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Chapter 1: Introduction

1 Background and Problem Statement

Over the past two decades, fluorescence spectroscopy [1] has emerged as an important analytical
technique that has enabled significant breakthroughs in fields ranging from analytical
biochemistry to clinical microbiology. For example, methods such as fluorescence resonance
energy transfer (FRET) and fluorescence in situ hybridization (FISH) have been used,
respectively, to quantify enzyme kinetics [2] and to perform genomic-based identification and
differentiation of micro-organisms [3]. Fluorescence sensing is now an established optical

imaging technique, and the number of applications in which it is used is rapidly increasing.

Researchers are now attempting to harness the benefits of fluorescence-based methods in micro-
(total analysis systems) (WTAS) in order to perform on-chip detection and imaging. Integrated
fluorescence sensing, combined with existing pTAS technologies such as microfluidics [4],
capillary electrophoresis [5], and dielectrophoresis, to name a few, are expected to lead to
compact, untethered, and disposable devices capable of performing complex on-chip

biochemical analyses.

There are, however, many difficulties in integrating fluorescence sensing. One challenge is the
engineering of appropriate microscale hardware for the separation of fluorescence from
excitation light. In macroscale spectrometers, optical filtering is achieved with the aid of
dispersive and free-space optical elements over relatively long optical paths; at the microscale,

on the other hand, optical path lengths are inherently reduced due to miniaturization. Therefore,



the integration of detectors, analysis chambers, and optical filters in close proximity degrades the
signal to noise ratio. The other noteworthy challenge is the design of highly sensitive detectors.
Integrated platforms typically make use of conventional photodetectors for the detection of
fluorescence. The noise levels of these detectors often do not allow the transduction of weak,
fast-decaying, fluorescent signals. This thesis investigates both issues and presents early efforts

towards high-sensitivity fluorescence transduction in integrated platforms.

2 Thesis Outline

The first chapter of the thesis, consisting of a multi-authored journal publication "[6], offers a
concise introduction to fluorescence sensing and further motivates the research highlighted in the
remaining chapters. Moreover, it provides an exhaustive review of the state-of-the-art of
microscale fluorescence sensors. The processes used to fabricate the microsensors were found to
strongly influence performance and dictate the integration strategy. Therefore, a thorough
analysis of these fabrication methods is given and their impact on performance is assessed. In
addition, the paper provides a set of performance metrics for evaluating widely disparate

microscale fluorescence sensor architectures in order to further advance the field.

Chapter 2 discusses the integration of a custom polymeric filter with a solid state photodetector
chip. The fabrication of the filter consisted of loading an optically clear (i.e. with little
absorption in the visible range of the electromagnetic spectrum) polymer matrix with an

ultraviolet light-absorbing compound (a chromophore). The resulting composite was deposited

" This paper was written in collaboration with Pamela Abshire and Elisabeth Smela who both extensively
contributed in revising the manuscript. Pamela Abshire also contributed the section on plasmonic interference filters
and aqueous filters and was responsible for refining the derivation of the coupling efficiency equations. Elisabeth
Smela also helped in developing the algorithm for accurately determining the filter cut-off.



onto a CMOS chip to obtain a mesoscale integrated sensor for ultraviolet fluorescence
spectroscopy. The potential for integration of the filter in microscale systems was demonstrated
by showing patternability of the composite material using ultraviolet photolithography and dry-
phase etching. The responsivity spectrum of the mesoscale sensor was measured in order to
determine the wavelengths that the sensor can accommodate when used in fluorescence assays.

The material from this chapter was adapted from two journal papers currently in preparation.

Chapter 3, which is also multi-authored* [7], is an account of the design and test results from
single photon avalanche diodes (SPADs) fabricated in a commercially available standard CMOS
process. SPADs offer much higher sensitivity when compared to conventional CMOS active
pixel sensors, and they will pave the way for fluorescence assays based on photon-counting

techniques to be ported to microscale platforms.

¥ This sensor was designed by Honghao Ji and subsequent versions were adapted by David Sander.

! This sensor was also designed by Honghao Ji. Nicole Nelson contributed the protocol for the titration assay
demonstrated in this conference paper. Valeri Saveliev and Irving Weinberg provided acquisition hardware.
Pamela Abshire helped in developing the testing procedures and in revising the manuscript.



Chapter 2: Optical Filtering Technologies for Integrated Fluorescence
Sensors®

Abstract

Numerous approaches have been taken to miniaturizing fluorescence sensing, which is a key
capability for micro-total-analysis systems. This critical, comprehensive review focuses on the
optical hardware required to attenuate excitation light while transmitting fluorescence. It
summarizes, evaluates, and compares the various technologies, including filtering approaches
such as interference filters and absorption filters and filterless approaches such as multicolor
sensors and light-guiding elements. It presents the physical principles behind the different
architectures, the state-of-the-art micro-fluorometers and how they were microfabricated, and
their performance metrics. Promising technologies that have not yet been integrated are also
described. This information will permit the identification of methods that meet particular design
requirements, from both performance and integration perspectives, and the recognition of the
remaining technological challenges. Finally, a set of performance metrics are proposed for
evaluating and reporting spectral discrimination characteristics of integrated devices in order to
promote side-by-side comparisons among diverse technologies and, ultimately, to facilitate

optimized designs of micro-fluorometers for specific applications.

