combining Eqns. 2.3 and 2.4 and solving for PA yields the following useful expression

PA = Po (1 − 10 −ε l c ).

(2.5)

2.2.3 EMITTED FLUORESCENCE AND COLLECTION EFFICIENCY
As stated above, φDye defines the amount of emitted photons divided by the amount of
absorbed photons. Therefore, the amount of emitted fluorescence power, PF, is simply
given by

PF = φDye PA = φDye Po (1 − 10−ε l c ).

(2.6)

As discussed above in Section 2.1, the fluorescence emission is emitted isotropically.
For maximum detection sensitivity, the optical system should be designed to collect a
significant portion of the emitted fluorescence. The fluorescence collection efficiency of
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the optical system, CF, is defined as the amount of collected fluorescence divided by the
total fluorescence emitted. Due to the isotropic emission, it is difficult to collect a
significant portion of this fluorescence, as described below.
In most LIF detection systems, a high numerical lens is used to collect the emitted
fluorescence. Numerical aperture, NA, is defined by

NA = n sin θ ,

(2.7)

where θ is the half angle of the lens collection cone and n is the optical index of the
material in front of the lens [27].
Qualitatively, it is useful to understand how much fluorescence is collected from a
lens of a given numerical aperture. In many fluorescence sensing experiments, the
specimen is excited by a focused laser spot and the fluorescence is emitted from this spot.
Therefore, the fluorescence source can be modeled as a simple point source emitting
isotropically.

In this example, the lens collection efficiency is simply equal to the

number of steradians the lens collects from divided by the total steradians of a sphere,
which is 4π. Therefore, the lens collection efficiency is given by

CF =

1 − cos θ
.
2

(2.8)

Then, by combining Eqns. 2.7 and 2.8, an equation for CF as a function of NA results,

1− 1−
CF =

2

NA2
n2 .

(2.9)

Even for an objective with an unusually high NA = 0.9, Eqn. 2.9 predicts a CF equal to
only 0.1 for detection in a buffer with n = 1.5. In other words, only 10% of the
fluorescence signal is collected. Typical values of NA range from 0.3 – 0.8 and result in
collection efficiencies from 0.01 – 0.1. The small fraction of emitted fluorescence that is
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collected continues to be a challenge for most systems for the detection of small
concentrations of fluorescent molecules.
Beside the fluorescence collection efficiency of the lens, the amount of fluorescence
signal transmitted through the optical filter is another important design parameter that
determines the total fluorescence collection efficiency of the system. Optical filters have
characteristic transmission spectra and may reject a significant portion of the
fluorescence signal if not properly designed. The filter transmission and fluorescence
spectra both determine how much fluorescence is transmitted, TF, through the filter. TF
can be calculated by

TF =

∫ T ( λ ) • F ( λ ) dλ ,
∫ F ( λ ) dλ

(2.10)

where T(λ) is the filter transmission spectrum and F(λ) is the fluorescence emission
spectrum.
Finally, the amount of fluorescence power reaching the detector, PD, is the amount of
emitted fluorescence power, PF, multiplied by the collection factors, CF and TF:

PD = TF CF PF = TF CFφDye Po (1 − 10−ε l c ).

(2.11)

2.2.4 DETECTOR SIGNAL FROM FLUORESCENCE
It is useful to solve for the photodetector current response due to the fluorescence
signal reaching the photodetector, PD. The first step involves converting the incident
power into the number of photons reaching the detector per unit time. Eqn. 2.1 gives the
relationship between photon energy and wavelength. By dividing the incident power by
the photon energy, the number of photons per unit time, Nph, reaching the detector is

N ph =

PD
λ
=
TF C F φ Dye Po (1 − 10 − ε l c ).
E ph hc
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The quantum efficiency of the photodetector, φDet, is defined as the number of
electrons detected divided by the number of incident photons. Therefore, an equation for
the amount of detected current from fluorescence, IF, can be simply found by multiplying
Eqn. 2.12 by φDet and q,

I F = qφ Det N ph = q

λ
hc

TF C F φ Detφ Dye Po (1 − 10 −ε l c ),

(2.13)

where q is the amount of charge per electron, -1.602×10-19 C.

2.3 LASER BACKGROUND
2.3.1 NOISE FROM BACKGROUND
Background current at the photodetector is a source of noise and determines the noise
floor in most fluorescence sensing applications. In fluorescence sensing, there are several
possible sources of background detector current, including photodetector dark current,
detected laser light and fluorescence from unwanted molecules [20]. The dominant
source of background depends on the application and instrumentation. As discussed
throughout this work, laser background typically dominates integrated sensors due to the
difficulties of achieving high spectral and spatial filtration. Shot noise is the fundamental
noise limit that results from laser background [25]. However, random variations in laser
background from optical misalignment, mechanical vibrations and laser power
fluctuations typically dominate the noise characteristics

[28].

Typically, in most

fluorescence sensing applications, it is a challenge to detect signals below 1% of the
direct current (DC) background level.

2.3.2 LASER BACKGROUND LEVELS AND REDUCTION
Laser background is a major challenge because typical fluorescence signals are many
orders of magnitude less than the laser power. As a result, if only a small fraction of the
laser emission is detected, then an overwhelming background at the photodetector will be

Chapter 2. Laser-Induced Fluorescence Detection

16

present and drastically reduce sensitivity to the smaller fluorescence signals. Therefore,
laser background must be reduced by employing optical filters and spatial filtration [29].
A qualitative understanding of the challenge to overcome laser background can be
obtained by analyzing the ratio of fluorescence signal to laser excitation power. The ratio
can be found by dividing Eqn. 2.11 by the incident laser power,

PD
= TF C F φDye (1 − 10 −ε l c ).
Po

(2.14)

It is useful to plug in some typical values for microfluidic sensing to solve for the ratio of
fluorescence signal to laser power: TF = 0.8, CF = 0.05, φDye = 0.15, ε = 270,000 M-1cm-1,
l = 50µm and c = 1nM. Using these values, it is found that the ratio is 1.9×10-8. In other
words, the signal from the fluorescence is nearly 8 orders of magnitude lower than the
laser power.
From the above analysis, it is obvious that methods must be employed to reject the
laser light from being detected or the laser will create an enormous background relative to
the fluorescence signal. In conventional fluorescence sensing schemes, optical filters are
used to spectrally filter the laser light, see Fig. 2.3. Due to the close spacing between the
absorption and emission spectra of most commonly used fluorescent molecules,
achieving high spectral filtration can be a challenge. Typically, interferometric-based
filters are used; however, these are typically employed in collimated detection
configurations due to the angular dependence of these filters and tight spacing between
dye absorption and emission. For collimated detection configurations, filters can be
made to have greater than 105 rejection or optical density (OD) 5. Obtaining spectral
filtration above OD 5 can be difficult and expensive. Additional methods are typically
used to further reduce laser background. Optical systems must be designed such that the
reflected and scattered light does not illuminate the detector. This type of filtration is
called spatial filtration. Convention fluorimeters collect fluorescence light at 90° to the
incident excitation beam to achieve a high degree of spatial filtration. The amount of
spatial filtration that can be achieved varies widely and depends on the optical scattering
Chapter 2. Laser-Induced Fluorescence Detection
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characteristics of the materials used and the detection geometry. Typically, a system can
be designed such that less than 1% of the emitted laser illuminates the filter [29].

2.4 NEAR-INFRARED FLUORESCENCE DETECTION
One serious problem with conventional fluorescence detection in the visible spectrum
is autofluorescence. Autofluorescence is defined as intrinsic fluorescence of molecules
without fluorescent tags.

As illustrated in Fig. 2.4, autofluorescence can be quite

significant in the visible spectrum because many types of molecules, such as proteins,
found in biological systems fluorescence in this region; whereas, there is relatively low
autofluorescence in the near-infrared (NIR) regime [19,30]. As discussed below, large
gains in sensitivity and specificity are possible by moving into the NIR to avoid
autofluorescence, and many researchers have capitalized on the inherent advantages of
this spectral range [30-36].

Fig. 2.4. Spectral regions of autofluorescence for biological molecules and typical fluorescent markers.
After [30].

As discussed in Section 1.2, maintaining a high degree of specificity and sensitivity is
critical for emerging diagnostic applications and the analysis of complex biological
fluids. The NIR offers high specificity due to the low autofluorescence in this spectral
range [30]. In other words, only the NIR tag fluoresces so the sensing mechanism is
specific to the tag and not susceptible to contamination from other molecules or
substances. On the other hand, in the visible spectrum, many molecules fluoresce, so
information specific to the tag is lost.

Another advantage of the NIR is increased
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sensitivity. When fluorescence sensing in the visible region, a large background from
autofluorescence occurs [19,20,30].

This background will reduce the detection

sensitivity as discussed above in Section 2.3.1. In the NIR, one is detecting against a
relatively “black” background and sensitivity can be much greater for certain
applications. For example, it was found in point-of-care rapid diagnostic assays (Biosite
Inc.) that long wavelength dyes (Ex. at 670nm) can be used as fluorescent markers
attached to antibodies to increase sensitivity and overcome background fluorescence
problems involved with using visible dyes in blood samples [33]. Another advantage of
the NIR that is worth noting is lower absorption and scattering within biological tissues.
Light in the NIR can penetrate far into tissue and be useful for in-vivo imaging and
diagnostic purposes [32,35].
Unfortunately, visible fluorescence continues to be the dominant method due to
common practice and large availability of dyes in this spectral range.

However,

researchers and companies have begun to develop acceptable dyes and makers to
capitalize on the NIR spectral range [37,38]. As fluorescence sensing and analysis move
to more portable diagnostic formats, where the analysis of complex samples is required,
the urgency to move into the NIR will become much greater and more markers will be
developed to meet this demand.

2.5 CONCLUSIONS
The basic physics of fluorescence is described. Then, relevant equations are derived
which form the basis of LIF detection. Important engineering considerations relating to
LIF detection are discussed, such as fluorescence collection efficiency and laser
background. It is shown that fluorescence signals are much lower than the laser powers
used to excite fluorescent molecules, and methods such as spectral and spatial filtration
must be used to reduce the amount of laser background. In addition, fluorescence sensing
in the NIR offers significant advantages over conventional sensing in the visible due to
the low autofluorescence in this spectral range, and NIR sensing will become more
important as µTAS moves towards portable diagnostic settings.
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CHAPTER 3
SEMICONDUCTOR
OPTOELECTRONIC DEVICES

Semiconductor optoelectronics is the technological basis for the design and realization
of the integrated fluorescence sensor presented in this thesis. Therefore, this chapter
provides a general introduction to semiconductor optoelectronic physics and devices so
the reader can more thoroughly understand the sensor operation. The devices discussed
in this chapter include vertical-cavity surface-emitting lasers (VCSELs), PIN
photodetectors and distributed Bragg reflectors (DBRs), which are the major
optoelectronic devices used in the integrated fluorescence sensor.

3.1 SEMICONDUCTOR BANDGAP AND
OPTICAL TRANSITIONS
Understanding the electronic band structure of semiconductors and optical transitions
between bands is essential for understanding semiconductor optoelectronic devices. A
brief explanation of this physics is provided here; whereas, the reader can find a much
more detailed treatment by S. L. Chuang [39].
Semiconductor materials are typically made from a crystalline lattice of discrete
atomic species, such as Silicon (Si) or Gallium Arsenide (GaAs). When located in a
tightly spaced crystalline lattice, the discrete electronic transitions typical of individual
molecules form an electronic band structure, see Fig. 3.1. Unlike fluorescence or single
molecule transitions, the electronic levels in semiconductor crystals are not discrete but
continuous bands that extend from energies greater than the conduction band edge (E >
Ec) and energies less than the valence band edge (E < Ev). The forbidden gap between
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the conduction and valence band, where no allowable states occur, is often referred to as
the energy bandgap.

Fig. 3.1. Electronic energy-level diagram of semiconductor material. The difference between the
conduction band edge, Ec, and valence band edge, Ev, is often called the energy bandgap.

In the design of the sensor presented in this work, the semiconductor alloy system
AlxGa1-xAs is used. Therefore, it is useful to provide a simplified expression for the
direct bandgap of this material system as a function of alloy composition [40],

E g = 1.424 + 1.27 x.

(3.1)

As shown in Fig. 3.2, three types of optical transitions can occur between the valence
and conduction bands. In semiconductor physics, it is often convenient to describe the
absence of an electron in the valence band as a positively charge particle or hole. If a
photon enters the material with an energy, Eph, greater than the bandgap, Eg, then an
electron can be excited into the conduction band from the valence band after absorbing
the photon. This process is called optical absorption. After absorption, an excited
electron is present in the conduction band and an excited hole is present in the valence
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band or, in other words, an electron-hole pair has been created. Spontaneous emission
occurs when an electron is present in the conduction band and spontaneously recombines
with a hole located in the valence band, annihilating the electron-hole pair and creating a
photon. The process of stimulated emission is the most complex of the optical processes.
Stimulated emission involves a photon interacting with an electron in the conduction
band and a hole in the valence band, which causes the electron and hole to recombine and
create another photon of equal energy and phase to the incident photon, resulting in two
identical photons.

Fig. 3.2. Diagram of possible optical transitions in a semiconductor material. The processes of absorption,
spontaneous emission and stimulated emission are three possible ways in which light can interact with
semiconductors.

Optical transitions do not occur efficiently or with high probability in some
semiconductor materials. When designing optoelectronic devices such as a laser, it is
usually desirable to use an optical material where optical transitions are favored. Direct
bandgap semiconductors such as GaAs typically favor strong optical interactions;
whereas indirect bandgap semiconductors, such as Si, do not. Eqn. 3.1 describes the
direct bandgap of AlxGa1-xAs as a function of alloy composition. It is important to note
that AlxGa1-xAs becomes an indirect bandgap material for alloy compositions greater than
approximately 0.4 [40].
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3.2 PIN PHOTODETECTORS
In Section 3.1, the simple process of optical absorption is described.

PIN

Photodetectors capitalize on optical absorption to detect light. As discussed above, after
light has been absorbed, an electron-hole pair is created. An applied electric field can be
used to separate and transport the electron and hole in opposite directions to create
current. This current can be measured external to the detector and allows the detection of
the light that is incident on the material.
In PIN photodetectors, the absorbing intrinsic (I) region is placed between N-doped
and P-doped semiconductor layers. This causes an internal electric field to develop
across the I region when the electron rich material (N) and hole rich material (P)
equilibrate by electron and hole diffusion. This internal electric field separates the
electron-hole pairs created by absorption and enables the simple readout of current as
illustrated in Fig. 3.3. Another advantage of the PIN design is that an external reversebias can be simply applied across the diode without increasing the dark current
significantly. For a more detailed description of PIN photodetectors, see S. L. Chuang
and P. Bhattacharya [39,41].

Fig. 3.3. Diagram of PIN photodetector operation. Photon is absorbed in I region, creating an electronhole pair. The electron-hole pair are separated by the internal electric field and measured as current.
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An equation can be derived to calculate the amount of optical absorption occurring in
a material. If α is defined as the absorption probability of a photon per unit length, then a
simple differential equation can be formed,

dn p
dz

= −n pα ,

(3.2)

where np is the number of photons crossing a unit cross-sectional area per unit second.
Solving the differential equation yields

n p ( z ) = n p (0)e −α z .

(3.3)

A more useful equation that relates intensity to optical absorption can be inferred from
Eqn. 3.3. Since the intensity is proportional to the number of photons crossing a unit area
per unit time, then

I ( z ) = I o e −α z ,

(3.4)

where Io is the initial intensity at z = 0. Following from Eqn. 3.4 and conservation of
energy, the fraction of absorbed radiation for a detector with absorbing layer thickness, d,
is given by

Ia
= 1 − e −α d ,
Io

(3.5)

where Ia is the absorbed intensity.
The absorption coefficient, α, is commonly used when designing photodetectors. For
example, it is often desirable to engineer the length of the photodetector to obtain total
absorption of incident light. Fig. 3.4 shows the absorption coefficient for GaAs [42].
The bandgap of GaAs is 1.424 eV, which corresponds to a wavelength of 871nm using
Eqn. 2.1. In theory, there should be no absorption below the bandgap because there are
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no electronic transitions available. However, as seen in Fig. 3.4, there is significant
absorption below the bandgap of the material. Absorption effects such as excitons,
Urbach tail, free-carrier absorption and material defects can cause significant absorption
below the bandgap and must be considered when designing devices [39,43,44]. Above
the bandgap, the absorption increases because the density of states in the conduction and
valence bands increases with increasing energy.

Unless limited by high speed

considerations (>20Ghz), nearly 100% of the light is absorbed and detector quantum
efficiency is generally > 85%.

Fig. 3.4. Optical absorption of GaAs. Taken from Palik [42].