1 Introduction
Cost reduction is not the primary motivation behind efforts towards miniaturizing fluorescence
sensing. Rather, it is increasing capability. Fluorescence spectroscopy will be a key component

of future micro-total-analysis-systems (W TASs [8]) which will integrate the capabilities of entire

§ [6] M. Dandin, P. Abshire, and E. Smela, "Optical filtering technologies for integrated fluorescence sensors,"
Lab Chip, vol. 7, pp. 955 - 977, 2007.



laboratories onto compact devices consisting of microchips and other microfabricated elements.
Such devices are already capable of performing complex chemical and biological experiments.
Since the introduction of the first prototypes, these miniature systems have been demonstrated
for numerous applications, ranging from immunoassays [9, 10] to pathogen detection and
classification [11] to on-chip nucleic acid analysis [8, 12, 13]. State-of-the art uyTASs also

already automate steps such as sample preparation, handling, separation, and mixing [8, 12, 14].

However, despite the large number of microfabricated devices that make use of fluorescence
spectroscopy as the detection modality [10, 13, 15-43], with only a few exceptions these
microsystems still need to be interfaced with external, typically macro-scale equipment. Only
high brightness samples can be used with existing micro-scale fluorometers. Fluorescence
spectroscopy is still not “pTAS-ready,” in the sense of completely micro-scale modules, because
of the numerous technological hurdles facing the development of high-sensitivity integrated
fluorescence detection (although there has been some miniaturization to produce portable
fluorescence sensors [44-46]). Two of these challenges are low-noise optical detectors [47, 48]

and optical filtering.

This paper focuses on the second challenge: integrated” techniques for separating the
fluorescence light from the excitation light. It covers demonstrated, as well as promising,

optical filtering techniques that realize at least partial separation on-chip.

* By integration we mean either heterogeneous integration, which consists of the assembly of
several modules to form a single device, or monolithic (sometimes called homogeneous)
integration, where each component is micromachined (bulk or surface) on a single substrate.



We begin with a brief overview of fluorescence sensing to lay the groundwork for evaluating the
various filtering approaches. Each of the main technologies is then introduced in turn:
interference filtering, absorption filtering, spectrally selective detectors, and controlling the path
of the excitation beam. Each subsection begins with an overview of the physics behind the
approach. This is followed by a description of the fabrication methods, since they determine the
level of integration that is possible and since the techniques used in fabrication impact
performance. The inherent advantages and limitations of the approach are then discussed, and
representative micro-scale devices of that type are described. In the penultimate section, the
performance metrics that have been achieved to date using the various approaches are compared,
and suggested directions for future improvements are given. Finally, we end with a discussion of

the performance standards that should be used to evaluate micro-scale fluorescence sensors.

2 Review of Fluorescence Spectroscopy

Fluorescence spectroscopy is well established and is the most powerful technique of molecular
biology. Fluorescence assays are based on the excitation of particular molecular groups called
fluorophores, which can be intrinsic to the specimen under study, introduced into it, or
chemically bound to it [49]. Fluorophores are organic dyes that absorb light in one range of
wavelengths and re-emit the light, called the fluorescence, in a range of longer wavelengths.
Fluorescence spectroscopy is used for a wide variety of measurements, from simply detecting the
presence of a species in a solution to monitoring complex biological processes like enzyme
kinetics [49]. Its use in biomedical studies dates back to the late 1960s, when Herzenberg et al.
introduced the fluorescence-based cell sorter [50], which allowed the sorting of live cells from

dead ones using fluorophores as optical markers [51]. The next decade brought the capability of



single molecule detection, when Hirschfeld and his colleagues imaged a single antibody labeled
with 100 fluorophores in a fluorescence microscope [52]. In the early 1980s, the field saw
significant progress when Keller et al. detected a biomolecule labeled with a single fluorophore
[53]. Today, fluorescence spectroscopy is ubiquitous in biomedical and biochemical analysis.
The absorption spectrum, illustrated for a generic fluorophore in Figure 1, has a peak at Ay, and
the emission spectrum has a peak at An; the distance between Aex and Ay, is called the Stokes
shift. Stokes shifts can be as small as 10 nm (Amplex UltraRed) or as large as 150 nm (Fura-2),
depending on the fluorophore’’. Note that the emission and excitation spectra shown in the
figure are mirror images of each other; this is true for the majority of fluorophores. If the
fluorophore is excited at an off-peak wavelength Ao, the resulting fluorescence spectrum will be
unchanged but will have a lower amplitude than if it is excited at A [1]. The number of photons
emitted is typically much smaller than the number absorbed, reflecting the existence of non-
radiative pathways for the decay of the fluorophore from its excited state. The ratio of the

emitted to absorbed photons is the quantum yield of the fluorophore.

Fluorescence can be detected visually, for example using a fluorescence microscope, or it can be
converted to an electrical signal in a fluorescence spectrometer. Although spectrometers have
greatly improved over the years, their basic operating principle has not changed. They comprise
an excitation source, a wavelength filter, and a detector [1]. The wavelength filter is of critical
importance because it discriminates between excitation and emission photons by significantly

reducing the excitation light intensity that reaches the detector while allowing through as much

11 Amplex UltraRed and Fura-2 are trade names for commercially available synthetic
fluorescent probes. The Stokes shift data were obtained from http:// www.invitrogen.com. Stokes
shifts of natural fluorophores can be found in [49] N. Vekshin, Photonics of Biopolymers. New
York: Springer-Verlag, 2002..




of the weak fluorescence signal as possible. This is essential because the excitation light is

typically orders of magnitude brighter than the fluorescence signal. In conventional systems, the

light directed at the sample is typically monochromatic at A.x and either comes from a laser or,

more typically, is selected by a grating from a broadband source. In microsystems, however, the

light source is often a broadband (40 to 90 nm FWHM“) light emitting diode (LED).

In fluorescence sensing, the primary choices for the wavelength filters are dichroic filters. An

ideal dichroic filter completely reflects one or more ranges of wavelengths (optical bands) and

transmits other wavelengths with a nearly zero coefficient of absorption (dashed line in Figure

1.
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Figure 1. Typical peaks in the excitation (left) and emission (right) spectra. The
wavelength filter (dashed line) must reject the excitation light and transmit the emitted

fluorescent light. Excitation with off-peak (Aorr) wavelengths lowers the emission intensity.

Four parameters that characterize optical filters are rejection levels in the stopband (the
wavelengths that are blocked), transmission levels in the passband (the wavelengths that are
transmitted), and the location and sharpness of the transition between them, respectively known
as the absorption edge and the absorption edge width. The first two metrics are based on the
absorbance, which is defined as the base 10 logarithm of the ratio of the output light intensity to
the incident light intensity: A =log(lo/ I;). The absorbance includes losses due to absorption,
reflection, and scattering. Intensity is defined as power per unit area, so we report rejection and
transmission levels in decibels (dB), i.e. 10 log(lo/ I;) = 10A. A rejection level is a value of 10A
in the stopband, and a transmission level is a value of 10A in the passband; since lo/ I; < 1, these

numbers are negative.

Because practitioners in this field are from various scientific and engineering backgrounds, no
consistent units have been used when reporting filter spectra. For example, spectra are reported
in absorbance units A, linear units, or in cm’'. For the devices reviewed in this paper, units were
converted to dB, and those that were already reported in dB were assumed to be in the 10A

format.

Ideally, one would want the filter to transmit 0% (-co dB) of the excitation light and 100% (0 dB)
of the fluorescence, and the absorption edge to be perfectly vertical and located to the right of A

and to the left of the entire emission spectrum. In reality, these levels are unattainable, and the



stopband transitions to the passband over a range of wavelengths (the absorption edge width).
The absorption edge width must be small enough to fit within the Stokes shift, as reported in [54]
and illustrated in Figure 1. Otherwise, the fluorophore cannot be excited at the absorption peak,

or all the emitted light cannot be collected, both of which decrease sensitivity.

3 Multiple Layer Interference Filtering

The earliest types of filter used at the micro-scale were interference filters, since these are
traditionally utilized with fluorescence spectrometers at the macro-scale. These filters are
essentially mirrors that reflect the unwanted light. When a broadband light beam impinges on
alternating layers of materials with different indices of refraction, wavelengths that undergo
constructive interference are transmitted, and those that add destructively are reflected [55]. The
number of layers and their thicknesses can be designed to create a filter that transmits a desired

spectral range. Such wavelength filters are also called distributed Bragg reflectors (DBRs).

Three physical facts govern their design [55]. The first is that the amplitude of the reflected light
at any boundary between two media is given by (1-p)/(1+p), where p is the ratio of the optical
admittances at the boundary. The second is that there is a phase shift of 180° when reflection
occurs in a medium of lower refractive index, and zero phase shift otherwise. The third is that the
reflected beam interferes destructively with the incident beam if the phase shift is 180° and

constructively if the phase shift is 0°.

Interference filters often have a quarter-wave structure in which each layer has a thickness of

nA/4, where n is the refractive index of the material and A is the center wavelength of the

10



passband (set to the peak fluorescence wavelength) [55]. Such structures are known as Bragg
mirrors or Bragg reflectors. Figure 2 shows the measured spectrum of a dichroic quarter-wave

filter designed for use with the fluorophore FURA-2 (excitation: 365 nm, emission: 510 nm).

Band-pass filters can also be created. This is done by sandwiching a dielectric between two
mirrors, which can be either Bragg mirrors or thin metal films, forming a solid Fabry-Perot
cavity. For a guide to optimizing filter design, including how to determine the optimum number
and thicknesses of the layers, how to deal with passband and stopband ripples (as are present in

Figure 2), and how to minimize angle dependence, refer to [56].
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Figure 2. The spectrum, shown on both linear (black) and dB (gray) scales, of an
interference filter with 39 alternating layers of PECVD-deposited silicon dioxide and

silicon nitride, for a total thickness of 1.2 um. Region 1 is the stopband of the filter and

region 2 its passband.
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3.1 Fabrication

Stacks of either dielectrics or semiconductors are used for quarter-wave filters that transmit in
the visible. Their performance is generally comparable: although dielectrics do not attenuate
optical wavelengths, and semiconductors do, the layers are so thin that absorption is negligible.
A plethora of materials is available for the fabrication of interference filters, allowing one to
achieve virtually any desired spectrum. Silicon dioxide, titanium dioxide, and silicon nitride are
commonly used for visible light filters. Optical interference structures have also been made from
compound semiconductors such as InGaAs, InP, and InGaN[55]. Metals, including Al and Au,

are used in filters for infrared light.

The fabrication of interference filters is done with standard processes that can be performed at

low temperature. Commonly used film deposition methods are plasma enhanced chemical vapor
deposition (PECVD) for oxides and nitrides, sputtering or evaporation for metals, and molecular
beam epitaxy (MBE) for compound semiconductors. Typically ~40 layers are required to obtain

reasonable rejection.

3.2 Advantages and Limitations

One of the most important advantages of interference filters is that, since they can be fabricated
using standard, low-temperature processes, they are compatible with integrated circuitry, and can
be readily integrated into larger micro-scale systems. Another is the aforementioned freedom in
the design of the absorption spectrum. Arbitrary spectral profiles can be obtained using different
layer arrangements. This flexibility is the most important feature of multilayer interference

filters.