3.3 SEMICONDUCTOR LASERS
3.3.1 BASIC LASER PHYSICS
A brief description of laser physics is provided here. A. E. Siegman and Coldren et.
al. are excellent sources for a more detailed theory on lasers and semiconductor lasers
[45,46].
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The inverse process of optical absorption is stimulated emission. An analogous
equation to Eqn. 3.4 can be derived for the process of optical gain,

I ( z ) = I oe g z ,

(3.6)

where g is the gain coefficient of the material. By utilizing stimulated emission, optical
gain can be achieved. Fig 3.2 gives an intuitive understanding of how optical gain can be
achieved from stimulated emission. During stimulated emission, one photon enters the
material to produce an additional photon, resulting in two coherent photons.
Under most conditions, the process of absorption dominates over stimulated emission
because there are typically a much greater number of electrons in the valence band than
in the conduction band. However, electrical and optical methods can be used to pump
electrons into the conduction band and holes into valence band, thereby achieving a
greater number of electrons, Nc, in the conduction band than electrons, Nv, in the valence
band at a given transition energy. This condition is called population inversion,

N c ( E ) > N v ( E ).

(3.7)

If population inversion is achieved, then the process of stimulated emission dominates
over the process of optical absorption, resulting in net optical gain in the material.
Once optical gain has been achieved, a laser can be formed by placing the optical gain
medium inside an optical cavity or between two mirrors to provide optical feedback. Fig
3.5 shows a simple diagram of a laser and illustrates how the mirrors interact with optical
gain to create a laser. The gain material in a laser is an optical amplifier. The optical
mirrors provide optical feedback for the gain medium. Therefore, an intense circulating
optical field develops within the cavity of the laser. The exiting laser beam is the finite
loss of the optical field within the cavity due to transmission through Mirror 1.
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Fig. 3.5. Diagram of laser operation. An optical cavity is formed around an optical gain medium. The
light is amplified by the optical gain medium and the optical cavity is used for optical feedback. The laser
beam output is the finite optical transmission through Mirror 1.

Another important condition for lasing neglected in the discussion above involves the
cavity length. The round trip cavity length must be an integer of the lasing wavelength,

Lc = k

λ
2n

,

(3.8)

where Lc is the cavity length, λ is the lasing wavelength, n is the optical index within the
cavity and k is an integer. As the optical field circulates around the cavity of the laser,
this phase condition allows the photons to interfere constructively and enables the optical
field to build up in intensity.

3.3.2 DISTRIBUTED BRAGG REFLECTORS
Distributed Bragg reflectors (DBRs) are one of the most important elements used to
realize vertical-cavity surface-emitting lasers (VCSELs). Also, in the design of the
integrated fluorescence sensor, DBRs are used as an effective optical filter. DBRs are
typically made of two alternating materials with an optical thickness equal to λBragg/4,
where λBragg is called the Bragg wavelength, see Fig. 3.6. At λBragg, the reflectance from
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each interface of the DBR interferes constructively, which is additive, and results in a
large net reflectivity.

Fig. 3.6. Diagram of DBR. Two alternating materials of optical thickness λ/4 are used to form a DBR.

From Fresnel’s equations for matching the tangential electric fields for a propagating
electromagnetic wave at normal incidence, the reflectivity from a single optical interface
is given by

r=

n1 − n2
,
n1 + n2

(3.9)

where r is the reflectivity of the electric field from a single interface, n1 and n2 are the
optical indices of the alternating λBragg/4 material layers. As stated above, the λBragg/4
optical thickness of the DBR layers causes the reflections from each interface to interfere
constructively. The power reflectivity, R, of a DBR with k material pairs at λBragg is
given by [46]

Rmax = rmax

2

  n 2k
 1−  1 
  n2 
=    2k
  n1 
 1 +  
  n2 
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Typical power reflectance of DBRs used in VCSELs are in the range of 99.9 – 99.999 %
[47]. This high reflectance is required to compensate for the small amount of optical gain
due to the short cavity length of VCSELs.
Fig. 3.7 shows a power reflectance spectrum for a typical AlxGa1-xAs DBR used to
make VCSELs operating in the near-infrared (NIR).

The reflectivity spectrum is

generated through a thin film optical simulator based upon a transfer matrix algorithm
[48]. The DBR design is centered on λBragg = 780nm with 40-pairs of alternating AlAs
and Al0.3Ga 0.7As layers.

Fig. 3.7. Theoretical power reflectivity spectrum from DBR. DBR design is centered on λ = 780nm and
composed of 40 alternating pairs of AlAs and Al0.3Ga0.7As layers.

DBRs have a limited reflectance band. For example, in Fig. 3.7, the high reflectivity
band of the DBR ranges from about 745 – 810 nm. The spectral width of the high
reflectivity band is given by [49]

∆λ =

2λBragg ∆n

π neff

Chapter 3. Semiconductor Optoelectronic Devices

,

(3.11)

29

where ∆n is the difference in refractive index between the two DBR layers and neff is the
effective refractive index of the mirror. The effective refractive index is given by
−1

neff

1
1 
= 2 +  .
 n1 n2 

(3.12)

3.3.3 VERTICAL-CAVITY SURFACE-EMITTING LASERS
VCSELs have received much attention from the research community ever since their
first realization by Iga in 1979 [50]. VCSELs promise drastically reduced costs over
other semiconductor laser technologies. Cost reductions due to wafer-level testing and
packaging are possible with surface normal emitting VCSELs.

In addition, 2-

dimensional and dense parallel arrays can be easily manufactured and used in a variety of
new and interesting system architectures. This technology has shown much promise and,
as a result, has been highly developed for the telecommunication industry and other
sensing applications. An excellent review of VCSEL technology is provided by Wilmsen
et. al. [47].

Fig. 3.8. Schematic of VCSEL. Two DBRs surround quantum well (QW) gain region. Electrical contact
is made to the PIN diode in order to forward bias the diode and drive the VCSEL.

Fig. 3.8 shows a simplified schematic of a typical VCSEL. The VCSEL depicted in
Fig. 3.8 is analogous to Fig 3.5 and the previous discussion regarding laser physics. The
two DBR mirrors are used to form the laser cavity around the VCSEL quantum well
Chapter 3. Semiconductor Optoelectronic Devices

30

(QW) gain region. The basic electrical structure of the VCSEL is a PIN diode. The P
and N regions are the top and bottom DBR of the VCSEL, respectively. The laser gain
region in between the DBRs is the intrinsic (I) region. In order to achieve population
inversion for optical gain, electrons and holes are electrically injected into the gain region
by forward biasing the PIN diode.
VCSELs typically utilize quantum wells to achieve optical gain [46,47]. Quantum
wells are very thin layers, typically between 5 – 10 nm, placed between two materials of
higher electronic bandgap. In this manner, quantum wells provide an energy well for
electrons and holes, see Fig. 3.9. In other words, the holes and electrons fall into the
quantum well because this is energetically favorable. In order to achieve optical gain,
carriers are pumped into these quantum wells and population inversion is obtained in the
thin layers. One of the most useful properties of quantum wells is that population
inversion is much easier to achieve in a thin layer of material rather than a bulk layer.

Fig. 3.9. Diagram of quantum well. A thin (5-10nm) material is placed between two materials of larger
bandgap, creating an energy well to which electrons and holes are attracted.

An appropriate material system much be chosen to enable VCSELs. As seen in Fig.
3.8., a VCSEL is made from many thin material layers needed to form DBRs and
quantum wells [47]. The active region of the laser must be a high quality crystalline
material so that non-radiative recombination mechanisms are suppressed, increasing the
rate of stimulated emission or laser gain. Achieving such complex and large material
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stacks while maintaining good material quality is a significant challenge. The AlxGa1-xAs
material system is ideal for growing such crystalline layer structures. Over the entire
alloy range, there is a relatively small lattice mismatch so many different high quality
crystalline materials can be grown by epitaxial growth methods, such as molecular beam
epitaxy (MBE) or metal organic chemical vapor deposition (MOCVD). In addition, the
index contrast is large between GaAs and AlAs, which is useful for making DBR
structures.
The spectral range of VCSELs is limited due to a variety of material and design
limitations [47]. VCSELs lazing at 980 and 850nm have become a standard technology.
Moving towards shorter wavelengths becomes increasingly difficult, and useful VCSELs
below 600nm have not been successful [51,52]. However, promising work continues in
the area of visible VCSEL fabrication [53]. Much research has been invested to push
VCSELs towards longer wavelengths in order to be compatible with optical fiber
communications. VCSELs which laze at 1.3 and 1.5µm have been successful; however,
more research is needed to bring these devices to mass market [54,55].

3.4 CONCLUSIONS
Some basic concepts and physics of common optoelectronic devices are reviewed as
background for understanding the sensor operation detailed in the rest of this thesis. The
discussion focused on VCSELs, PIN photodetectors and DBRs which are the key
elements used in the design of the integrated fluorescence sensor.
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CHAPTER 4
SENSOR DESIGN

As discussed in Chapter 1, an integrated fluorescence sensing solution is needed to
enable the true potential of miniaturized and total analysis systems (µTAS) and other
sensing applications.
fluorescence

Several technologies could be used to fabricate an integrated

sensor.

Leveraging

optoelectronic

technologies

developed

for

telecommunications will result in drastically reduced costs and mass production and
could enable a disposable fluorescence sensing solution. The design of the integrated
sensor presented in this work capitalizes on well developed vertical-cavity surfaceemitting laser (VCSEL) technology by achieving a complete fluorescence sensor through
a few simple modifications to a typical VCSEL design used for telecommunications.

4.1 LITERATURE REVIEW
There are numerous attempts found in literature towards the goal of an integrated
biosensor. A complete overview of the literature is a daunting task due to the many
sensing technologies, numerous applications and the fact that the success of each
technique is highly dependent on the particular sensing application.

Several good

reviews are available that discuss various integrated sensing approaches and technologies
[10,12,13].
The literature reviewed here focuses on some of the more well known approaches
towards integrated fluorescence sensors [56-65]. All of these previous methods have
severe limitations. For example, the use of integrated waveguides and optical gratings to
excite fluorescent molecules has been proposed [56,57]. The integration of waveguides
adds additional complexity to biochip fabrication and may be difficult to implement with
a large number of channels. In addition, these waveguide-based sensors typically use
discrete light sources, filters and photodetectors, complicating packaging and alignment.
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Several groups have proposed the integration of photodetectors directly onto the biochip
[58-60] but have not shown an integrated excitation source.

The integration of

optoelectronic devices such as photodetectors directly onto the biochip may be costprohibitive to disposable applications.

Other integrated optical solutions have been

proposed [61,62] but, once again, these systems use non-integrated and discrete optical
components. Some progress towards a compact integrated sensor has been made by
clever packaging of discrete optical components (semiconductor lasers or light emitting
diodes (LEDs), photodetectors, optics and emission filters) for on-chip detection [63-65].
Again, the complex packaging of discrete optical components will dramatically increase
costs.

4.2 NOVEL APPROACH
The approach used in this work capitalizes on telecommunication technology and
monolithically integrates lasers, photodetectors and optical filters on the same substrate.
The cost-effectiveness of this approach could enable the development of applications
with disposable fluorescence sensors that may be cost-prohibitive with systems that use
discrete optical components.

In addition to inexpensive, high-quality optoelectronic

components such as lasers, photodetectors and optical filters, capitalizing on
telecommunications technology will enable packaging and integration benefits, such as
easy integration with avalanche photodetectors (APDs), CMOS electronics and microoptics [47,66-70]. Also, these optoelectronic devices allow for high speed operation of
greater than 10Ghz, which would be useful for fluorescence lifetime detection
[68,71,72]. Fig. 4.1 illustrates the general goal and theme of this research. Shown in Fig.
4.1 is a complete integrated sensing system that capitalizes on optoelectronic
technologies combined with CMOS electronics, micro-optics and microfluidics. It is
important to note that the embodiment shown in Fig. 4.1 is not realized in this work. In
other words, the sensor presented in this thesis does not incorporate CMOS electronics
and wafer bonding; however, this thesis demonstrates the optoelectronic, optical and
microfluidic elements in an identical architecture.
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Fig. 4.1. Illustration of ideal sensing system which utilizes state-of-the-art optoelectronic technology, such
as VCSELs, photodetectors and optical filters. In addition, CMOS electronics, micro-optics and
microfluidics can be easily integrated with the optoelectronic devices to make a complete system. CMOS
electronics are not implemented in the sensor presented in this thesis.

4.3 OPTICAL ARCHITECTURES
An integrated sensor is designed to incorporate all modules of a conventional laserinduced fluorescence (LIF) detection system (i.e. laser, detector, optics, and optical filter)
into a small semiconductor-based device. The optoelectronic design presented below in
Section 4.4 capitalizes on VCSELs, which emit normally to the wafer surface. Several
general sensor architectures which can be realized with VCSELs are illustrated in Fig.
4.2. The photodetector and VCSEL are integrated side by side. On the side of the
detector nearest the fluorescent molecule, an optical filter blocks reflected and scattered
laser light from reaching the detector to reduce laser background.
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Fig. 4.2. Schematic of general system architectures possible with VCSELs: a) Imaging, b) Waveguide,
and c) Proximity.

Fig. 4.2a shows an imaging architecture in which refractive or diffractive optics are
used to focus the laser onto the fluorescent molecules and collect their emitted
fluorescence. Optically collecting the emitted fluorescence with lenses enables the use of
small area photodetectors. Due to the small area photodetector, a large level of spatial
filtration can be achieved, which is perhaps the greatest advantage of the imaging
architecture.

As discussed in Section 2.3.2, spatial filtration in addition to spectral

filtration is needed for decreasing the amount of laser background and achieving high
sensitivity fluorescence detection. Other advantages of smaller photodetectors are less
cross-talk between adjacent sensors, lower photodetector dark current, higher levels of
integration, and high speed operation for fluorescence lifetime detection [23].
Unfortunately, obtaining high numerical aperture (NA) microlenses for large
fluorescence collection efficiency can be difficult and expensive; however promising
work continues in this area [73-76].
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Fig. 4.2b shows a waveguide architecture, in which a grating is used to couple the
excitation beam into a waveguide. The fluorescent molecules are immobilized to the
surface of the waveguide and excited by the evanescent tail of the optical waveguide
mode. The emitted fluorescence is collected by the waveguide and diffracted by another
grating into the detector. In evanescent waveguide sensors, the evanescent tail senses
only the first 100-200 nm from the waveguide surface. As a result, good rejection of
volume fluorescence can be obtained and only molecules attached to the surface are
detected [56]. Unfortunately, this method requires the use of immobilized probes onto
the surface of the waveguide, which makes this method unsuitable for microfluidic
separations such as capillary electrophoresis (CE) or chromatography.

In addition,

fabricating optical gratings and waveguides directly onto the biochip may be costprohibitive to disposable biochip applications.
Fig. 4.2c shows a proximity architecture, in which the biochip is located next to the
sensor. The excitation light propagates directly onto the fluorescent tags, and their
fluorescence is collected by a large-area photodetector that surrounds the light source.
The short-distance and large-area photodetector can result in large collection efficiencies
of greater than 20%.

Unfortunately, due to the large-area photodetector, it can be

difficult to achieve a high level of spatial filtration so laser background levels can be
problematic. In addition, crosstalk between adjacent sensor channels is significant, and
the sensor channel spacing needs to be much larger than that of the imaging architecture.
As described in the following chapters, the proximity sensor is implemented. Also, a
microfluidic implementation of the proximity architecture is realized to test the sensor on
a microfluidic format as described in Section 8.2.

The proximity architecture is

appealing due to high fluorescence collection efficiency, high alignment tolerance and
avoidance of complicated micro-optical fabrication.
When compared with transmission architectures [77], in which the light source and
photodetector are located on opposite sides of the biochip, the one-sided architectures
shown in Fig. 4.2 have several advantages. The ability to integrate the light source and
detector on the same side allows for easy replacement of the biochip for simple usage
with disposable biochips. The alignment between the light source and the detector is
Chapter 4. Sensor Design

37

obtained as part of device fabrication via microlithography and can easily be better than
2µm.

Unlike transmission type architectures, the one-sided sensing architecture

decouples the biochip design from the optical sensing design so, for example, one can use
optically absorbing substrates for the biochip, such as silicon.

Perhaps the most

important advantage of the one-sided architectures is the significant reduction in laser
background level. By not shining the laser directly towards the detector, significant
spatial filtration can be achieved, which is extremely important for high-sensitivity
applications [24,77].

4.4 OPTOELECTRONIC DESIGN
4.4.1 INTEGRATION
The VCSEL, photodetector and emission filter are monolithically integrated by
capitalizing on traditional VCSEL technology and realized using the same material and
fabrication technologies [78]. Fig. 4.3 shows a schematic of the optoelectronic design in
a proximity architecture. Chapter 5 details the precise epitaxial design of the sensor. The
VCSEL includes two distributed Bragg reflectors (DBRs) and a laser gain region.
Adjacent to the VCSEL, a simple PIN photodetector is formed by adding an intrinsic
GaAs region underneath the standard VCSEL epitaxial structure. The PIN photodetector
uses the N-doped DBR as both an optical filter and electrical contact. Section 4.4.2
describes how the N-DBR is utilized as an optical filter.
A design choice is made to utilize an N-doped DBR for the bottom VCSEL mirror,
resulting in a P-type GaAs substrate. Whereas, a N-type GaAs substrate could be used by
implementing a P-doped DBR for the bottom VCSEL mirror. The N-doped bottom
mirror design is chosen because, for the intracavity contact, there is less current crowding
around the edge of the VCSEL oxide aperture due to the higher conductivity of N-doped
layers [79]. Less current crowding results in more ideal mode behavior and better
efficiency for single mode laser designs.
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Fig. 4.3. Schematic of optoelectronic design. VCSEL is grown on top of the photodetector. Photodetector
uses the bottom N-DBR of the VCSEL as an optical filter. Complete sensor unit is made through one
simple modification to a typical VCSEL epitaxial structure.

One major disadvantage of utilizing telecommunication technologies is the limited
spectral range. VCSELs operating in the near-infrared (NIR) are commonplace; whereas,
visible VCSEL have not been successful [47]. Fortunately, as discussed in Section 2.4,
working with NIR fluorescence can be a significant advantage for some applications due
to low autofluorescence. Commercially available NIR dyes from a company called LICOR are targeted with this technology. Therefore, the VCSELs are designed to operate
at a wavelength of 770nm for successful excitation of these NIR fluorescent markers.

4.4.2 FILTER DESIGN
Fig. 4.4 illustrates how the N-DBR acts as a filter for the photodetector. A simple thin
film optical simulator based on a transfer matrix algorithm is used to simulate the
theoretical performance of the DBR filter, which includes material dispersion models for
AlxGa1-xAs [48]. The DBR is highly reflecting at the laser wavelength of 770nm (R >
99.999%) and relatively transparent at the Stokes’ shifted dye emission. Therefore, laser
photons reflected and scattered above the sensor are rejected by the filter before reaching
the detector active region; whereas, the fluorescence signal is transmitted through the
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DBR and detected. The advantage of the proposed design is that the VCSEL’s mirror is
used as the optical filter, thereby achieving optical filtration at little additional cost and
complexity.

Fig. 4.4. Theoretical reflectivity of DBR plotted together with absorption and emission characteristics of
IR-800 dye on a linear (left) scale. Theoretical transmission of DBR is plotted on a log scale (right).

The filter illustrated in Fig. 4.4 and utilized in the final sensor design is not optimal.
Due to the reflectivity sidelobes that are characteristic of DBRs, fluorescence signal
transmission through the DBR is low as described in Section 6.2.2. This non-optimal
design is pursued in order to follow standard VCSEL design and growth procedures.
However, the mirror design can be modified to give more ideal filtering behavior and
eliminate the reflectivity sidelobes [48]. For example, Fig. 4.5 illustrates how the simple
addition of a λ/8 matching layer on top of the filter can significantly reduce the DBR
reflectivity sidelobes. Better performance than that shown in Fig. 4.5 can be obtained by
a more efficient matching design.
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Fig. 4.5. Theoretical reflectivity from modified DBR design compared with a typical DBR design. The
addition of a simple λ/8 matching layer on top of the DBR significantly improves the pass-band
performance of the filter.

The above filter design offers another significant advantage other than simplicity of
fabrication.

Typical interference filters are sensitive to changes in incident angle,

whereas the filter presented here is relatively insensitive. The large optical index of the
AlxGa1-xAs material (n ≈ 3.3) used to make the filter reduces the angular sensitivity due to
Snell’s law,

ni sin(θ i ) = nt sin(θ t ).

(4.1)

Snell’s law describes how a ray passes from one material (ni) to another material (nt),
where ni and nt are the optical indices of the incident and transmitted material at the
interface, and θi andθt are the incident and transmitted angle to the normal of the
interface. Due to the relatively high optical index of AlxGa1-xAs, highly off-normal rays
are strongly refracted towards the normal inside the DBR, effectively reducing the angle
of incidence or collimating the light. Simulations show that filtration of optical density
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(OD) 4 or 10-4 transmission is possible for light rays incident at highly off normal angles
(θ < 60°) as shown in Fig. 4.6. In an integrated system, where scattered laser light may
be incident over a wide range of angles, maintaining filtration over a large range of
angles is critical.

Fig. 4.6. Theoretical angular dependence of AlxGa1-xAs filter for TE and TM modes. Good filtration of
OD 4 is maintained up to θ = 60°at λ = 770nm.

Another advantage of the AlxGa1-xAs material system for optical filter design is the
ability to control the material absorption edge by varying alloy composition. In this
manner, absorption based filters could be implemented along with an interference filter in
the current design. Care must be taken to make sure that the absorption filter does affect
the laser by decreasing the cavity quality factor. Placing the absorption filter underneath
the current interference filter would be a reasonable design choice. The advantage of
absorption-based filters is that these filters do not degrade for highly off-normal angles
[65].
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4.5 CONCLUSIONS
The optoelectronic design of the sensor capitalizes on convention VCSEL technology
for drastically reduced cost and size and the potential for highly parallel architectures.
Through one simple modification to a typical VCSEL, all the modules (laser,
photodetector and optical filter) required for a fluorescence sensor are achieved. The
AlxGa1-xAs DBR filters offer interesting design capabilities when compared to
conventional dielectric materials due to the high optical index of AlxGa1-xAs and ability
to the control the material bandgap. The following chapters detail the fabrication and
implementation of the design presented here.
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CHAPTER 5
FABRICATION

In Chapter 4, the general sensor design is introduced and described. The design
integrates a vertical-cavity surface-emitting laser (VCSEL), photodetector and optical
filter to create a complete fluorescence sensor. This chapter describes how these sensors
are realized, which involves the fabrication of low-noise PIN photodetectors, distributed
Bragg reflector (DBR) optical filters, intracavity contacted 773nm VCSELs and metal
optical isolation elements.

The detailed epitaxial design of the optoelectronic

components is provided here. In addition, a general description of the semiconductor
processing procedures is provided that illuminates some of the more difficult fabrication
procedures needed to realize the sensors. Appendices A and B provide exact details of
the epitaxial structure and processing recipes and are referenced throughout the overview
provided by this chapter.

5.1 LOW-NOISE PHOTODETECTOR FABRICATION
Low-noise photodetectors are extremely important to enable high sensitivity
fluorescence detection. As described in Section 6.1.1, photodetector dark current creates
a background which can limit sensitivity due to shot noise. A goal of this research is to
realize photodetectors with low dark current. Therefore, simple photodetector structures
are made in order to optimize fabrication procedures for low dark current. Fig. 5.1 shows
the PIN photodetector epitaxial structure that is grown by molecular beam epitaxy (MBE)
and a scanning electron microscope (SEM) image of a processed mesa photodetector.
These low-noise photodetectors are referenced in this thesis as sample number P222. The
integrated DBR is designed for λBragg = 770nm. The exact growth recipe or epitaxial
structure is given in Appendix A.1. For more information on MBE growth procedures,
A. Cho provides an excellent reference [80]. Simple processing steps are followed to
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realize the mesa photodetector. A standard bilayer liftoff process (Appendix B.1.1) is
used to define the top ring contact. After N-metal deposition (Appendix B.1.4) and metal
liftoff, thermal annealing (Appendix B.1.5) is used to make an ohmic contact to the GaAs
capping layer. P-metal is deposited on the backside of the substrate following Appendix
B.1.3. Then, the photodetector mesa is defined by simple lithography (Appendix B.2.2)
and electron cyclotron resonance-reactive ion etching (ECR-RIE) (Appendix B.2.3).
After dry etching 1µm into the P+ substrate, the detectors are electrically isolated. For
the reader’s aid, much more detail of general fabrication methods can be found in the
literature by R. Williams and S. K. Ghandhi [81,82].

Fig. 5.1. Low-noise PIN photodetectors (Wafer #P222). (Left) Epitaxial design for low-noise detector
sample. See Appendix A.1 for exact epitaxial structure. (Right) SEM image of processed mesa
photodetectors.

Section 6.1.1 details the electrical characterization of the low-noise photodetectors
shown in Fig. 5.1. The photodetectors exhibit very low dark current of 500fA/mm
detector diameter (note this is limited by surface generation, hence proportional to
surface length rather than bulk generation). It is important to note that this dark current is
highly sensitive to subsequent processing steps. High temperature processes, oxidation,
and reactive polymers such as BCB should be avoided in order to maintain low detector
dark current [83-85].
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5.2 INTEGRATED SENSOR FABRICATION
5.2.1 EPITAXIAL STRUCTURE
The general epitaxial design and operation of the integrated sensor are discussed in
Section 4.4. A detailed epitaxial structure is shown in Fig. 5.2 and is grown by metalorganic chemical vapor deposition (MOCVD) at Novalux, Inc. For more information on
the general methods of MOCVD, G. B. Stringfellow provides an excellent resource [86].
Appendix A.2 gives the precise epitaxial structure for the integrated sensor. This sensor
growth is referenced as wafer or sample #P763-5. The VCSEL is designed to laze at λ =
770nm.

The VCSEL’s top P-DBR consists of 26 λ/4 pairs of Al0.25Ga0.75As and

Al0.95Ga0.05As, and the bottom N-DBR consists of 40 λ/4 pairs. Compositional grading is
used to decrease the electrical resistance of the top P-DBR, whereas no grading is used on
the bottom N-DBR to preserve the detector’s emission filter integrity. Moving towards
the cavity, the top P-DBR doping is gradually reduced from 6×1018 cm-3 to 1×1018 cm-3 to
reduce free carrier absorption [43,79]. A 5λ/4 current spreading layer N-doped at n =
1×1018 cm-3 is used for the bottom VCSEL intracavity contact. Two λ/4 Al0.98Ga0.02As
oxidation aperture layers surround the VCSEL cavity. The oxide apertures are doped less
than the surrounding DBRs in order to reduce current crowding [79]. To allow the use
of selective wet etches for making contact with the 10nm GaAs intracavity contact layer,
no compositional grading is used from the current spreading layer into the VCSEL cavity.
The λ cavity consists of four 7nm Al0.11Ga0.89As quantum wells, separated by 8nm
Al0.3Ga0.7As barriers. A simple transfer matrix program is used to find the energy states
in the quantum well design. The quantum wells are designed to have a gain offset of
10nm from the Fabry-Perot cavity resonance for high power operation, see [87]. The
2µm intrinsic GaAs active layer for the photodetector is located underneath the N-DBR.
Many good references can found in the literature that discuss and detail the epitaxial
designs of similar VCSELs operating in this spectral range [51,52,79,88-94].
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Fig. 5.2. Epitaxial structure for integrated sensor. The VCSEL is grown on top of the photodetector by
MOCVD. See Appendix A.2 for exact structure.

Fig. 5.3. SEM images of the sensor epitaxial structure. (Left) Complete epitaxial structure. (Right) Closeup image of cavity and current spreading layer.

SEM images are taken of the epitaxial structure, see Fig. 5.3. The images show that
the structures are grown as designed. In addition, the SEM images show that the growth
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is of high quality with smooth interfaces between material layers. The current spreading
layer, cavity and DBR mirrors are clearly visible in the images. Unfortunately, the
images do not produce enough contrast and resolution to view the quantum well
structures within the VCSEL cavity.

5.2.2 SEMICONDUCTOR PROCESSING
There are some unique fabrication challenges associated with realizing the
monolithically integrated florescence sensors. Much of this thesis work is dedicated to
overcoming these challenges and developing robust processes [78,95]. The following
section reviews the fabrication procedures used to realize these sensors. Several good
references of general fabrication methods can be found in the literature and may be useful
to the reader [81,82].
Fig. 5.4 shows SEM images of processed sensors in a proximity configuration. The
VCSEL is located in the center of the annular shaped photodetector/filter structure. Two
interconnect lines or vias can be seen making contact to the VCSEL structure and one via
is made to the photodetector/filter structure. The substrate is the other electrical contact
for the photodetector. Cured photoresist formations are used to make the electrical vias
as described below. In addition, cured photoresist formations are used to develop metal
optical blocking layers for optical isolation purposes as described below.

Fig. 5.4. SEM images of processed sensors. (Left) Complete sensor unit in a proximity architecture. (Right) Close-up
image of VCSEL showing via formations and metal blocking layers.
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Many photolithography steps are required to realize the integrated sensors shown in
Fig. 5.4. With each photolithography step, resist beads, often referred to as edge beads,
can grow in size along the edge of the wafer piece due to incomplete development from
resist film aberrations and tweezer marks. These beads can cause significant problems
during contact mask alignment. Edge beads can prevent the mask from getting close to
the wafer during alignment so the alignment can be compromised.

In addition,

diffraction effects can be problematic if the mask and wafer are separated too far during
exposure. For example, exposure or diffraction spots can occur in the center of patterned
resists circles [27]. Therefore, it is extremely important to remove edge beads with each
photolithography step in order to complete the large number of processing steps.
Exposure edge bead removal is found to work extremely well and involves exposing the
edge bead and subsequent development before mask exposure, see lithography recipes in
Appendix B.

Fig. 5.5. Schematic of semiconductor processing sequence used to realize sensor. See Appendix B for
detailed processing recipes.

Fig. 5.5 shows a schematic of the process flow used to create the sensors shown in Fig.
5.4. The process begins with defining the top VCSEL ring contact, see Fig. 5.5a. A
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bilayer liftoff process is used to yield an undercut profile. For the small VCSEL contacts,
achieving an undercut profile is needed to liftoff the center of the contact rings. Liftoff
photolithography (Appendix B.1.1) is used to define the liftoff mask for the top VCSEL
ring contact. Then, E-beam evaporation is used to deposit Ti/Pt/Au (Appendix B.1.3) for
contact to the P-DBR. The top-contact dimensions are 20 and 40µm inner and outer
diameter, respectively. The next photolithography (Appendix B.2.1) step is used to mask
the top mesa etch of the VCSEL. Standard positive photoresist is used to cover the center
of the top ring contact while the outside of the metal ring masks the dry etch and defines
the top mesa dimensions i.e. a self aligning process.
For VCSELs and other thermally sensitive optoelectronic devices, it is important to
use a GaAs contact layer to minimize contact resistance because AlxGa1-xAs tends to
oxidize and increase contact resistance. Unfortunately, GaAs is absorbing at 770nm so
the intracavity contact layer must be kept to a minimal thickness and placed at an optical
null within the cavity in order to maintain the cavity quality factor required for lazing.
Typically, researchers utilize a 10-20 nm GaAs intracavity contact layer for VCSELs
operating in this spectral range [90]. Contacting to such a thin layer is a challenge and
selective wet etches are used to control the etch depth. The general methodology to
control the etch depth is to dry etch into the cavity of the VCSEL and, then, perform
selective wet etching to etch down to the thin 10nm GaAs intracavity contact layer, see
Fig. 5.5b.
ECR-RIE (Appendix B.2.3) is used to etch halfway into the λ-cavity of the VCSEL.
Precise control of the etch depth is important because selective wet etches are used in the
subsequent steps. An optical monitor, which uses a laser diode (λ = 670nm and 70°
angle of incidence) in a simple reflectivity setup, is used to control the etch depth
precisely [96]. Fig. 5.6 shows the etch profile from the reflectivity monitor. The figure
shows an etch through the cavity; whereas, during the top mesa formation described
below, the etch stop is halfway through the VCSEL cavity as marked in the figure. The
reflectivity oscillations from each DBR pair are clearly seen, totaling 26 plus one
additional oscillation for the oxide aperture. Immediately following the oxide aperture,
attenuation in the oscillation amplitude is observed because the laser diode emission is
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strongly absorbed in the cavity, reducing interference effects. The oscillation amplitude
increases as the etch proceeds to the next oxide aperture interface due to smaller cavity
absorption. Another decrease in oscillation amplitude is observed after the 2nd oxide
aperture because the current spreading layer strongly absorbs the diode emission similar
to the cavity as discussed before. As seen in Fig. 5.6, good control of the etch depth is
possible with the optical monitor. In fact, the limiting parameter during dry etching is the
etch non-uniformity across the wafer piece due to the uneven electrical and thermal
contact to the carrier wafer.

By etching into the cavity of the VCSEL, this non-

uniformity problem is alleviated because the cavity length is usually greater than the etch
non-uniformities. Nonetheless, considerable care needs to be taken to maintain good etch
uniformity over the entire sample. It is found that attaching the sample to the carrier
wafer with double-sided copper tape consistently produces good etch uniformity over a
majority of the sample.

Fig. 5.6. Measured reflectivity profile during dry etching of sensor (P763-5). Image shows reflectivity
etch profile through the cavity region; whereas, during processing of the sample, the etch is stopped as
marked on the profile.

Having dry etched into the cavity of the VCSEL, a series of selective wet etches
(Appendix B.2.4) are used to etch down to the thin 10nm GaAs intracavity contact layer,
see Fig. 5.7. The same mask used for the previous dry etch is used for the wet etching.
First, a citric acid etch for 2 min is used to remove the rest of the VCSEL cavity
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(Al.3Ga.7As) and stop on the oxide aperture layer (Al.98Ga.02As) [97]. Then, a buffered
oxide etch (BOE) for 30s is used to remove the oxide aperture layer and stop on the 10nm
GaAs layer [97]. A digital etch that alternates between an ammonium hydroxide based
etch and hydrogen peroxide is used to clean and smooth the surface. Usually, one cycle
of digital etching is enough to smooth the surface. These etches work well in that they
provide reasonable etch selectivity and minimal undercutting of the mesa structures.