12



However, they also suffer from some serious drawbacks. One important limitation of
interference filters is that variations of a few nanometers in the thicknesses of the layers can
cause large errors in the cutoff wavelength, up to +/- 50 nm. The thickness of each layer must be
controlled to within 5% for a quarter-wave structure in order to preserve the targeted location of
the absorption edge and achieve the desired transmission and rejection levels [55]. (Other
structures such as half-wave stacks or Fabry-Pérot interferometers require even tighter tolerances
[55].) If the fluorophore used in the assay has a small Stokes shift, with excitation and emission
peaks close to the transition edge, exceeding the maximum allowable error is fatal to device
performance. For example, the filter shown in Figure 2 was designed to have an absorption edge
at 490 nm. Scanning electron micrographs of the stack revealed an average error of 12% (£ 5
nm) in the nominal thickness of each layer. This produced a filter with an absorption edge at 430
nm. For assays with Alexa Fluor Hydrazide (488 nm excitation and ~30 nm Stokes shift), the
excitation wavelength falls within the passband of this filter, rendering detection of fluorescence

impossible. This highlights the need for stringent control during film deposition.

Moreover, the spectral response of these filters depends on the angle of incidence and the
polarization of the incoming light, although design techniques can be used to minimize this [56].
The absorption edge of DBRs can shift by as much as 80 nm as the incidence angle is varied
from 0 to 50° [54]. Another shortcoming, although not critical in most applications, is the
presence of ripples in the transmission and stop bands, as illustrated in Figure 2. These ripples

can be reduced by matching the optical admittance of the filter with that of the substrate.
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Finally, it is not yet feasible to fabricate multiple filters of this type for different colors on one
surface. Typically, the entire surface is coated and the filter is not patterned. This is because
patterning is difficult if the layers are not etched by the same etchant. Given the effort required
for deposition and patterning, interference filters remain the most challenging to integrate at the

microscale.

3.3 Demonstrated Devices

This section highlights the systems microfabricated by Burns et al. [57], Adams et al. [58], Kim
et al. [59], and Thrush et al. [60, 61]. Burns’s device is one of the most highly cited in the
literature because it beautifully illustrates not only integrated fluorescence, but also the lab-on-a-
chip concept. Adams demonstrated the integration of filters and microfluidics with
complementary metal oxide semiconductor (CMOS) imager chips, and Kim demonstrated the
heterogeneous integration of detector, microfluidic channel, light source, and interference filter.
Thrush accomplished the integration of the light source along with the filter and the

photodetector.

3.3.1 Dielectric Quarter-Wave Stacks

Burns et al. fabricated a highly integrated uTAS for DNA analysis [5, 57, 62]. The fully
automated system performed, on a single chip, several steps necessary for the sequencing of
DNA. The device (Figure 3) consisted of the heterogeneous assembly of a nanoliter liquid
injector, a sample positioning and mixing unit, a temperature-controlled reaction chamber, an
electrophoretic separation system, air vents, and a fluorescence detector. The other components,

including the light source and processing circuitry, were placed off-chip. A similar configuration

14



was described by the same group for a capillary electrophoresis device integrated with a

fluorescence detector [62].
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Figure 3. Schematic of a uTAS for DNA characterization that utilized a quarter-wave
stack of SiO, and TiO; over the photodetectors. Reprinted with permission from [57].
Copyright 1998 AAAS.

The fluorescence sensor was a key component of this device, and it was used to detect the
fluorescently-tagged DNA. The filter was a quarter-wave dielectric interference structure that
transmitted the fluorophore emission wavelength (515 nm) and rejected the excitation
wavelength (under 500 nm). Neither the number of layers nor the spectrum of the optical filter

were reported.

Sensor fabrication started with the formation of a photodiode detector in a silicon substrate.
Silicon dioxide was subsequently thermally grown over the photodiode to electrically isolate it
from the other parts of the device, while still allowing light to pass through. A quarter-wave
interference filter, consisting of alternating layers of silicon dioxide and titanium dioxide was

then deposited by the thin film coating company ZC&R Coatings for Optics Inc. (Carson, CA).
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Following this step, metal heaters were fabricated between two layers of vapor-deposited p-
xylylene. These metal layers were used for temperature control and sensing. Platinum
electrodes for electrophoretic separation were photolithographically defined on the surface of the
upper p-xylylene layer. A glass chip containing etched microchannels was bonded to the surface
to complete the assembly. Interfacing with off-chip control circuits was achieved via

wirebonding of the pads to a printed circuit board.

This device demonstrated one of the benefits of pTAS: it performed DNA analysis with much
smaller volumes than conventional fluorometers. In addition, the sensor could detect DNA at
concentrations down to 10 ng/uL, which is impressive for a pnTAS. Still, the authors
acknowledged that one of the remaining technical challenges was to improve the sensitivity of
the device. To address this issue, the authors later implemented more sensitive photodiodes that

were able to detect a 100x lower concentration [62].

Adams et al. also made use of a quarter-wave dielectric filter, fabricating it on top of a CMOS
imager [58]. This device is noteworthy because it integrated filters and fluidics with an on-chip
camera, as opposed to discrete photodetectors. Such a configuration allows both quantitative and
spatial analysis of fluorescence. This is an important feature for u'TASs in which fluorescence is
used not only as a detection mechanism but also as an imaging tool [63], such as is the case in

microfabricated fluorescence-activated cell sorters (WFACS) [26].

The filter architecture was the same as that of Burns et al. The filter, which consisted of

reactively sputtered silicon nitride and silicon dioxide, was deposited on top of the CMOS
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imager. Following this step, a layer of PDMS that had been patterned with analysis chambers
and channels was reversibly bonded onto the surface of the filter. An off-chip LED was used for
excitation. The authors reported detection of fluorescein dye and blocking of over 99% of the

excitation light.