Fig. 5.7. Schematic of selective wet-etch sequence used to land on 10nm GaAs contact layer. Two
selective etches are used in the process: 1) Citric acid-based selective etch and 2) BOE-based selective
etch.

Mesa curvature at the bottom of the top mesa can create problems for the intracavity
contacted structures. As shown in Fig. 5.7, the mesa widens towards the bottom due to
dry etching artifacts.

After wet etching, the cavity and top DBR layers can be

significantly wider than the originally designed top mesa diameter. Fig. 5.8 shows an
SEM image of the cavity protruding well beyond the top mesa edge. If intracavity
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contacts are made too close to the mesa edge, then the contact can electrically short the
VCSEL PIN junction.

Fig. 5.8. SEM image of epitaxial layers protruding from mesa edge after selective wet etching. These
protrusions must be considered when designing the intracavity contact mask.

The intracavity and photodetector contacts are defined during the same bilayer liftoff
process (Appendix B.1.2). During photolithography for the intracavity contact, a thick
film resist (3µm) is used to ensure that the mesa is completely covered.

E-beam

evaporation is used to deposit Au/Ge/Ni/Au (Appendix B.1.4) for the N-contact. The
intracavity contact has inner and outer ring diameters of 50 and 90µm, respectively.
Similar to the VCSEL top mesa etch, the etch mask for the VCSEL bottom mesa and
photodetector mesa is done using a self-aligning lithography process, see Appendix
B.2.2. The bottom mesas are etched (Appendix B.2.3) by ECR-RIE, see Fig. 5.5c. The
bottom mesa etch proceeds through the active layer of the photodetector for a total etch
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depth of approximately 8µm. The photodetector inner and outer diameters are made to
be 200µm and 1mm, respectively. A thick film photoresist (7µm) is used for the mesa
dry etch because of the large etch depth. The bottom mesa dry etch step exposes the
active perimeter of the photodetector.

The photodetector’s dark current is highly

dependent on subsequent processing steps. To maintain low dark current, it is best to
avoid high temperature procedures and oxygen plasmas after exposing the detector active
area. Therefore, contact annealing and wet oxidation of the VCSEL current aperture are
conducted before the bottom mesa etch. The metal contacts are annealed (See Appendix
B.1.5) at 420C for 1min. The oxidation apertures are oxidized (See Appendix B.3) in
saturated nitrogen vapor at 395C for approximately 14min in order to oxidize to a 20µm
oxide aperture diameter from a 40µm top mesa diameter [98]. Even though the VCSELs
are designed to have two oxidation apertures, the VCSELs effectively only have one due
to the uneven oxidation of the two oxidation layers. The top oxidation layer oxidizes to a
much smaller diameter due to the edge effects shown in Fig. 5.8.
The next processing step involves making electrical contacts or vias to the VCSEL and
photodetector ring contacts and developing metal blocking walls to optically isolate the
photodetector from the laser (Fig. 5.5d). Cured positive photoresist provides excellent
three-dimensional and insulating microstructures for such purposes [99,100]. A standard
positive photoresist (AZ9260, Clariant) is used for this task. The process involves simple
photolithography (Appendix B.4.1) and a 2-hour cure step (Appendix B.4.2) at 325C.
The resist reflows during the oven cure, providing gradual sloping contours that are ideal
for forming vias and blocking structures. Fig. 5.9 illustrates the slopping behavior of the
cured resist and how this can be exploited to make electrical vias. Highly controlled
reflowing is needed and oven curing profiles need to be optimized. Too much reflowing
of the resist can cause the resist to completely cover electrical contacts or fill the optical
isolation trench. Slow ramping of oven temperatures reduces the amount of reflow. The
highly three dimensional or tall mesa structures of the sensor increase the amount of
reflowing. For example, filling of the optical isolation trench is particularly problematic
due to the resist flowing down into the trench due to gravity. It is found that the distance
between the VCSEL bottom mesa edge and detector side wall needs to be greater than
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50µm to prevent the optical isolation trench from being completely filled, which limits
how close the VCSEL and photodetector can be integrated.

Fig. 5.9. SEM image of VCSEL cross-section and via formation. Cured photoresist microstructures
provide excellent platforms for vias and metal blocking structures. A via can be seen making contact to the
top mesa contact of the VCSEL.

As describe above, positive resist is patterned and cured to provide insulating 3dimentional microstructures to support electrical vias and metal optical blocks. Then,
thick film bilayer liftoff lithography (Appendix B.4.3) is used to pattern a liftoff mask for
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the electrical vias and metal blocking layers. E-beam evaporation (Appendix B.4.4) is
used to deposit Ti/Au for via and optical blocking metalization.
One significant problem resulting from the preceding fabrication sequence involves
packaging the GaAs chip with wire bonding. Bond pads are formed directly onto the
cured photoresist formations. Unfortunately, the bond pads do not adhere well to the
cured photoresist and bond pad adhesion difficulties occurred during wire bonding,
significantly reducing sensor yield. For next generation devices, it is recommended to
use a silicon nitride (Si3N4) film for bond pad adhesion and use cured photoresist as a
bridge between the optoelectronic contacts and Si3N4 films [101].

5.3 CONCLUSIONS
There are some unique fabrication challenges involved in the integrated sensor
fabrication. Contacting to the thin GaAs VCSEL intracavity contact layer is a challenge.
The deep bottom mesa etch needed to isolate the photodetectors creates highly three
dimensional microstructures, which make lithography and via formation a challenge.
Cured positive photoresist microstructures prove to be a viable method for enabling via
formation and optical isolation blocks between the laser and the photodetector. The
processes described here enable the realization of the sensors; however, more process
optimization and development is needed to improve yield and decrease integration
dimensions.
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CHAPTER 6
OPTOELECTRONIC
DEVICE CHARACTERIZATION

High performance optoelectronic devices are a prerequisite for high sensitivity
fluorescence detection. The initial phase of this research focuses on the fabrication of
low-noise photodetectors. Then, these photodetectors are integrated with vertical-cavity
surface-emitting lasers (VCSELs) and optical filters to create a complete fluorescence
sensor. This chapter evaluates the performance of each optoelectronic component (PIN
photodetector, distributed Bragg reflector (DBR) optical filter and VCSEL) of the
fluorescence sensor. Then, the following two chapters examine how these components
interact to enable fluorescence sensing.

6.1 PHOTODETECTOR MEASUREMENTS
6.1.1 ELECTRICAL MEASUREMENTS
Photodetector dark current causes a host of problems for optical detection, such as
shot noise and reduced dynamic range [102]. Dark current is a background signal and
can be treated similarly as laser background (see Section 2.3). For the detection of low
fluorescence signals, random fluctuations in the dark current background from shot noise
can limit sensitivity. The amount of shot noise generated from dark current is given by

ishot = 2 q I dark ∆f ,

(6.1)

where q is Coulomb’s constant, Idark is the direct-current (DC) value of dark current and

∆f is the detection bandwidth. Therefore, especially for high speed applications such as
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scanning architectures or fluorescence lifetime sensing, maintaining low dark current is
important to reduce shot noise and enable highly sensitive fluorescence detection.
Dark current measurements are performed at 5V reverse bias for circular mesa
detectors of varying diameters as shown in Fig. 6.1 [103]. The dark current scales
linearly with detector diameter and is measured to be approximately 500fA per mm of
detector diameter. These values are extremely low and comparable to some Si detector
technologies [102]. This result shows that GaAs photodetector technology is suitable for
highly sensitive fluorescence detection. As expected, the fact that the detector dark
current scales linearly with detector diameter rather than area suggests that surface states
on the detector perimeter are the dominant source of dark current generation. As with
most semiconductor devices based on the III-V material system, surface states can be
significant and dominate device characteristics [83-85].

Fig. 6.1. Dark current measured as a function of detector diameter at a detector reverse bias of 5V [103].
Measurements are conducted on low-noise photodetector samples (P222).
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Fig. 6.2. Background current of photodetector at 0V bias. At 5V, the detector shows much greater dark
current of 2nA. Measurement is conducted on low-noise photodetector samples (P222).

The measurements reported above are conducted under highly controlled process
conditions (see Section 5.1). In practice, the dark current can be much greater than that
reported in Fig. 6.1. Epitaxial growth defects, such as oval defects or dislocations, can
greatly increase the amount of dark current and be particularly problematic for large area
photodetectors because the probability of a defect increases with detector active area
[80].

As shown above, surface states dominate the dark current of defect-free

photodiodes. Therefore, photodetector dark current is highly dependent on subsequent
processing steps.

High temperature procedures and oxygen descuming plasmas

drastically increase detector dark current. To overcome these difficulties, it is important
to note that passivation techniques could be implemented to maintain low detector dark
current in a variety of environmental and/or processing conditions [83-85]. In this work,
the large detector backgrounds caused by material defects and processing conditions are
avoided by operating the photodetectors at 0V reverse bias, where the photodetector dark
current should be zero as derived from the ideal diode equation. Fig. 6.2 shows the
detector current background (≈120fA) at 0V bias. The finite background current is likely
due to electronic and/or RF noise from the instrumentation used to measure the diode
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current at 0V reverse bias. The same detector shows a dark current of 2nA at 5V reverse
bias, so drastic reductions in background can be achieved at 0V operation. Fortunately,
as shown in the following section, high detector responsivity can be maintained at 0V
operation. However, for high speed applications such as fluorescence lifetime detection,
higher reverse bias would be needed to maintain good photodetector responsivity
[104,105].

Therefore, maintaining low dark current at high reverse bias would be

important for high speed applications.

6.1.2 OPTICAL MEASUREMENTS
A variety of optical measurements are conducted to measure the photodetector and
filter performance. Fig. 6.3 shows a schematic of the experimental setup used to measure
the optical response of the photodetector/filter modules. A tunable Titanium-Sapphire
(Ti:Sapphire) laser beam is focused onto the photodetectors by an objective lens
(Numerical Aperture (NA) = 0.1). The photodetector current response is measured with
standard probe tips connected to a semiconductor parameter analyzer (Hewlett Packard,
4155B).

The Ti:Sapphire output power is monitored with a calibrated silicon

photodetector (Newport, 818-SL) .

Fig. 6.3. Schematic of experimental setup used to measure the optical characteristics of the photodetectors
and optical filters. An optical beam from tunable Ti:Sapphire laser is focused onto the detector/filter.
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Fig. 6.4. Measured and simulated responsivity of photodetector/filter module (P763-5). Simulation is
performed by assuming the photodetector has a QE = 100% over the entire spectral range.

Since fluorescence signals are weak, high photodetector responsivity is required for
sensitive detection. The spectral response of the photodetector/filter module is tested as
shown in Fig. 6.4.

The input laser power used is 10µW within a spot size of

approximately 20µm diameter at the photodetector. The effect of the integrated filter on
the photodetector responsivity is clearly observed in the data. It is difficult to measure
the photodetector responsivity independently from the optical filter due to the integrated
architecture. For wavelengths below the filter cutoff (λ < 795nm), the responsivity of the
photodetector/filter module is extremely low because the filter rejects these wavelengths.
Above the filter cutoff (λ > 795nm), the ringing sidelobe behavior of the DBR filter is
observed. Over the spectral range from 810-870nm, the average responsivity of the
photodetector/filter module is found to be about 0.47 A/W with a peak responsivity of
0.57 A/W at λ = 841nm. These values correspond to an average quantum efficiency
(QE) of about 70% and a peak QE of 84% at λ = 841nm. At λ = 841nm, the filter is
probably reflecting some power, so the internal QE of the photodetector is probably
greater than the measured 84%. A QE of nearly 100% is expected for the heterostructure
PIN photodetector with large absorbing region used in this design.
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The experimental responsivity from the photodetector/filter module agrees reasonably
well with the simulated performance as shown in Fig. 6.4. A thin film optical simulator
based on a transfer matrix program is used to determine the theoretical transmission
spectrum of the filter [48]. Then, the photodetector is assumed to have a QE = 100%
over the entire spectral range to generate the theoretical responsivity of the
photodetector/filter module from the filter transmission simulation. This assumption is
realistic as seen from the discussion in the above paragraph. The deviation of the cutoff
wavelength and filter sidelobes between the simulation and measurement is due to
MOCVD growth errors during the fabrication of the filter structure.
As discussed in Section 6.1.1, operating the detector at 0V reverse bias enables lownoise operation due to negligible background current at 0V. Experimental results show
that the responsivity of the photodiode is relatively independent of applied bias as shown
in Fig. 6.5. This important result allows for the photodetector to be operated at 0V for
low-noise performance without compromising detector responsivity.

Fig. 6.5. Measured responsivity of photodetector/filter module at 0, 3, and 5V reverse bias.
measurement is conducted on low-noise photodetector sample (P222).
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Photodetector linearity is important for fluorescence detection because fluorescence
concentration and intensity can vary over many orders of magnitude.

To test the

photodetector linearity, the photodetector response is measured at λ = 810nm for a
variety of input powers as shown in Fig. 6.6 [103]. During this measurement, the
photodetector diameter is 200µm, and the illumination spot diameter is 150µm. For input
powers ranging from 1pW to 1mW, linear detection over nine orders of magnitude is
achieved. Saturation effects are not observed, so the dynamic range may even be larger.
This dynamic range should be more than adequate for most quantitative fluorescence
experiments. In fact, the dynamic range will most likely be limited by the detector
readout circuitry instead of the photodetector [102,105,106].

Fig. 6.6. Measurement of photodetector linearity. Measurement is conducted at λ = 810nm and on the
low-noise photodetector sample (P222).
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6.2 OPTICAL FILTER MEASURMENTS
6.2.1 ELECTRICAL MEASUREMENTS
As described in Section 4.4.1, the DBR optical filter is used to both reject laser light
from reaching the photodetector as well as make electrical contact to the detector active
region. Due to the discontinuous valence and conduction band structure, DBRs can add a
significant series resistance to the photodetector [107]. This can be problematic because
photodetector series resistance will increase the RC time constant and can limit the
detection bandwidth. High speed operation would be needed for fluorescence lifetime
measurements where over 1 GHz operation may be needed.
A brief characterization of DBR series resistance is conducted. Experiments show that
detectors utilizing P-doped DBRs result in much higher values of series resistance than
N-doped designs. However, in the future, compositional and dopant grading techniques
can be used to reduce the resistance of P-doped DBRs [107,108]. As discussed in
Section 4.4.1, a N-doped filter is implemented in the final sensor design due to smaller
current crowding effects. With the N-doped filter designs (Sample P222), the detector
series resistance is measured to be about 50Ω for a detector with 25µm diameter. The
series resistance is negligible for detector diameters larger than 100µm.

6.2.2 OPTICAL MEASUREMENTS
Unfortunately, measuring the filter transmission spectrum independently from the
photodetector is difficult due to the integrated architecture. The transmission spectrum of
the filter is estimated using the following procedure [109]. As discussed in Section 6.1.2,
the responsivity of the photodetector/filter module is measured and it is argued that the
photodetector QE is approximately 100%. Due to this 100% QE assumption, the filter
performance can be simply extracted from the responsivity data as shown in Fig. 6.7. It
is important to note that the measurement requires focusing the input laser beam with an
objective lens (NA = 0.1) to a spot onto the photodetector/filter module. Therefore, the
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measurement is conducted in a non-collimated regime. This effect is insignificant due to
the high optical index of the filter and resulting angular insensitivity, see Section 4.4.2.
Fig. 6.7 shows the theoretical and measured filter transmission spectrum for the sensor
samples (P763-5). The filter is designed to have an optical density (OD) greater than 5 or
less than 10-5 transmission at the excitation wavelength of 773nm. Unfortunately, the
filter’s optical density is measured to be only OD 3, which causes the sensor to have high
levels of laser background from optical reflections.

Fortunately, the MBE grown

photodetector/filter modules (P222) show much better performance of nearly OD 4 at λ =
773nm (see Fig. 6.7), so much better performance is possible with this technology.
However, even the MBE photodetectors/filter modules (P222) do not perform at the
theoretically predicted OD 5.

Fig. 6.7. Theoretical and measured transmission spectrum of sensor filter and low-noise photodetector.
This measurement is conducted on the sensor sample (P763-5) and low-noise photodetector sample (P222).
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Fig. 6.8. Illustration of three possible mechanisms that degrade filter performance: 1) Filter fluorescence,
2) Optical scattering and 3) Carrier diffusion.

Experiments are currently underway to understand why the filters deviate from
theoretical performance. Fig. 6.8 illustrates three possible mechanisms which may be
responsible in degrading filter performance. Two of the possible mechanisms, filter
fluorescence and carrier diffusion, result from sub-bandgap absorption mechanisms. As
discussed in Section 3.2, a small amount of absorption can occur below the material
bandgap due to excitons, the Urbach tail, impurity states and/or free carrier absorption
[39,43,44]. Some of these absorption processes can result in excited charged carriers.
For the case of filter fluorescence, the excited electron-hole pairs recombine at a slightly
relaxed energy, releasing a red-shifted photon that can penetrate through the filter and be
detected. Also, the broad angular emission of filter fluorescence will be problematic
because highly off-normal emission can penetrate through the filter easily. For the carrier
diffusion model, the excited holes diffuse into the active junction of the photodetector
and create photocurrent. The third possible mechanism that may be responsible for poor
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filter performance results from optical scattering. Incident light could be scattered into
highly off-normal angles at filter interfaces and penetrate through the filter.
It is believed that filter fluorescence is the mechanism responsible for the poor filter
performance. First of all, even with conventional dielectric material systems used for
optical filters, filter fluorescence can be problematic and must be considered when
designing a filter for a particular application or spectral range. Secondly, the drastic
improvement in filter performance in sample P222 compared to the sensor sample (P7635) suggests that sub-bandgap absorption is responsible for filter degradation. Due to the
larger bandgap of sample P222 (x = 0.3 or λedge = 687nm) compared with the sensor
sample (x = 0.25 or λedge = 712nm), less sub-bandgap absorption occurs in the P222 filter
and this results in drastically improved performance. The influence of sub-bandgap
absorption suggests that the filter fluorescence or carrier diffusion models are
responsible. The carrier diffusion model is ruled out as a possible mechanism. Carrier
diffusion is greatly reduced because the discontinuous valence and conduction band
structure of the DBR traps free carriers.

Finally, atomic force microscopy (AFM)

measurements are conducted to evaluate the filter top surface roughness in order to
analyze the effect of optical scattering. Equivalent RMS powers, Prms, of both the P222
and P763-5 samples are between 0.6 - 0.85nm, which show fairly negligible surface
roughness compared to the wavelength of light.
As discussed above, filter fluorescence is the likely mechanism responsible for
degrading the filter performance. Reducing the sub-bandgap absorption will be effective
in reducing the amount of filter fluorescence. As shown above, reducing absorption by
increasing the material bandgap from λedge = 712nm (x = 0.25) to λedge = 687nm (x = 0.3)
improves the filter performance by nearly an order of magnitude. It is believed that
further increases in material bandgap will continue to increase filter performance. At an
alloy composition of approximately x = 0.4, the AlxGa1-xAs bandgap becomes indirect,
which may further reduce filter fluorescence due to less efficient radiative recombination
[39,40]. Finally, a large degree of freedom exists in the design of these semiconductor
filters and it is believed that AlxGa1-xAs filter technology can yield much better
performance than that reported in Fig. 6.7. However, if future experiments show that
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AlxGa1-xAs can not deliver the desired performance, then conventional dielectric filter
technology would be a viable option and can be simply deposited onto the current sensor
design [59].
The optoelectronic design described in Section 4.4.1 utilizes the VCSEL DBR as an
optical filter for the photodetector. Unfortunately, DBRs show characteristic ringing
sidelobe behavior that limits the transmission of the fluorescence signal through the filter
and reduces sensitivity.

Fig. 6.9 shows the measured transmission spectrum in

combination with the emission spectrum of IR-800 (LI-COR, Inc.) in methanol. The
fluorescence spectrum is measured with a fluorimeter (Instruments S.A.- FluoroMax-2).
Eqn. 2.10 is used to calculate the effective signal transmission through the DBR by
normalizing the transmission spectrum against the fluorescence spectrum. It is calculated
that only 40% of the fluorescence signal is transmitted through the DBR. Large gains in
filter transmission are possible by eliminating the reflectivity sidelobes through simple
thin film filter designing (see Section 4.4.2).

Fig. 6.9. Measured filter transmission spectrum in combination with measured fluorescence spectrum of
IR-800 dye (LI-COR Inc.) in methanol. Filter measurement is conducted on sensor sample (P763-5).
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6.3 VCSEL MEASURMENTS
6.3.1 LIV MEASUREMENTS
High performance lasers are a prerequisite for high sensitivity fluorescence detection.
The VCSELs used for the sensor (sample P763-5) are characterized and prove to be
excellent emission sources for laser-induced fluorescence (LIF) detection. A simple
experimental setup is used to characterize the output power-current-voltage (LIV)
performance of the VCSELs and involves a probe station, silicon photodiode (Newport,
818-SL), laser driver (ILX, 3744), InGaAs photodetector (Thorlabs, PDA400) and
computer interface. The silicon photodiode is used to calibrate output power-current (LI)
data generated from the computer controlled InGaAs photodiode.

Fig. 6.10. CW LIV characteristics of 773nm VCSELs with oxide apertures of 4, 7, 14 and 20µm. The
current-voltage (IV) curve is shown for the 20µm aperture VCSEL. Data is collected from the sensor
samples (P763-5).

Fig. 6.10 shows power-current characteristics for continuous-wave (CW) operation at
20C for VCSELs with a wavelength of 773nm and oxidation aperture diameters of 4, 7,
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14 and 20µm [78,110]. The VCSELs show characteristic output power roll-off as the
gain spectrum is thermally misaligned to the resonant cavity wavelength with increasing
input current [47,87].

Table 6.1. Typical VCSEL operational parameters for oxide diameters of a = 4, 7, 14 and 20µm. Data
collected from sensor samples (P763-5).

Typical VCSEL operational parameters for varying oxide diameters, denoted as a,
can be found in Table 6.1. The threshold current increases with aperture diameter from
0.8mA (a = 4µm) to 4.1mA (a = 20µm).

These reported values of threshold are

determined by using a linear fit of above threshold operation [46]. The actual values of
threshold are lower due to the slow turn-on characteristics that are typical of multimode
VCSELs (see Figs. 6.10 and 7.4).

The threshold current densities decrease from

640A⋅cm-2 (a=4µm) to 1300A⋅cm-2 (a=20µm) with increasing oxide apertures due to
decreased optical losses [47,92]. The differential quantum efficiency is about 15% for
the large aperture designs.

The smaller aperture design has a smaller differential

efficiency due to the increased optical losses and less optimal modal overlap with the
gain volume [47]. With operating voltages between 2 and 3V, the differential resistances
decrease from 55Ω to 38Ω for aperture diameters of 7 to 20µm, respectively. The small
aperture design shows a much greater resistance of 210Ω. The maximum output power
scales with aperture diameter from 0.6 to 4.0mW for aperture diameters of 4 and 20µm,
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respectively. The results reported here are in good agreement with values reported in the
literature for VCSELs operating in this spectral range [90,92]. Most importantly, these
power levels provide sufficient optical power to achieve high sensitivity fluorescence
sensing.

6.3.2 MODAL AND SPECTRAL CHARACTERIZATION
Single-mode (fundamental TEM00) VCSELs are observed for the small aperture
design, a = 4µm. VCSELs with oxide apertures greater than 7µm laze in multiple
transverse modes. Fig. 6.11 shows near field images for a single-mode and multimode
VCSEL. These images are captured with a Spiricon camera (Model #TC-1122). The
single-mode VCSEL shows a fundamental Gaussian shape. Whereas, for the multimode
VCSEL, the observed peaks in the optical intensity distribution are indicative of multiple
transverse modes.

In most quantitative fluorescence sensing applications, extreme

resolution is not required. Therefore, single-mode operation does not offer an obvious
advantage over multimode operation. However, if low divergence is required, then
single-mode operation can offer significant advantages as discussed below.

Fig 6.11. Near-field optical images of single-mode and multimode VCSELs. (Left) Single mode VCSEL
with oxide aperture of a = 4µm and Idrive = 4*Ith. (Right) Multimode VCSEL with oxide aperture of a =
14µm and Idrive = 4*Ith.
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Lasers that show broad spectral characteristics can create significant problems due to
the laser emission spectrally overlapping the fluorescence emission. When this spectral
overlapping occurs, spectral filtration is not possible and large laser background is
created. Multiple longitudinal modes can cause significant spectral broadening of laser
emission and be problematic for fluorescence sensing

[47].

Fig. 6.12 shows the

spectrum of a large aperture multimode (a = 14 µm) VCSEL driven well above threshold.
This spectrum shows the absence of multiple longitudinal modes. Due to the short cavity
length of VCSELs and resulting broad spectral spacing between longitudinal modes,
VCSELs laze in only one longitudinal mode and show relatively narrow spectral
characteristics [47].

Fig 6.12. Measured optical spectrum of 14µm aperture VCSEL driven at Idrive = 4*Ith. The figure shows
that the VCSEL lazes in one longitudinal mode.

The linewidth of the fabricated VCSELs is limited by broadening due to multiple
transverse modes. Different transverse modes laze in slightly different spectral regions
[45]. Fig. 6.13 shows the optical spectrum of a 14µm aperture laser as a function of laser
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drive current. Near laser threshold, the single spectral peak shows that the VCSEL lazes
in only one transverse mode. The multiple spectral peaks for above threshold operation
show that the VCSEL transitions to multimode operation. In addition, the emission
spectra shifts towards slightly longer wavelengths as the VCSEL is driven with larger
input current. This red shift is caused by the change in cavity resonant wavelength from
thermally induced optical index changes [87].

The linewidths shown in Fig. 6.13 are

sufficiently narrow (∆λ < 1nm) to avoid overlapping with the fluorescence emission
spectra and enable high sensitivity fluorescence detection.

Fig. 6.13. Measured power dependent emission spectrum for a VCSEL with aperture of 14µm. The
VCSEL transitions from single-mode to multimode operation with increasing input current.

Far-field laser divergence is another important parameter in designing an optimized
integrated sensor. For most applications, it is desirable to have a small divergence angle.
Sources with a broad distribution of divergence angles typically decrease spatial filtration
because the light will fill a larger percentage of the optical system. Also, as shown in
Section 4.4.2, spectral filtering of light over a wide angular range is challenging due to
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the angular dependence of interference filters.

The VCSEL far-field divergence is

measured with a goniometer and silicon photodiode (Newport, 818-SL). The divergence
of the single-mode VCSEL is 14° full-width at half-maximum (FWHM), which agrees
well with standard single-mode Gaussian theory. The 20µm aperture also shows a
divergence of 14° FWHM as shown in Fig. 6.14. The 7 and 14µm aperture VCSELs
show larger divergences of about 20° FWHM. As expected, the multimode VCSELs
deviate significantly from the divergence calculated using single mode Gaussian theory
[45]. For the multimode VCSELs, the far-field divergence pattern is toridal as shown in
Fig. 6.14.

Fig. 6.14. Far-field divergence of 20µm aperture VCSEL.
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6.4 CONCLUSIONS
This chapter is devoted to the optoelectronic characterization of the individual
devices (PIN photodetector, DBR optical filter, and VCSEL) used in the design of the
integrated fluorescence sensor. High quality photodetectors are achieved that show low
dark current, linear detection and high quantum efficiency. Unfortunately, the integrated
semiconductor filters do not perform as theory predicts and limit the sensor sensitivity
due to the low rejection of reflected laser light as discussed in the following sections.
Finally, high-quality VCSELs are achieved that show high-power operation and narrow
spectral characteristics, which are ideal for fluorescence sensing.
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CHAPTER 7
LASER BACKGROUND ANALYSIS

In the previous chapter, the individual optoelectronic components (vertical-cavity
surface-emitting laser (VCSEL), PIN photodetector and optical filter) that form the basis
of the integrated fluorescence sensor are characterized.

This chapter examines the

interaction of these individual components and how this interaction creates laser
background. This study of laser background is important because laser background limits
sensor sensitivity as found in Chapter 8. The characterization and understanding of laser
background will enable and motivate future design modifications to increase the sensor
sensitivity.

7.1 SOURCES OF LASER BACKGROUND
As described in Section 2.3, laser background limits the sensitivity of most
fluorescence sensing systems. In the integrated fluorescence sensors studied in this work,
three sources of laser background have been identified and are illustrated in Fig. 7.1
[109,111,112]. Spontaneous emission emitted from the side of the VCSEL can directly
illuminate the detector sidewall and be detected. This source has been labeled an internal
source of laser background because the direct incidence of spontaneous emission acts
independently of the environment outside of the optoelectronic sensor. In essence, this
internal source of laser background is a more fundamental limitation caused by the close
integration of the laser and photodetector. The final two sources are caused by reflection
or scattering of laser radiation (spontaneous emission or laser beam) from optical
interfaces located above the sensor. These reflections are reduced by the optical filter but
nonetheless can create significant background, especially if the filter is performing
poorly.

Since these sources are caused by reflections outside of the optoelectronic

components, they are labeled external sources of laser background.
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Fig. 7.1. Schematic of the three sources of laser background: 1) Direct spontaneous emission (Internal
Source) 2) Indirect spontaneous emission (External) and 3) laser beam reflection (External).

7.2 DIRECT INCIDENCE OF SPONTANEOUS EMISSION
7.2.1 CHARACTERIZATION
All practical lasers are sources of spontaneous emission [45]. Before the laser’s
threshold current is reached, a laser essentially behaves like a light emitting diode (LED),
emitting spontaneous emission in all directions [113,114]. Once the threshold current is
reached, additional input current drives the coherent laser beam. The resulting laser
beam is superimposed on the background spontaneous emission.

Unfortunately,

spontaneous emission can be disastrous for miniature fluorescence sensors because it is
difficult to filter. Spontaneous emission emits into a broad angular distribution (i.e. like a
point source) and is spectrally broad. Broad angular and spectral characteristics are
problematic because interferometric filters are optimized for a particular angle and
wavelength as discussed in Sections 3.3.2 and 4.4.2. In addition, spectrally broad sources
can spectrally overlap the fluorescence emission, making spectral filtration impossible.
In the sensor design discussed in this thesis, spontaneous emission can create

Chapter 7. Laser Background Analysis

77

overwhelming background levels because it can avoid the interference filter and directly
illuminate the detector active region as shown in Fig. 7.2 [115].

Fig. 7.2. Illustration of how spontaneous emission can directly illuminate the detector active region. Direct
illumination avoids the filter and causes an overwhelming laser background.

Fig. 7.3 shows an optical image of the VCSEL during lazing and parasitic spontaneous
emission. The image is captured with a Spiricon camera (Model #TC-1122). The ring
patterns of spontaneous emission result from scattering at the edge of the VCSEL’s
circular top mesa. Multiple spontaneous emission rings result from the varying top mesa
diameter as shown in Fig. 5.8. The coherent laser beam can be seen in the center of the
top mesa.

Fig. 7.3. Near-field optical image of VCSEL emission. Spontaneous emission scatters from the top mesa
edges, creating ring shaped patterns.
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Fig. 7.4. Measured laser background in a proximity architecture with no optical interface located above the
sensor. Corresponding VCSEL L-I characteristics are also provided.

For the proximity sensing architecture, Fig. 7.4 plots the measured laser background as
a function of laser input current with corresponding output power-current (L-I)
characteristics of the laser. The measurement is conducted with no optical interface
above the sensor so that the direct illumination of spontaneous emission can be analyzed
independently from external reflections.

For a sensor with a 20µm oxide aperture

VCSEL and input drive current of 10mA (1.5mW operation), the measured laser
background is 6.5µA. This marks a total optical system filtration of less than 103. This
large laser background relative to the laser power reduces the sensor sensitivity well
below practical levels, see Section 2.3.2. It is interesting to note the kink in the laser
background curve shown in Fig. 7.4. In theory, after laser threshold, the spontaneous
emission does not increase because all additional input current couples into the lasing
mode [45,46]. However, in practice, not all input current is converted to coherent lasing
radiation and the spontaneous emission does increase after threshold, but at a smaller rate
when compared to below threshold operation. As a result, a kink is observed at the
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threshold point of the laser and supports the theory that the laser background is caused by
spontaneous emission emitted from the VCSEL side. As expected from the preceding
argument, the kink in the L-I curve shows excellent agreement to the kink in laser
background as shown in Fig. 7.4.
Laser background levels are also measured for sensors in an imaging architecture (See
Figure 4.2). The detector diameter used in this experiment is 20µm, and the laser is
driven at an output power of 1mW. Fig 7.5 shows the laser background plotted against
separation distance between the laser and small area photodetector without an optical
interface in front of the sensor. The laser background is 4nA for a separation distance of
250µm. It is interesting to note that this value is much smaller than that reported for the
proximity sensor above. The imaging architecture shows much less laser background due
to the use of a small area photodetector and larger separation between the excitation
source and photodetector.

The measured data follows a 1/r2 dependence, which is

expected for a point source producing spontaneous emission.

Fig. 7.5. Measured and simulated laser background in an imaging configuration as a function of the
distance between the VCSEL and photodetector. Simulation conducted with ASAP.
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A non-sequential ray tracing program called ASAP (Breault Research Organization,
Tucson, AZ) is used to model the experimental results shown in Fig. 7.5. The angular
divergence data of the VCSEL is measured, see Fig. 6.14, and inputted into the optical
simulator to model the laser emission. Then, the photodetector is modeled as a simple
absorbing region equal to the dimensions of the photodetector active region.

The

simulation matches experiment to within a factor of 5, which is reasonable. Simulating
laser background levels is difficult due to the complex optical environment within the
sensor and unknown optical scattering coefficients from the various sensor surfaces. The
success of this simulation lends hope that laser background levels can be modeled to
within a reasonable degree and be useful for sensor designing/optimization.