This device also stands out because it integrated filters and microfluidics with CMOS. Post-
CMOS fabrication processes are often challenging because of the tiny (mm?) size of the
microchips and because of more fundamental issues such as packaging, though these issues were

not addressed by the authors.

Kim et al.[59] addressed both packaging and heterogeneous integration in their multi-module
device, which included a detector, microfluidic channel, light source, and interference filter. The
latter was a quarter-wave dielectric filter designed to attenuate 530 nm and to transmit 580 nm
(the excitation and emission peaks, respectively, for tetramethylrhodamine (TAMRA)). While
the spectrum showed a good transmission level of -1 dB at 580 nm, the decibel rejection level at

530 nm could not be determined from the given linear transmission spectrum.

The fabrication started by forming a p-i-n detector in a silicon wafer using photolithography and
two cycles of ion implantation in order to obtain the desired doping levels. An interference filter
comprising 32 layers of SiO, and TiO, with total thickness of 2.5 pm was then deposited over
the surface. This photodetector substrate was then covered with a layer of PDMS. A
microfluidic channel was defined in a second, soda-lime glass wafer, and on the back side of this

wafer they fabricated an organic light emitting diode (OLED). The PDMS on the Si wafer was

17



bonded to the soda-lime wafer to seal the microchannels, making a sandwich structure

comprising the OLED light source, microchannels, filter, and detector.

This architecture illustrates the integration of all necessary components for on-chip fluorescence
detection. It is noteworthy because the fabrication is simple and integration tolerances, such as
alignment error during assembly, are not stringent. The most challenging aspect of fabrication
remains the control of layer thicknesses in the interference filter to achieve the desired spectral
characteristics. The authors reported the detection of concentrations of TAMRA as low as 10
uM. The authors also demonstrated a similar architecture for the detection of Rhodamine 6G

which achieved a detection limit of 1 uM [64].

3.3.2 Semiconductor Quarter-Wave Stacks

Thrush et al. developed a sensor (Figure 4) for use in deep-red to near-infrared fluorescence
studies [60, 61, 65-69]. It consisted of a light source, a wavelength filter, and a photodetector, all
micromachined on a single substrate. A second module was used for the microfluidic network
containing the DNA sample, formed in PDMS. A commercially-available miniature lens glued

over the sample chamber focused the fluorescence back onto the photodetectors.
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Figure 4. Integration of VCSEL light source, filter, and photodetectors (bottom) by

Thrush et al. [60]. The microfluidics were housed in a separate module (top).

This design had several significant features, both from performance and fabrication standpoints.
The authors used a vertical cavity surface emitting laser (VCSEL) as the on-chip light source,
and they placed the detectors out of the direct optical path of the laser, thus combining
interference and light-guiding spectral selection approaches. Because VCSELs emit exclusively
in the direction normal to the surface, only the fluorescence focused by the lens (and a small

amount of scattered excitation light) reached the detectors during the assay, allowing rejection

levels of -40 dB [60].

DBRs served simultaneously as filters over the p-i-n photodetectors and as the n-type material in
the photodetector structure. The i-AlGaAs layer and the AlGaAs DBRs were deposited by

metallo-organic chemical vapor deposition (MOCVD) onto a p-AlGaAs substrate. The
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deposition parameters were periodically varied to alter the stoichiometry of the compound. This
produced a single layer of AlGaAs having 40 alternations in index of refraction forming the
DBR, contrary to the previously described devices in which two dissimilar materials were used.
There are several merits to producing a filter through index variations within a single material.
The most important is that there is lower dispersion (the changes in index of refraction with
frequency are similar for all layers), giving device performance that is easier to model and closer
to the designed spectrum. Another is that it facilitates patterning. Finally, there is no mismatch

in the coefficients of thermal expansion between the layers.

It is important to mention that this type of filtering differs from absorption filtering with
semiconductors, discussed below. Although the DBR filter utilized a material with non-zero
absorption, filtration was achieved exclusively by interference because the thickness of each
“layer” was an order of magnitude smaller than the wavelengths used (both excitation and
emission) in the assay. (For techniques on designing resonant cavities for semiconductor lasers

and for information on MEMS-based semiconductor lasers refer to [70].)

A similar arrangement of components was used by Kamei et al. [71, 72]. However, there were

separate modules for the detector and the filter, and an off-chip light source.

3.3.3 Porous Silicon Optical Filters

Another architecture for single-material interference filters is achieved by tailoring porous
silicon. Porous silicon filters have been developed for other types of micro-spectrometers [73-

76], but have not yet been demonstrated in fluorescence-based systems.
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Pores ranging from nanometers to micrometers in diameter can be formed by bulk
micromachining single crystal silicon through electrochemical etching [77-79]. The optical
properties of porous silicon are controlled by varying the pore size and density as a function of
depth into the wafer [80]. Refractive indices have been varied between 1.6 and 3.4 by
modulating the porosity [77], which has allowed fabrication of filters over a wide range of the

electromagnetic spectrum.

This technology could have significant impact on future devices, since the porosity can in
principle be varied across the surface of the Si, allowing different spectral characteristics to be
produced adjacent to each other simply by altering the etch parameters at a given location. This
would enable multi-wavelength spectroscopy. Multi-wavelength capability would allow
fluorophores of different colors to be detected on the same device, and thus enable more
sophisticated assays that examine correlations between measurements. Multi-wavelength
capability would also allow emissions from a single fluorophore to be stimulated or detected at
different wavelengths, providing improved accuracy through the use of ratiometric
measurements®*. Such design freedom and ease of fabrication would significantly extend the

capabilities of micro-scale fluorescence sensing systems.