7.2.2 METAL BLOCKING WALLS
As discussed above, a large laser background response results from spontaneous
emission from the VCSEL side and drastically hinders the practical application of the
sensor. Therefore, a design modification is proposed to reduce the laser background by
constructing optical blocks between the VCSEL and photodetector. Metal blocking walls
are fabricated as described in Section 5.2.2 and prove to significantly reduce laser
background levels as discussed below.
Two metal blocking wall structures are fabricated, as shown in Fig. 7.6. The original
metal blocking wall is approximately 1.0µm taller than the photodetector and about
2.5µm less than the top facet of the laser [109,111,112]. This metal blocking wall is not
tall enough to eliminate all direct lines of sight between the photodetector and VCSEL.
Therefore, an improved wall is constructed to eliminate all possible optical paths between
the laser and photodetector by simply increasing the height as shown in Fig. 7.6.
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Fig. 7.6. Schematic of metal blocking layers to prevent spontaneous emission from directly illuminating
the photodetector. An improved metal blocking layer is fabricated to eliminate all optical paths between
the VCSEL and photodetector.

The metal blocking walls drastically reduce the laser background caused by direct
incidence of spontaneous emission as shown in Fig. 7.7. The original metal blocking
wall reduces the background by a factor of 500. The improved blocking wall further
reduces the background by a factor of 100. With the improved blocking walls, the direct
coupling between the laser and photodetector is reduced to 700pW at an optical output
power of 2mW from the laser. This marks an internal isolation of 3 ×106 between the
VCSEL and photodetector [112]. This result is important because it proves that these
optoelectronic components can be integrated in close proximity while maintaining
adequate internal optical isolation for sensitive fluorescence sensing.
further reduction of internal laser background may be possible.

In the future,

The source of the

remaining background has not been determined and may result from a variety of sources,
such as pinholes in the metal blocking walls or electrical coupling through the GaAs
substrate.
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Fig. 7.7. Measured laser background as a function of laser drive current. Metal blocking layers
significantly reduce the laser background from spontaneous emission. Sensor is in a proximity
architecture.

7.3 LASER BACKGROUND FROM REFLECTIONS
7.3.1 INTRODUCTION
With the metal blocking walls in place, external sources (i.e. reflections) of laser
background dominate over internal sources (i.e. direct incidence of spontaneous
emission) [112]. For example, with a flat glass coverslip (150µm thickness) placed 1mm
above the sensor, a dramatic increase in background occurs, as shown in Fig. 7.8. It is
clear that the sensor is very susceptible to back reflected laser emission. The relatively
large backgrounds due to reflections result from poor filter performance. Better optical
filters are needed to reduce the laser background caused by reflections. Nonetheless, it is
useful to study this dominant source of laser background because careful study
illuminates how spectral and spatial filtration can be employed in future designs towards
the reduction of laser background and increases in sensor sensitivity.
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Fig. 7.8. Measured laser background as a function of laser drive current. A thin glass coverslip is placed
1mm above the sensor to illustrate the dramatic increase in background due to optical reflections. Sensor
architecture is proximity.

7.3.2 CHARACTERIZATION
Further studies of laser background due to reflections above the sensor are conducted.
In particular, background levels as a function of the separation between the sensor and
glass components are examined. Also, the relative contributions to background from
reflections due to spontaneous emission and the laser beam are examined.
Fig. 7.9 plots the laser background as a function of laser drive current for two
separations (100µm and 500µm) between the sensor and glass slide. A kink in the curves
can be seen due to the change in the laser’s optical properties at threshold. Below
threshold where spontaneous emission dominates, the background for the 100µm
separation is much greater than the 500µm case.

This is expected because spatial

filtration of spontaneous emission increases as the distance between the sensor and glass
slide increases. Above threshold, a much different phenomenon is observed. The laser
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background for the 500µm separation increases rapidly compared to the 100µm case. For
the 100µm separation, the laser beam specular reflection falls within the inner diameter
of the photodetector so this source of laser background is reduced. However, for the
500µm separation case, the laser beam diverges (laser divergence equal to a full-width at
half-maximum (FWHM) of 14°) so that the specular reflection illuminates the
photodetector, resulting in a much greater contribution to laser background.

In

conclusion, background from spontaneous emission is greatly reduced for glass to sensor
separations of greater than 100µm.

Also, for larger separations, the laser beam

divergence reduces the amount of spatial filtration by failing to fall within the inner
diameter of the photodetector.

Fig 7.9. Measured laser background as a function of laser drive current with coverslip placed above. The
experiment is conducted for two separations (100µm and 500µm) between the sensor and coverslip.

The laser background dependence on the separation distance between the sensor and
coverslip is examined in more detail as shown in Fig. 7.10. The experiment is conducted
with a coverslip without anti-reflection (AR) coating and a coverslip with AR coating on
both sides. To analyze the indirect spontaneous emission, the background is measured at
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the laser threshold of 3.6mA.

To calculate the contribution from the laser beam

reflection, the background is measured at a laser drive current of 10mA and the
contribution due to indirect spontaneous emission is subtracted out.

Fig. 7.10. Measured laser background contribution from spontaneous emission and laser beam reflection as
a function of glass separation. Experiment is conducted with uncoated and AR coated slide.

Fig. 7.10 shows that large decreases in laser background are possible for large
separations between the sensor and optical interfaces above the sensor. The background
from spontaneous emission falls off dramatically as the separation between the sensor
and glass slide increases. Also, the AR coating reduces the background from both the
laser and spontaneous emission. For AR coatings and sensor spacing greater than 3mm,
the background contributions from the laser beam and indirect incidence of spontaneous
emission are reduced below 2nA, which shows that spatial filtration can be highly
effective in reducing laser background.
For larger separations, Fig. 7.10 shows that the laser background from the laser beam
is much greater than background from spontaneous emission. Monochromatic laser
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radiation should be much easier to optically filter than broadband spontaneous emission
as discussed above in Section 7.2.1. This result suggests that improvements in the optical
filter performance will be highly effective in reducing laser background.
ASAP is used to simulate the total laser background as function of separation distance
between the sensor and coverslip, see Fig. 7.11. The angular divergence data shown in
Fig. 6.14 is used to model the VCSEL emission. Also, all radiation emitted from the
VCSEL is modeled as monochromatic because ASAP cannot currently simulate
broadband sources.

The simulation agrees well with measurements for separations

greater than 1mm, where specular reflection of the laser beam dominates. The simulation
does not agree well for smaller separations because the contribution due to spontaneous
emission is more significant. In other words, the monochromatic approximation does not
adequately model the spectrally broad spontaneous emission. However, this example
illustrates again that ASAP can be a powerful tool for simulating laser background in
optoelectronic sensors.

Fig. 7.11. Measured and simulated values of total laser background versus separation distance from
uncoated coverslip. Simulation is generated with ASAP (Breault Research Organization).
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For the laser beam contribution shown in Fig. 7.11, the oscillations in laser
background are attributed to the toriodal far-field divergence of the VCSEL. For close
sensor spacing (400µm–900µm), an increase in laser background is seen when the
VCSEL beam diverges enough to hit the inner diameter of the photodetector (detector
inner diameter is 200µm and laser divergence is 14° FWHM). The two increases in the
range of 400µm–900µm result from the two optical interfaces of the 150µm thick slide.
Then, the increase in background at about 2.5 -3.0mm is attributed to the laser hitting the
outer diameter of the detector (Detector outer diameter is 1mm), where the emission filter
is less effective in filtering the excitation light.

7.4 CONCLUSIONS
Several interesting and unique sources of laser background exist in these integrated
sensors. Due to the close integration of the optoelectronic components, overwhelming
background levels are measured from the direct incidence of spontaneous emission.
Metal optical blocks drastically reduce this background from direct spontaneous emission
and enables internal optical isolation of greater than 106 between the photodetector and
filter. This important result shows that these optoelectronic components can be closely
integrated together while maintaining high optical isolation between the devices. With
the metal blocking walls in place, external sources of laser background from optical
reflections above the sensor dominate the laser background characteristics. These sensors
are particularly sensitive to reflections above the sensor due to the poorly performing
optical filters. It is found that reflection of the laser beam dominates over spontaneous
emission for larger separations between the sensor and optical interfaces above. This
suggests that improvements in the filter performance should be highly successful in
reducing background because the laser beam can be easily filtered. In conclusion, the
sources of laser background are well understood. Through systematic engineering, these
sources of laser background can be reduced and large increases in sensor sensitivity can
be achieved.
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CHAPTER 8
SENSITIVITY

Until now, most aspects of the sensor operation have been discussed, characterized
and studied. However, the most important merit of any sensor is the actual sensor
sensitivity in practical formats. This chapter details the characterization of the sensor
sensitivity in several formats that are typically found in miniaturized and total analysis
systems (µTAS).

The first brief experiment examines the sensor sensitivity in a

microarray detection format.

The second more detailed characterization involves

implementing the sensor onto a microfluidic platform.

Experimental results are

compared to theory and other integrated sensing solutions found in the literature. Finally,
sensitivity limitations are discussed and future sensitivity values are projected.

8.1 SENSITIVITY IN MICROARRAY FORMAT
8.1.1 EXPERIMENTAL SETUP
Microarrays have received much attention from the research community due to their
potential for massively parallel analysis and continue to play an important role in µTAS
[33,116,117]. Microarray detection involves the surface immobilization of probe and
target molecules to perform physical separation and analysis as described in Section 1.1.
Therefore, microarray detection involves detecting fluorescent molecules on planar
substrates.

Fig. 8.1 illustrates the experimental architecture designed to simulate

microarray detection and test sensor sensitivity.

To estimate the sensitivity in a

microarray format, IR-800 dye (LI-COR, Inc.) is spun onto a thin glass coverslip in a thin
poly(methyl methacrylate) (PMMA) film. The spin solutions are 0.5% PMMA and
various molar concentrations (12.5, 6.25, 3.2, 1.56 and 0.78mM) of IR-800 dye in
acetonitryl buffer. For a spinning speed of 3krpm, the PMMA film thickness is measured
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to be about 100nm using a DekTak surface profilometer. The sensor is placed 500µm
from the coverslip for detection.

At this distance, the spot size at the biochip is

approximately 120µm in diameter due to the vertical-cavity surface emitting laser
(VCSEL) 14° full-width at half-maximum (FWHM) divergence, which is compatible
with the feature size of low density microarrays [117]. A sensor with a 20µm VCSEL
aperture is used due to the higher output powers and correspondingly higher fluorescence
signal levels. The inner and outer diameters of the photodetector are 200 and 1000µm
respectively.

Fig. 8.1. Schematic of experimental setup used to simulate microarray detection format. IR-800 Dye is
spun onto a glass substrate in a PMMA film. The sensor is placed 500µm from the glass slide. Detector
inner and outer diameters are 200µm and 1mm, respectively.

8.1.2 MEASUREMENT OF SENSITIVITY
Slides of varying surface concentrations of IR-800 in PMMA are made to test the
sensor sensitivity. The surface concentrations are estimated by measuring the absorbance
through the thin PMMA films with an absorption spectrophotometer (Perkin Elmer,
Lambda 19) and assuming a molar absorptivity of approximately 260,000cm-1M-1 at λ =
773nm, which is the manufacturer’s reported value in methanol buffer.
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The sensor response is measured as function of IR-800 surface concentration as shown
in Fig. 8.2. The sensor response is linear with concentration with absorption saturation
effects observed at the highest concentration of 107 molecules/µm2.

The lowest

concentration measured is 6.0×105 molecules/µm2. The sensor sensitivity is limited by a
laser background level of 100nA. Laser background is dominated by optical reflections
occurring above the sensor. Variations in optical alignment from switching samples of
different surface concentrations causes large and random changes in the laser
background, which limits the sensitivity. In experimental configurations allowing for
stable optical and mechanical alignment, such as flow channel schemes, better sensitivity
should be expected because the stable background level can be subtracted out. Assuming
a 1nA response can be detected in the laser background level of 100nA, the sensor should
be able to detect 105 molecules/µm2.

Fig. 8.2. Detection of IR-800 (LI-COR, Inc.) in microarray format. Measurement is conducted with 20µm
aperture VCSEL at an output power of 2mW.
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8.1.3 DISCUSSION
Current state-of-the art bulk optical approaches offer much better performance.
Fluorescence detection limits in the range of 1 molecule/µm2 are feasible with waveguide
and whispering gallery mode sensors [118,119]. Also, conventional scanning confocal
architectures used to readout high density microarrays typically have 1 molecule/µm2
sensitivity [56,118]. The ability to have discrete bulk optical components allows for
better rejection of laser background due to highly optimized spectral filters and the ability
to spatially separate the optical components. Also, discrete component systems allow the
use of sensitive photodetectors with internal gain, such as a photomultiplier tube (PMT)
or avalanche photodiode (APD). Label-free approaches, such as electronic field effect or
plasmon resonance imaging, are substantially less sensitive than fluorescence techniques
and show sensitivities in the range of 103–104 molecules/µm2 [120,121]. Unfortunately,
these techniques require the use of a capture element bound to a surface for high
sensitivity and specificity and are not compatible with microfluidic separations such as
capillary electrophoresis (CE).
Large increases in sensitivity are possible and discussed in more detail below in
Section 8.3. Briefly, this approach suffers from poor spatial filtration due to the large
area photodetector and poor spectral filtration. As shown below in the microfluidic
implementation, the use of a lens allows for greater spacing between the sensor and
biological sample, resulting in increased spatial filtration and lower background. In
addition, it is believed that large improvements in the optical filter are possible as
discussed in Section 6.2.2. It is believed that current sensitivity in this detection format
can be improved by at least two orders of magnitude by improving the filter performance
and clever optical system design.
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8.2 SENSITIVITY IN MICROFLUIDIC FORMAT
8.2.1 SENSOR ARCHITECTURE AND EXPERIMENTAL SETUP
Microfluidic channels and integrated detection are important for µTAS and emerging
applications as discussed in Chapter 1.

Therefore, the sensor is integrated onto a

microfluidic channel to demonstrate sensitivity in a microfluidic format [122,123]. Fig.
8.3 shows the sensing architecture used for microfluidic detection, including relevant
system dimensions. The proximity sensor architecture, with a VCSEL surrounded by a
toridal photodetector/filter module, is implemented in the design. A lens is used to both
focus the laser beam into the microfluidic channel and collimate the emitted fluorescence
from the channel into the photodetector/filter module.

Fig. 8.3. Schematic of sensor architecture for microfluidic detection. A lens is used to both focus the laser
beam into the channel and collect emitted fluorescence. Relevant system dimensions are shown in the
figure. Inner and outer detector diameters are 200µm and 1mm, respectively.

An experimental setup is made to align the components (microfluidic channel, lens
and optoelectronic devices) of the microfluidic sensor, see Fig. 8.4. A black anodized
aluminum chuck forms the central building block of the setup. The microfluidic chip is
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mounted on top of the chuck via vacuum. On top of the chuck, micrometers align the
microfluidic channel relative to the lens.

The lens is glued into a black anodized

aluminum mount which can be screwed into a hole in the center of the chuck. The height
of the lens with respect to the chuck is controlled by rotating the threaded lens mount.
The optoelectronic elements are diced with a wafer saw and packaged into a 32-dip
package with wire bonding and subsequently inserted into a printed circuit board (PCB).
The PCB is mounted on a xyz stage underneath the chuck so that the optoelectronic
elements can be aligned to the lens. Optical images of the packaged optoelectronic
sensor and microfluidic setup can be viewed in Fig. 8.5.

Fig. 8.4. Schematic of experimental setup used to align components of microfluidic sensor.

Fig. 8.5. Optical images of microfluidic experimental setup illustrated in Fig. 8.4. (Left) Image of GaAs
optoelectronic chip packaged in a 32-dip package and inserted into a PCB. (Right) Close-up image of
microfluidic setup during sensing experiment.
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A non-sequential ray tracing program called ASAP (Breault Research Organization;
Tuscon, AZ) is used during the design of the microfluidic sensor. Fig. 8.6 shows the
ASAP geometric model of the microfluidic sensor and laser beam propagation within the
microfluidic chip. Due to the far-field toroidal profile of the laser beam, the excitation
spot is a ring and has a diameter of about 90µm within the flow channel, see Fig. 8.6.
Smaller laser divergence angles and excitation spot sizes are possible through redesigning
the laser to obtain more ideal beam divergence and mode behavior [124]. For example,
Kamei et. al. report a spot diameter of 30µm in a similar optical architecture using an
external laser source [60].

Fig. 8.6. Optical simulation of laser beam propagation in microfluidic channel. (Left) Geometric sensor
model and simulation of laser beam propagation. (Right) Laser spot at the microfluidic channel.

The microfluidic chip and lens are anti-reflection (AR) coated on both sides to reduce
laser background. The microfluidic chip has a specialized AR coating at 773nm, and the
lens has a broadband coating. The lens is separated from the microfluidic chip by a space
of approximately 20µm. The optoelectronic sensor is placed 1.7mm away from the lens.
ASAP is used to determine the focal plane of the aspheric lens (Geltech 370060, N.A. =
0.6, f = 0.682mm) within the microfluidic chip. Then, the microfluidic channel is placed
at the focal plane (See Fig. 8.3). With this design, the fluorescence collection efficiency
of the lens (Clens) is simulated with ASAP to be about 2.5%, see Table 8.1 below.
The microfluidic channel is made by standard wet-etching and bonding of two glass
substrates (Schott D263), detailed elsewhere by Throckmorton et. al. [125]. The glass
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substrate closest to the lens is thinned from an original thickness of 1.1mm to 300µm so
that the channel is at the focal point of the lens as designed above. The channel depth, d,
and width are 45µm and 100µm respectively. Inlet and outlet connectors (Upchurch
Scientific) are mounted to the microfluidic chip. Standard tubing and syringes are used
to interface with the microfluidic connectors. A syringe pump (Kd Scientific, Model
#100) adds reagents to the channel at a continuous flow rate of 100µL/hr. The channels
are cleaned with 200mM Sodium Hydroxide (NaOH) and rinsed with deionized water
before use.