% Ratiometric measurements rely on a differential response of the fluorophore at two
wavelengths and can be done in one of two ways. In the first, two different frequencies are
shone sequentially on the fluorophore, and the resulting emissions are measured. In the second,
the emission at two wavelengths is monitored in response to a single excitation frequency. For a
ratiometric dye, only one of these wavelengths is affected by the concentration of the analyte, so
the ratio of intensities at the two wavelengths provides an estimate for the analyte concentration
that is insensitive to changes in dye concentration, losses in the optical path, photobleaching,
scattering, and background light.
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As long as these filters can only be formed by bulk micromachining of single crystal material,
monolithic integration with detectors and circuitry will not be possible. The technological hurdle
to integrating such filters is producing porous silicon in thin films of amorphous or
polycrystalline Si deposited onto a substrate. Promising attempts at producing porous silicon in
films deposited on a substrate were made by Link et al.[81], however its use as an optical filter

for fluorescence has not yet been demonstrated.

3.3.4 Plasmonic Interference Filters

Interference filters may also be constructed using structured metallic surfaces that discriminate
between different wavelengths of surface plasmons ™, rather than of light directly. Plasmonic
filters have been developed and characterized, but have not yet been demonstrated in

fluorescence-based systems.

Many different plasmonic components have been demonstrated, including waveguides [82],
mirrors [83, 84], interferometers [85], and Bragg gratings [85-88]. The Bragg gratings are
typically realized in waveguide configurations using coupled metal-dielectric interfaces with
periodic patterning imposed as gaps in a metal strip [87], changes in the thickness of a metal strip
[86] or dielectric layer [89], changes in the width of a metal strip [87, 88], or changes in the
dielectric constant of the dielectric layer [90, 91]. Although most existing plasmonic
components have been developed and characterized at wavelengths relevant for

telecommunications applications (A = 1550 nm) [82, 86-91], a few components have been

™" Surface plasmons are electromagnetic waves that propagate along the surface of a conductor,
with exponentially decaying fields on either side of the interface. They arise from resonant
interactions between a light wave and free electrons at the surface of the conductor and thus are
confined spatially at the interface.
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designed for operation at visible and near-IR wavelengths that are more appropriate for

applications in fluorescence measurements [83, 92, 93].

This technology could have significant impact on future fluorescence sensing devices, since
there is good potential for compact filters with different spectral characteristics to be
implemented on the same substrate [94, 95]. This would enable multi-wavelength spectroscopy,
as described above. Additionally, surface plasmons enhance fluorescence emission intensity
[96-100]. This implies that it might be possible to create plasmonic devices that simultaneously

enhance fluorescent emissions and filter excitation light [101, 102].

The primary drawback of plasmonic devices for spectral filtering is that the technology is not as
mature as the other techniques discussed here. While the basic physical mechanisms have been
known for several decades, the creation of such devices relies on nanostructured metal-dielectric
interfaces, and fabrication of such structures has begun to be practical only within the last few
years. Additionally, in order to use plasmonic filters for fluorescence, it must be possible to
efficiently couple light into and out of surface plasmons. This is difficult because the momentum
of surface plasmon waves is higher than the momentum of free space photons of the same

frequency [94].

4 Absorption Filtering

An alternative to multiple-layer interference filters are single layers that have high absorption at

the excitation wavelength but low absorption at the emission wavelength, known as absorption
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filters. The absorption process is governed by the Beer-Lambert law: | = loe™®, where I is the
intensity of the light exiting the filter, Iy the intensity of the incident beam, o the absorption
coefficient, a wavelength-dependent constant, and X the filter thickness. If the absorption
spectrum of a material is known, the Beer-Lambert law can be used to find the absorbance A for
a given thickness, and subsequently, the decibel representation of the transmission across the
spectrum. Figure 5 shows absorption coefficient and transmission spectra for a few

semiconductors and an organic chromophore that have been used for filtering.

There are two types of absorption filters, bandgap and organic, and both have been demonstrated
at the micro-scale. Semiconductors make good absorption filters because of the energy gap
between their valence and conduction bands [103, 104]: impinging photons with energies lower
than the bandgap pass through, while photons with higher energies are strongly absorbed. Direct
bandgap semiconductors (such as CdS, GaAs) have steeper drops in absorption coefficient

(narrower absorption edge widths) in comparison with indirect bandgap semiconductors (such as

Si).
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Figure 5. a) Absorption coefficient spectra of some common semiconductors and a
chromophore, BTA, in an acrylic polymer host. Semiconductor data adapted from [103,
105, 106]. Data for 37 vol% BTA in acrylic are experimental results from our laboratory.

b) Transmission spectra calculated from the absorption coefficient spectra.

Organic absorption filters are chromophore-based. Chromophores are molecular groups that
absorb light with no subsequent re-emission. Polymer filters contain chromophores either as part

of their molecular structure (intrinsic) or as guests (extrinsic) in the polymer host [107].

25



4.1 Fabrication

Essentially all semiconductor deposition methods can be employed to deposit thin films for
absorption filtering. CVD, low pressure CVD (LPCVD), PECVD, pulsed laser deposition
(PLD), and MBE are the most common [108]. For some materials, the absorption edge can be
tailored by controlling the deposition conditions. For example, the bandgap of hydrogenated
amorphous silicon has been varied from 1.2 eV to 3.3 eV by adjusting pressure and gas flow

rates during PECVD [109].

The main advantage of polymer filters is that they can be deposited and patterned simply and at
low cost by a wide variety of methods, usually at room-temperature, with minimal residual stress
even in thick films. Polymers can be deposited by spin-coating or casting (for thicker layers)
when the polymer is either a precursor that requires a curing step or a polymer dissolved in a
solvent that evaporates. Curing methods vary depending on the polymer: some are cured by
ultraviolet exposure, whereas others require a thermal cycle or the addition of a cross-linking

agent.