Fig. 8.7. Measured absorption and emission spectra of IR-800 dye in methanol buffer.

IR-800 dye (LICOR, Inc.) is dissolved in methanol, and dilutions are made to
generate samples of various concentrations.

The absorption and fluorescence

characteristics of the dye solutions are measured with a UV/VIS/NIR spectrometer
(Perkin Elmer-Lambda 19) and fluorimeter (Instruments S.A.- FluoroMax-2), see Fig.
8.7. The molar absorption coefficient (ε) of IR-800 dye in methanol is measured to be
161,000cm-1M-1 at 773 nm, see Table 8.1 below. For simplicity, the quantum efficiency
(QEDye) of IR-800 dye in methanol is assumed to be 15%, which is the value reported by
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the manufacturer; see Table 8.1 below. As discussed in Section 6.2.2, the transmission of
the fluorescence signal through the filter, TFilter, is calculated to be about 40%, see Table
8.1 below.

8.2.2 SENSITIVITY MEASUREMENT
A semiconductor parameter analyzer (HP 4156A) is used to drive the VCSEL and
readout the photodetector signal. The intracavity contact of the VCSEL and the backside
substrate contact are grounded. The laser is driven through the top mesa contact at 10mA
(1.9mW) with a drive voltage of ~3V. The photodetector readout voltage is set at 0V,
and the detector current is measured through the top mesa contact of the photodetector.
For the fluorescence measurement, data is collected for 20s with an integration time of
16.7ms and sampling rate of 10Hz.
Dilute concentrations of the fluorescent dye (IR-800 in methanol) are flowed
(100µL/hr) through the channel with methanol flushes between dilutions to remove any
dye adhesion to the sidewalls. Background signals are closely monitored to make sure
that the channel had been thoroughly flushed between dilutions, and no problems are
observed.

For each concentration, the signal is measured to determine the sensor

sensitivity as shown in Fig. 8.8. The sensor has a linear response of 1.62nA/µM. The
laser background signal with running methanol buffer is approximately 63.5nA with a
root-mean-square (rms) fluctuation of approximately 20pA. The DC value (63.5nA) is
subtracted out from the background, yielding the remaining rms noise of 20pA.
Assuming a S/N = 3, the theoretical limit of detection is extrapolated to be 40nM in a
peak identification measurement such as capillary electrophoresis (CE). However, the
average DC fluctuation of the background from run to run is approximately +/- 150pA.
This fluctuation over the timescale of a few minutes limits the detection sensitivity to
250nM in continuous flow. Finally, the sensor response is measured at a range of flow
rates (10, 100 and 600µL/hr) in order to test sensitivity for typical flow rates used during
microfluidic separations. [5]. No change in sensor response is observed for these flow
rates.
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Fig. 8.8. Sensor sensitivity measurement in microfluidic format. Sensor response due to IR-800 (LI-COR,
Inc.) in methanol under continuous flow (100µL/hr.). Laser output power is 1.9mW at a wavelength of
773nm.

Once again, laser background limits the sensor sensitivity.

This experiment is

conducted with a sensor without the improved metal blocking structures described in
Section 7.2.2. Therefore, the background from direct incidence of spontaneous emission
is comparable to the laser background due to reflections. With no optical interface above
the sensor, the laser background is measured to be 29nA for a laser drive current, Idrive, of
10mA. With only the lens in place above the sensor, the background increases to 56nA,
which results from optical scattering and reflections off the lens and black anodized lens
mount.

Due to the non-optimal broadband coating of the lens, there is significant

reflection occurring from the lens when compared to the microfluidic substrate. Finally,
the addition of the microfluidic channel with running buffer results in a total laser
background of 63.5nA as reported above.
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8.2.3 COMPARISON TO THEORY AND SIMULATION
Simple theoretical calculations agree reasonably well with the sensor response
reported above. Table 8.1 lists parameters needed to theoretically calculate the sensor
response. The following simple equation, derived in Section 2.2, is used to calculate the
theoretical sensor response for detector current, IDet,

λ q
−ε d M
I Det = em PLas QE Dye QE Det Clens TFilter (1 − 10
),
hc

(8.1)

where q is Coulomb’s constant, h is Plank’s constant, c is the speed of light, λem is the
wavelength of the fluorescence emission, ε is the molar absorption coefficient, d is the
channel depth, and M is the dye concentration. For simplicity, a constant λem of 805nm is
assumed, which is the wavelength at the fluorescence maximum. The other relevant
parameters are listed in Table 8.1 and are calculated or determined in the preceding
characterization detailed in this thesis (See Sections 6.1, 6.2 and 8.1). By plugging in the
parameters found in Table 8.1, d = 45µm, Plas = 1.9mW, and M = 1µM, the detector
response is calculated to be 3.0nA from Eqn. 8.1. Experimentally, the detector response
is found to be 1.6nA for a 1µM concentration. The discrepancy between this simplified
theory and measurement is due to the varying channel width. Eqn. 8.1 assumes a
constant channel depth, whereas the channel depth changes across the channel profile, as
shown in Fig. 8.3. In addition, due to the ring shaped laser spot, a significant amount of
laser power illuminates the edge of the microfluidic channel, where the channel depth
varies sharply.

More sophisticated modeling is needed to determine the sensor

performance as discussed below.

Table 8.1. Important sensing parameters used to calculate the theoretical sensor response. These
parameters are determined in the characterization presented in this thesis (See Sections 6.1, 6.2 and 8.1).
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An optical ray tracing program called ASAP is used to simulate the sensor response.
A geometric model of the sensor is programmed into ASAP and used to model the laser
beam propagation, excitation of fluorescent molecules and resulting fluorescence signal
propagation, shown in Fig. 8.9. As shown in Fig. 8.9, the simulation shows good
agreement with experimental results and illustrates that optical simulations can be highly
successful in modeling sensor behavior.

Fig. 8.9. Simulation of fluorescence sensing with ASAP. (Left) Geometric ASAP model of sensor with
fluorescence signal propagation. (Right) Simulated sensor response together with measurement.

8.2.4 DISCUSSION
The detection limits reported above are comparable to or within an order magnitude of
other integrated fluorescence sensors coupled to microfluidic channels seen in the
literature [28,58,60,63,65] (See Fig. 8.10).

In approaches with a similar optical

architecture to the one presented in this thesis, detection limits of 17nM and 120nM have
been reported [60,65]. The advantage of our approach is a completely monolithically
integrated sensor solution for drastically reduced size and cost and increased parallelism.
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Fig. 8.10. Sensitivity comparison to well known approaches towards integrated fluorescence sensors for
microfluidic applications found in the literature [28,58,60,63,65].

Unfortunately, as one moves to applications that employ aqueous buffers, the QE of
IR-800 dye in solution decreases, thereby reducing the sensitivity of this approach for
certain biologically relevant applications.

In simple experiments with a fluorimeter

(Instruments S.A.- FluoroMax-2) , it is found that the QE of IR-800 covalently attached
to the end of a single-stranded DNA oligonucleotide in aqueous buffer (10mM phosphate
buffered saline, pH 8.0) drops by a factor of about 2.5 when compared to the dye in
methanol.
The detection limits reported here will be sufficient for certain medical diagnostic
applications, such as immunoassays and clinical chemistry [7]. However, for many
applications, this level of sensitivity will not be sufficient. Preamplification methods,
such as polymerase chain reaction (PCR) and surface immobilization, will be needed for
successful detection in certain applications. For example, on-chip PCR combined with
integrated detection would be useful in overcoming sensitivity limitations [6]. As a
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comparison to typical detection limits seen in the laboratory, fluorescence detection limits
using bulk-optic approaches are typically between 0.1–1.0 nM. Again, the ability to have
discrete bulk optical components allows for good rejection of laser background due to the
use of highly optimized spectral filters and the ability to spatially separate the optical
components. As discussed below, large increases in sensitivity of the sensor presented in
this thesis will be possible in the future and enable more widespread application.

8.3 IMPROVING SENSOR SENSITIVITY
As discussed above, the sensitivity of the sensor is much lower than typical and highly
optimized laboratory equipment, as shown in Fig. 8.10. Fortunately, large increases in
sensor sensitivity are possible through reducing laser background and increasing
fluorescence collection efficiency.

With the improvements suggested below, it is

believed that at least a two order of magnitude improvement in sensor sensitivity is
possible, enabling this technology to reach sensitivities comparable to discrete
component systems.
Specular reflection of the laser beam dominates the laser background level as
discussed in Section 7.3. Laser beam reflections can be easily filtered with interference
filters because laser beam emission is monochromatic and occurs over a relatively narrow
angular distribution. Clearly, the current filtration of OD 3 must be improved to reduce
the background from these reflections.

It is believed that much larger filtration is

possible with the unconventional AlxGa1-xAs semiconductor filter technology used in the
present design. Already, filters with OD 4 performance have been demonstrated as
described in Section 6.2.2. However, if the current filter technology proves inadequate,
then conventional dielectric filter technology may be deposited directly onto the current
design to increase filtration [48,59]. Through modifications to the filter, it is believed
that a two order of magnitude increase in sensor sensitivity is possible.
Another significant increase in sensitivity can occur through maximizing the
fluorescence collection efficiency. The emission filter limits the transmission of the
fluorescent signal to ∼40% due to the reflectivity sidelobes above 795nm as discussed in
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Section 6.2.2. These reflectivity sidelobes can be eliminated by changing the DBR
design slightly [48], allowing for an increase in fluorescence collection efficiency. In
addition, utilizing sensing architectures that collect a greater portion of the fluorescence
signal would increase the sensitivity. For example, in the microfluidic sensor, larger
collection efficiency would be possible by utilizing a lens with a higher NA. Through
these modifications, it is believed that the efficiency of the current sensor can be
improved by a factor of 2-4.
As discussed in Section 7.3.2, spatial filtration may result in significant reductions of
laser background. As shown in Fig. 7.10, the laser background can be significantly
reduced by increasing the separation between the optoelectronic sensor and optical
interfaces above. In the microfluidic experiment, the spacing between the sensor and lens
is limited by the laser beam divergence and the lens aperture. For the 14° FWHM beam
divergence and 840µm aperture lens diameter used in the experiment above, a maximum
spacing of approximately 3.5mm can be reached without clipping a significant portion of
the laser beam with the lens aperture. Fortunately, much lower divergences are possible
with VCSELs and would allow greater spacing between the sensor and lens above [124].
A greater spacing between the sensor and lens would result in large reductions of laser
background due to increased spatial filtration.

8.4 CONCLUSIONS
Sensor sensitivity is examined in a microarray and microfluidic format. The sensor
sensitivity is useful for a variety of applications in medical diagnostics and is also
comparable to well known integrated sensing approaches found in the literature. The
current sensitivity is limited by laser background due to back reflection of the laser beam
in combination with poorly performing optical filters. Large increases in sensitivity will
be possible by increasing the spectral and spatial filtration to reduce laser background and
by increasing fluorescence collection efficiency.

Through systematic design

improvements, it is believed detection limits of less than 1nM can be reached with this
technology.
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CHAPTER 9
SUMMARY AND FUTURE WORK

9.1 SUMMARY
This thesis demonstrates pioneering research in the area of integrated optical sensors
for biological applications.

The design of the sensor capitalizes on optoelectronic

technologies for telecommunications and monolithically integrates a vertical-cavity
surface-emitting laser (VCSEL), PIN photodetector and emission filter to create a
miniature and fully integrated fluorescence sensor. By utilizing semiconductor batch
fabrication processes and packaging, this sensor promises drastically reduced size and
cost and increased parallelism, which could enable a range of interesting new
applications in biological sensing.
This work marks the first effort to integrate the laser and photodetector together in
such close proximity to achieve fluorescence sensing. Due to the close integration, laser
background sources are created and limit the sensitivity of the sensor. Metal optical
blocking structures are integrated to reduce laser background levels, and greater than 106
optical isolation between the photodetector and VCSEL is achieved. This important
result shows that optoelectronic devices can be monolithically integrated and maintain
sufficient optical isolation for fluorescence sensing.

Due to poor optical filter

performance, reflections from optical interfaces above the sensor currently limit the
sensor sensitivity.
In order to test sensitivity, the sensor is integrated onto a microfluidic channel. In
continuous flow, an experimental and theoretical limit of detection is determined to be
250nM and 40nM, respectively, of IR-800 dye in methanol. These detection limits are
comparable to other integrated solutions detailed in the literature and illustrate that the
sensor could be useful in certain applications, such immunology. In the future, order of
magnitude improvements in sensitivity are expected by improving the filter performance
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and other system modifications. It is believed that this technology can achieve detection
limits of less than 1nM and be useful for a variety of practical applications.

9.2 FUTURE WORK
9.2.1 LASER BACKGROUND REDUCTION
Unfortunately, the current filter AlxGa1-xAs design does not perform at the designed
optical density (OD) 5, but yields only OD 3 rejection. This small rejection causes large
laser background levels, which limits sensor sensitivity, due to optical reflections and
scattered laser light. Fortunately, it is found that better performance of OD 4 is possible
with AlxGa1-xAs filters by raising the material bandgap to reduce parasitic sub-bandgap
absorption and filter fluorescence. It is believed that larger filter rejection is possible by
continuing to raise the material bandgap.

At the AlxGa1-xAs direct-to-indirect band

crossover point (x ≈ 0.4), drastically reduced filter fluorescence may be possible due to
less efficient radiative recombination, which may drastically improve filter performance
[39,40]. Integration of conventional dielectric filter technology is another viable option
to improve filter performance. Dielectric filters could be deposited onto the current
AlxGa1-xAs filters to provide additional filtration at the cost of more complex fabrication
procedures.
In addition to the design improvements suggested above, a great deal more freedom
exists in the design of the filter. Exploring this space should result in much better
filtering solutions. For example, implementing AlxGa1-xAs absorption based filters in
combination with interference filters is promising. Eliminating the reflectivity sidelobes
in the current distributed Bragg reflector (DBR) design should increase the current
fluorescence transmission efficiency of 40% to near 100% transmission, marking a factor
of 2.5 improvement.
Optical isolation elements enable an internal optical isolation of greater than 106
between the photodetector and integrated laser. It is believed that even greater isolation
may be possible than that reported in this thesis. Careful study of the residual internal
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background may illuminate some design solutions to further reduce background and
improve sensitivity. Defects in the metal blocking layers, such as pin-holes, may be the
cause of the remaining detector background. Instead of optical interaction, electrical
coupling may be responsible for the increase of detector background during laser
operation. Electrically isolating the devices would be successful in eliminating electrical
coupling.
The photoresist reflow step during the fabrication of metal blocking elements limits
how close the VCSEL and photodetector can be integrated. In the proximity design, a
closer integration would increase fluorescence collection efficiency and design flexibility.
There are many possible solutions that would enable optical isolation elements while
maintaining close integration. Coating the sensor with pigmented or absorbing polymers
is an interesting alternative method to using metal layers.
Spontaneous emission can be difficult to filter and create large background in
fluorescence sensing systems.

Most off-the-shelf laser sources have an aperture to

eliminate unwanted spontaneous emission.

Creating VCSELs with micro-apertures

would be an interesting analog to discrete sources. Fabrication processes similar to those
used for the metal optical blocks could be used to create micro-apertures. The microaperture could significantly reduce background from reflected spontaneous emission.

9.2.2 OPTICAL SYSTEM DESIGN
An enormous design space waits to be explored in designing the optical system
surrounding the integrated optoelectronic sensor.

Optical designs that offer a large

amount of spatial filtration would be particularly successful in increasing sensor
sensitivity. The imaging architecture would be interesting to explore and offers the
benefits of increased spatial filtration and high speed operation.

In addition, it is

desirable to design the system for maximum fluorescence collection efficiency. For
example, by utilizing a larger numerical aperture lens in the microfluidic sensor, large
gains in sensitivity may be possible.
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9.2.3 APPLICATIONS
Implementing the sensor in more sophisticated biological applications is a logical
extension of this work. Microfluidic implementations are particularly appealing with this
technology. The sensor could be used for a variety of applications, such as capillary
electrophoresis (CE) and chromatography. It would be interesting to explore portable
diagnostic applications and investigate the advantages of near-infrared (NIR) detection
during the analysis of complex field samples. Exploring sensitivity and experimental
repeatability gains by having a robust sensor bonded with a microfluidic channel is
appealing. Demonstrating highly parallel sensing architectures for increased throughput
would be impressive. As applications are explored, the sensor may need to be redesigned
to be compatible with different fluorescent markers. For example, moving towards
shorter wavelengths would be appealing due to the presence of high quality dyes
available from 600-700nm. Exploring the design tradeoffs would be interesting as the
sensor is redesigned for different spectral ranges.
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APPENDIX A
EPITAXIAL STRUCTURES

Chapter 5 gives a general overview of the epitaxial fabrication and semiconductor
processing procedures needed to realize the integrated sensors. This Appendix exactly
details the growth recipe and epitaxial structures for the devices discussed in this thesis.