4.2 Advantages and Limitations

Fabrication is more straightforward for absorption filters than for interference filters, since it
requires only a single layer and no tight tolerances. Another advantage is that, unlike for multi-
layer filters, the response of the filters is independent of the angle of incidence. On the other

hand, a disadvantage of absorption filters is their limited tailorability compared with interference
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filters; instead, the material must be chosen to be compatible with a specific fluorophore, which

can entail complete changes in fabrication methods for different applications of the same device.

Semiconductors show a remarkable ability to absorb ultraviolet light. For example, high energy
ultraviolet light (200 nm) is reduced by a factor of ~3 in only 10 nm of silicon. However, a
major drawback is their lack of dichroism. As can be seen in Figure 5, the absorption coefficient
for some materials is non-zero from the ultraviolet to the infrared regions of the electromagnetic
spectrum. This means that 0 dB transmission of short Stokes shifted fluorescence emissions is
impossible with most semiconductor filters. Though this is not an issue for high brightness

applications, it is in assays with low fluorophore concentrations.

For polymeric filters based on absorption by a chromophore mixed into the polymer matrix, the
spectrum can be modified through the choice of the chromophore, but the dye must be soluble in
the host. Extrinsic chromophores loaded into an optically clear matrix can offer high rejection,
as shown in Figure 5. Rejection can be increased without increasing film thickness by adding
more chromophore to the host, until it saturates. Dandin et al. [110] demonstrated the loading of
2-(2’-hydroxy-5’-methylphenyl) benzotriazole, BTA, which is a photo-stable UV-absorbing
chromophore, into several polymers. They were able to achieve -45 dB rejection of excitation
wavelengths and -1.5 dB transmission of emission wavelengths in only 1 pm thick films. In
addition, the chromophore exhibits dichroic behavior, so the absorption edge was steep. It
should be mentioned that loading of photo-active organic compounds into polymers has

previously been proven to be effective in other commercial applications, such as thin-film
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polymer displays [111, 112], multi-wavelength photoresists [113], photostabilization of polymers

for sunlight protection [107, 114], and cataract surgery [115].

4.3 Demonstrated Devices

Several devices in the literature have made use of single-layer absorption filters. The first that
we review in this section, developed by Chediak et al. [54], integrated the light source, detector,
and filter. These authors also presented a useful quantitative comparison of single layer
semiconductor filters versus DBRs. The second, developed by lordanov et al. [116], stands out

because it integrated filters and microfluidics and, like Adams [58], used a CMOS imager.

Chabinyc et al. [117] demonstrated a device that used a polymeric filter, and similarly Kruger et
al. [118] used a commercially-available gelatin filter. Hofman et al. used a millimeter-thick dye-
doped PDMS film both as a microfluidic network and as a fluorescence filter [119]. These
devices are not discussed further here because of the thicknesses of the polymer filter films;
however, they do illustrate the technique of loading chromophores into optically clear polymers

for fluorescence sensing applications.

4.3.1 Cadmium Sulfide Filters

Chediak et al. [54] demonstrated a micro-fluorometer based on the heterogeneous integration of
CdS filters with InGaN LEDs (Figure 6). CdS was used because of its sharp absorption edge at

513 nm (20 nm wide): the device was used to detect blue-excited, green-emission fluorophores.
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Figure 6. A microfluidic channel module assembled with a detector chip that has a CdS

filter and Si photodetector onto which an LED has been mounted over an Al bond pad [54].

This device configuration was essentially the same as the one in Figure 4, but without a lens. It
consisted of two modules. The sensing module included a silicon photodetector onto which the
CdS filter was deposited by PLD. An InGaN LED (primarily blue emission) grown on sapphire
was bonded to an aluminum bondpad that had been deposited and patterned over the filter to
provide electrical connection. The aluminum served a critical secondary role as a reflector of the
weaker green emission of the LED: these wavelengths lay in the transmission band of the filter
and had to be blocked. A separate sample-containing module consisted of analysis chambers and
a microfluidic network formed in PDMS. The PDMS was bonded to a glass substrate and

positioned 2 mm above the LED.

The authors characterized a 2.4 pm CdS film. It had -60 dB rejection of the excitation light at

470 nm (i.e. 99.9999% of the light blocked, or 10 of the light transmitted) and -4 dB (40%)

transmission of the fluorescent wavelength (513 nm). However, only a 1.2 pm film was used in
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the prototype, and its rejection and transmission metrics were not provided. From Figure 5 and
the Beer-Lambert law we estimate the transmission to be -30 dB at the excitation wavelength and
-0.05 dB at the emission wavelength of the fluorophore. The device was able to detect a
concentration of fluorescein as low as 0.12 uM. The authors likely used a thinner film in order

to enhance transmission of the fluorescence and increase device sensitivity.

4.3.2 Poly-Si Filters

Iordanov et al. used a single layer of poly-crystalline silicon (polySi) to filter ultraviolet light but
transmit light at 450 nm to a custom-made CMOS imaging array (Figure 6) [116]. They
fabricated a microfluidic network over the sensor and used the device to perform enzymatic
analyses, specifically monitoring NADH concentration. They used the imager for monitoring

fluorescence on different areas of the chip.