A.1 LOW-NOISE PHOTODETECTOR (WAFER P222)
%Integrated Filter

20nm GaAs; Nsilicon = 1E19 cm-3
274.7nm Al0.3Ga0.7As; Nsilicon = 1E18 cm-3
%Repeat 20 times the next 2 lines
63.2nm Al0.98Ga0.02As ; Nsilicon = 1E18 cm-3
54.9nm Al0.3Ga0.7As; Nsilicon = 1E18 cm-3
%Repeat 19 times the next 2 lines
63.2nm Al0.98Ga0.02As ; Nsilicon = 5E18 cm-3
54.9nm Al0.3Ga0.7As; Nsilicon = 5E18 cm-3

%Detector Active Region

109.9nm Al0.3Ga0.7As; Nsilicon = 1E18 cm-3
50nm GaAs; Nsilicon = 1E18 cm-3
1500nm GaAs; Undoped
350nm GaAs; Pcarbon = 5E18 cm-3

%Substrate
P+ GaAs substrate

A.2 INTEGRATED SENSOR (WAFER P763-5)
%Top DBR

20nm GaAs; Pcarbon = 5E19 cm-3
36.3nm Al0.25Ga0.75As; Pcarbon = 6E18 cm-3
20nm Grading Al0.95Ga0.05As > Al0.25Ga0.75As; Pcarbon = 6E18 cm-3
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41.7nm Al0.95Ga0.05As ; Pcarbon = 6E18 cm-3
%Repeat 15 times the next 4 lines
20nm Grading Al0.25Ga0.75As > Al0.95Ga0.05As; Pcarbon = 6E18 cm-3
36.3nm Al0.25Ga0.75As; Pcarbon = 6E18 cm-3
20nm Grading Al0.95Ga0.05As > Al0.25Ga0.75As; Pcarbon = 6E18 cm-3
41.7nm Al0.95Ga0.05As; Pcarbon = 6E18 cm-3
%Repeat 6 times the next 4 lines
20nm Grading Al0.25Ga0.75As > Al0.95Ga0.05As ; Pcarbon = 2E18 cm-3
36.3nm Al0.25Ga0.75As; Pcarbon = 2E18 cm-3
20nm Grading Al0.95Ga0.05As > Al0.25Ga0.75As; Pcarbon = 2E18 cm-3
41.7nm Al0.95Ga0.05As ; Pcarbon = 2E18 cm-3
%Repeat 4 times the next 4 lines
20nm Grading Al0.25Ga0.75As > Al0.95Ga0.05As ; Pcarbon = 1E18 cm-3
36.3nm Al0.25Ga0.75As; Pcarbon = 1E18 cm-3
20nm Grading Al0.95Ga0.05As > Al0.25Ga0.75As; Pcarbon = 1E18 cm-3
41.7nm Al0.95Ga0.05As ; Pcarbon = 1E18 cm-3
20nm Grading Al0.25Ga0.75As > Al0.95Ga0.05As ; Pcarbon = 1E18 cm-3
36.3nm Al0.25Ga0.75As; Pcarbon = 1E18 cm-3

%Oxide Aperture

20nm Grading Al0.98Ga0.02As > Al0.25Ga0.75As ; Pcarbon = 1E17 cm-3
42nm Al0.98Ga0.02As; Pcarbon = 1E17 cm-3
50nm Grading Al0.3Ga0.7As > Al0.98Ga0.02As ; Pcarbon = 1E17 cm-3

%Cavity
43.5nm Al0.3Ga0.7As; Undoped
7nm Al0.11Ga0.89As; Undoped Quantum Well
8nm Al0.3Ga0.7As; Undoped
7nm Al0.11Ga0.89As; Undoped Quantum Well
8nm Al0.3Ga0.7As; Undoped
7nm Al0.11Ga0.89As; Undoped Quantum Well
8nm Al0.3Ga0.7As; Undoped
7nm Al0.11Ga0.89As; Undoped Quantum Well
29.5nm Al0.3Ga0.7As; Undoped

%Oxide Aperture

50nm Al0.3Ga0.7As; Nsilicon = 5E17 cm-3
63.2nm Al0.98Ga0.02As; Nsilicon = 1E18 cm-3

%Bottom DBR and Intracavity Contact

10nm GaAs; Nsilicon = 5E19 cm-3
270.7nm Al0.25Ga0.75As; Nsilicon = 1E18 cm-3
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%Repeat 20 times the next 2 lines
63.1nm Al0.95Ga0.05As ; Nsilicon = 1E18 cm-3
55nm Al0.25Ga0.75As; Nsilicon = 1E18 cm-3
%Repeat 20 times the next 2 lines
63.1nm Al0.95Ga0.05As ; Nsilicon = 5E18 cm-3
55nm Al0.25Ga0.75As; Nsilicon = 5E18 cm-3

%Detector Active Region

109.9nm Al0.25Ga0.75As; Nsilicon = 1E18 cm-3
50nm GaAs; Nsilicon = 1E18 cm-3
2000nm GaAs; Undoped
50nm GaAs; Pcarbon = 1E18 cm-3
200nm GaAs; Pcarbon = 2E18 cm-3

%Substrate
P+ GaAs substrate
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APPENDIX B
PROCESSING RECIPES

Chapter 5 gives a general overview of the epitaxial fabrication and semiconductor
processing procedures needed to realize the integrated sensors.

This Appendix

specifically details the exact steps used for each processing procedure described in
Chapter 5. The Appendix is organized by general processing procedure with the specific
fabrication steps listed beneath each procedure.

B.1 ELECTRICAL CONTACTS
B.1.1 LITHOGRAPHY FOR 1.5µM FILM BILAYER LIFTOFF PROCESS
Oxide removal in beaker
-1:10 Ammonium Hydroxide:DI water for 1min
Singe wafer at 120C for at least 2min on hotplate
Spin HMDS at 5500rpm for 20s with Headway manual spinner
Spin LOL2000 (Shipley) for 3000A film with Headway manual spinner
-Pour at 500rpm and hold for 5s
-Ramp to 1500rpm and hold for 75s
Backside LOL2000 removal with swabs and EC13 (Shipley) solvent
Bake LOL2000 at 170C for 6min on hotplate
Spin 3612 (Shipley) for 1.5µm film with Headway manual spinner
-Cover wafer completely with resist while not spinning
-Ramp to 500rpm and hold for 5s
-Ramp to 3000rpm and hold for 40s
Backside 3612 removal with swabs and EC13 solvent
Bake 3612 at 90C for 60s on hotplate
Edge bead exposure (15mW/cm2) for 100s with Karl Suss MA-6 mask aligner
-Use wafer scraps as mask
Develop in LDDW26 (Shipley) for 1min to remove edge bead in beaker
Rinse with DI water
Mask exposure (15mW/cm2) for 2s with Karl Suss MA-6 mask aligner
Develop in LDDW26 for 40s in beaker
-Should see double line that is characteristic of bilayer undercut
Rinse with DI water
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B.1.2 LITHOGRAPHY FOR 3µM FILM BILAYER LIFTOFF PROCESS
Oxide removal in beaker
-1:10 Ammonium Hydroxide:DI water for 1min
Singe wafer at 120C for at least 2min on hotplate
Spin HMDS at 5500rpm for 20s with Headway manual spinner
Spin LOL2000 (Shipley) for 3000A film with Headway manual spinner
-pour at 500rpm and hold for 5s
-ramp to 1500rpm and hold for 75s
Backside LOL2000 removal with swabs and EC13 (Shipley) solvent
Bake LOL2000 at 170C for 6min on hotplate
Spin SPR220-3µm (Shipley) for 3.0µm film with Headway manual spinner
-cover wafer completely with resist while not spinning
-ramp to 500rpm and hold for 5s
-ramp to 3000rpm and hold for 40s
Backside SPR220 removal with cotton swabs and EC13 solvent
Bake SPR220 at 90C for 10min on hotplate
Edge bead exposure (15mW/cm2) for 100s with Karl Suss MA-6 mask aligner
-use wafer scraps as mask
Develop in LDDW26 for 1min to remove edge bead in beaker
Rinse with DI water
Mask exposure (15mW/cm2) for 4s with Karl Suss MA-6 mask aligner
Develop in LDDW26 for 75s in beaker
-should see double line that is characteristic of bilayer undercut
Rinse with DI water

B.1.3 METAL DEPOSITION FOR P-CONTACT AND LIFTOFF
Polymer descum with Drytek RIE Etcher
-20sccm O2, 100W, 170mT for 30s
Oxide removal in beaker
-1:10 Ammonium Hydroxide:DI water for 30s
Deposit metal with Innotec E-beam Evaporator
-P-contact: 250A Ti/400A Pt/2300A Au
-Place in evaporator immediately after oxide removal
Liftoff with 1165 (Shipley) solvent in beaker
-Remember that flash point of 1165 is 75C
-Use ultrasonic bath if necessary

B.1.4 METAL DEPOSITION FOR N-CONTACT AND LIFTOFF
Polymer descum with Drytek RIE Etcher
-20sccm O2, 100W, 170mT for 30s
Oxide removal in beaker
-1:10 Ammonium Hydroxide:DI water for 30s
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Deposit metal with Innotec E-beam Evaporator
-N-contact: 400A Au/120A Ge/125A Ni/2000A Au
-Place in evaporator immediately after oxide removal
Liftoff with 1165 (Shipley) solvent in beaker
-Remember that flash point of 1165 is 75C
-Use ultrasonic bath if necessary

B.1.5 THERMAL ANNEALING
Rapid thermal anneal (AG Associates, Mini-Pulse) for N-contact
-Ramp to 420°C in 1min from room temperature
-Hold at 420°C for 1min
-Return to room temperature

B.2 ETCHING
B.2.1 LITHOGRAPHY FOR 2µM RESIST ETCH MASK
Oxide Removal in beaker
-1:10 Ammonium Hydroxide:DI water for 1min
Singe wafer at 120C for at least 2min on hotplate
Spin HMDS at 5500rpm for 20s with Headway manual spinner
Spin AZ9220 (Clariant) for 2µm film with Headway manual spinner
-cover wafer completely with resist while not spinning
-ramp to 500rpm and hold for 5s
-ramp to 4.5krpm and hold for 40s
Backside AZ9220 removal with swabs and acetone
Bake AZ9220 at 110C for 90s on hotplate
Edge bead exposure (15mW/cm2) for 100s with Karl Suss MA-6 Mask Aligner
-use wafer scraps as mask
Develop in 421k Developer (Clariant) for 1min to remove edge bead in beaker
Rinse with DI water
Mask exposure (15mW/cm2) for 20s with Karl Suss MA-6 Mask Aligner
Develop in 421k Developer for about 25s in beaker
-watch for endpoint of development and add 5s
Rinse with DI water
Hard bake mask resist with hotplate for dry etching
-130C for 30min
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B.2.2 LITHOGRAPHY FOR 7µM RESIST ETCH MASK
Oxide removal in beaker
-1:10 Ammonium Hydroxide:DI water for 1min
Singe wafer at 120C for at least 2min on hotplate
Spin HMDS at 5500rpm for 20s with Headway manual spinner
Spin AZ9260 (Clariant) for 7µm film with Headway manual spinner
-Cover wafer completely with resist while not spinning
-Ramp to 500rpm and hold for 5s
-Ramp to 4.5krpm and hold for 60s
Backside AZ9260 removal with swabs and acetone
Bake AZ9260 at 110C for 2min and 45s on hotplate
Edge bead exposure (15mW/cm2) for 100s with Karl Suss MA-6 mask aligner
-Use wafer scraps as mask
Develop in 421k Developer (Clariant) for 2min to remove edge bead in beaker
Rinse with DI water
Mask exposure (15mW/cm2) for 40s with Karl Suss MA-6 mask aligner
Develop in 421k Developer for about 1min in beaker
-Watch for endpoint of development and add 15s
Rinse with DI water
Hard bake mask resist with hotplate for dry etching
-130C for 30min

B.2.3 MESA DRY ETCHING
Mount sample onto Plasmaquest carrier wafer
-Cover backside of sample as evenly as possible with double-sided copper tape
for good etch uniformity.
ECR-RIE Dry Etch with Plasmaquest
-15sccm Ar, 10sccm BCl3 and 1.5sccm Cl2
-400W microwave power, 55W RF plasma power and 2mT chamber pressure
-Sample temperature held at 13C
-Etch rate ≈ .1µm/min
Strip resist if done with etch mask
-Use solvent such as acetone or 1165 remover
-May need polymer descum if baked on hard

B.2.4 WET ETCH SEQUENCE FOR INTRACAVITY CONTACT
Oxide removal in beaker
-1:10 Ammonium Hydroxide:DI water for 1min
-no rinse and place immediately into next etch
Selective etch onto Al0.98Ga0.02As with citric acid in beaker
-1:12 Hydrogen Peroxide (30%): citric acid
-wafer color is black when lands on Al0.98Ga0.02As ≈ 2 min.
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-no rinse and place immediately into next etch
Selective Etch onto GaAs with BOE in beaker
-1:15 BOE (6:1):DI water for 30s
Rinse immediately with DI water
%Surface treatment for contact layer
Oxide Removal in beaker
-1:10 Ammonium Hydroxide:DI water for 30s
Rinse with DI water
Hydrogen Peroxide (30%) etch for 20s in beaker
Rinse with DI water
Oxide Removal in beaker
-1:10 Ammonium Hydroxide:DI water for 30s
Rinse with DI water

B.3 OXIDATION
Oxide Removal in beaker
-1:10 Ammonium Hydroxide:DI water for 1min
Place in Oxidation Furnace
-95C bubbler temperature and 400C furnace temperature
-100sccm N2 through bubbler
-Oxidize for about 14min for 20µm oxide penetration
-calibration runs highly recommended

B.4 VIA AND METAL BLOCK FORMATION
B.4.1 LITHOGRAPHY FOR RESIST MICROSTRUCTURES
Singe wafer at 120C for at least 2min on hotplate
Spin HMDS at 5500rpm for 20s with Headway manual spinner
Spin AZ9260 (Clariant) for 9µm film with Headway manual spinner
-cover wafer completely with resist while not spinning and wait 30s
-ramp to 500rpm and hold for 5s
-ramp to 3krpm and hold for 60s
Backside AZ9260 removal with swabs and acetone
Bake AZ9260 at 110C for 2min and 45s on hotplate
Edge bead exposure (15mW/cm2) for 100s with Karl Suss MA-6 mask aligner
-use wafer scraps as mask
Develop in 421k Developer (Clariant) for 2min to remove edge bead in beaker
Rinse with DI water
Mask Exposure (15mW/cm2) for 40s with Karl Suss MA-6 mask aligner
Develop in 421k Developer for about 1min in beaker
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-watch for endpoint of development and add 15s
Rinse with DI water

B.4.2 OVEN CURE
Cure resist in BLUEM Oven
-Cure in N2 Atmosphere
-1.5hr ramp to 140C and hold for 2hr
-4.5hr ramp to 325C and hold for 2hr
-1hr ramp to 25C

B.4.3 LITHOGRAPHY FOR 7µM FILM BILAYER LIFT-OFF PROCESS
Oxide Removal in beaker
-1:10 Ammonium Hydroxide:DI water for 1min
Singe wafer at 120C for at least 2min on hotplate
Spin HMDS at 5500rpm for 20s with Headway manual spinner
Spin LOL2000 (Shipley) for 3000A film with Headway manual spinner
-pour at 500 rpm and hold for 5s
-ramp to 1500 rpm and hold for 75s
Backside LOL2000 removal with swabs and EC13 (Shipley) solvent
Bake LOL2000 at 170C for 6 min on hotplate
Spin SPR220-7µm for 7.0µm film with Headway manual spinner
-cover wafer completely with resist while not spinning
-ramp to 500rpm and hold for 5s
-ramp to 5000rpm and hold for 40s
Backside SPR220 (Shipley) removal with swabs and EC13 solvent
Bake SPR220 at 90C for 10min on hotplate
Edge bead exposure (15mW/cm2) for 100s with Karl Suss MA-6 mask aligner
-use wafer scraps as mask
Develop in LDDW26 (Shipley) for 2min to remove edge bead in beaker
Rinse with DI water
Mask Exposure (15mW/cm2) for 12s with Karl Suss MA-6 mask aligner
-4 exposures for 3s with 30s interval
Develop in LDDW26 for 2min and 15s in beaker
-should see double line that is characteristic of bilayer undercut
Rinse with DI water

B.4.4 METALIZATION FOR VIA

AND METAL BLOCK

Deposit metal with Innotec E-beam Evaporator
- 250A Ti/2000A Au
Liftoff with 1165 solvent in beaker
-Remember that flash point of 1165 is 75C and use ultrasonic if necessary
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