After completion of the CMOS fabrication process, the polySi thin film filter was deposited
using LPCVD over the passivation layer. Filtering characteristics were improved if the grains of
the polySi were enlarged through a subsequent pulsed XeCl excimer-laser annealing step. A
microfluidic network was built on top of the filter using the negative photoresist SU-8.
Packaging and integration issues must have been challenging but were not explicitly addressed.
The authors reported that the device detected fluorescence with 35 dB selectivity (ratio of the
signal from the fluorescence to the signal from the excitation light). Unfortunately, they did not

provide results characterizing the performance of the filter alone.
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4.3.3 Polymer-Based Filters

Chabinyc et al. demonstrated a simple fluorescence sensing system that employed polycarbonate
as a filter [117]. This system was not integrated, but rather used a multimode optical fiber
inserted into a microchannel fabricated in PDMS to couple light into the microchannel. A
commercial micro-scale avalanche array detector was embedded into the PDMS at the other end

of the channel. The avalanche array detector was coated with 80 um of polycarbonate.

The device was calibrated by filling the channel with known concentrations of the fluorophore in

water. The sensor was able to reproducibly detect concentrations as low as 25 nM. No data

were reported on the spectral characteristics of the polymer filter.

4.3.4 Agqueous Filters

Schueller et al. [120] and Chen et al. [121] demonstrated absorption filters using water-soluble
dyes that were spatially patterned using an array of parallel microfluidic channels. These
systems have the advantage of being able to reconfigure the filter during operation for different
desired characteristics by filling the channels with fluids having different optical densities and
different spectral characteristics. However, this technique has not yet been demonstrated in

fluorescence-based systems.

5  Spectrally Selective Detectors

Thus far we have reviewed filtering approaches that prevent the excitation light from reaching

the detector by either reflection (through interference) or absorption. A relatively new approach
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is to collect both fluorescence and excitation components and discriminate between the two
electronically. This is possible because semiconductor detectors are spectrally selective, as
implied by the absorption coefficient curves shown in Figure 5. Multi-color sensors can be

obtained by exploiting this spectral selectivity.

The physical principles are identical with those responsible for the operation of absorption filters
—namely, that absorption is a function of both material composition and wavelength. Absorption
of photons above a critical energy in a semiconductor creates electron-hole pairs that can be
separated and collected. These carriers may be used to produce a current, charge, or voltage
signal that is directly proportional to the intensity of the incident light. Three devices that use

these principles are described in this section.

One method for realizing spectrally selective sensors is by using a variety of different
semiconductors. Clearly, different semiconductor materials can exhibit distinctly different

spectral responses as a result of the underlying differences in their electronic properties.

The second approach makes use of the fact that light of different wavelengths is absorbed at
different depths in a semiconductor photosensor, giving spectral selectivity within a single
material. Shorter wavelength photons are absorbed at the surface, longer wavelength photons
deeper in the material, although both decrease exponentially by the Beer-Lambert law. Spectral
components can be separated by collecting photo-generated carriers at different depths using, for
example, three vertically-stacked p-n junctions as illustrated in Figure 7 [122]. The p-n junctions

of such a pixel have different, broad spectral responses, or selectivities, similar to the responses
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found in cones, the photosensitive cells of the retina. Even if each junction is sensitive to all of
the incident wavelengths, it is differently sensitive to each, and so to identify the intensities of

the 3 known wavelengths from the 3 broad spectral bands is a simple matter of solving a set of

algebraic equations.
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Figure 7. a) Multiple p-n junctions at different depths collect different spectral
components of the fluorescence, A1, A2, and A3. The excitation light (Aex) is blocked by the

filter. b) Spectral selectivities of each of the three coincident p-n junctions. Figure adapted

from [123].

5.1 Fabrication
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Layered semiconductor structures can be constructed using standard CMOS fabrication
techniques, a significant benefit for integration. These architectures are not limited to silicon,
though: the deposition processes discussed previously for other semiconductor materials can

also be applied to the construction of spectrally selective detectors.

5.2 Advantages and Limitations

Multi-color sensors are of significant importance to micro-scale fluorescence-based systems.

The architectures discussed so far targeted specific applications and are limited because they can
only accommodate specific fluorophores. Multi-color sensors offer more versatility because they

can detect several emission wavelengths.

Unfortunately, the spectral components collected by a multi-color sensor might not match the
fluorescent wavelengths for a specific application, which could reduce the accuracy of the
intensity estimation. This would occur because the spectral selectivity is determined primarily
by the material properties, rather than by components in the system design such as readout
circuits or physical layout. Therefore, it is necessary to tightly control film deposition
parameters and it may be necessary to tweak the fabrication process. In most cases this is
impractical or prohibitively expensive for CMOS technologies. For this reason, it may be
advantageous to combine the fabrication of such sensors with the micro-machining of the optical

filters.

5.3 Demonstrated Devices
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Two macro-scale devices that demonstrate the use of spectrally selective detectors for
fluorescence sensing can be found in the literature; this concept has not yet been used in an
integrated device. The first, by Starikov et al. [124] used several MBE-grown diodes in order to
obtain a wide range of spectral characteristics. This work is remarkable because it also made use
of the detectors as light sources. The second device, developed by Maruyama et al. [125, 126], is
important because it shows the use of a CMOS-fabricated photogate pixel to achieve

fluorescence detection. Neither of these devices made use of an optical filter.

5.3.1 Heterojunction Detectors

Starikov et al. [124] demonstrated the use of spectrally selective photodetectors in detecting
multi-wavelength fluorescence. The photodiodes were p-n heterojunctions of the wide bandgap
semiconductors AlGaN and InGaN, which were fabricated by molecular beam epitaxy. Optical
selectivity was achieved by varying the composition of the AlIGaN/InGaN alloy to achieve
different emission and photoresponse spectra in different devices. The diodes could be toggled

on or off to serve either as photodetectors or light sources.

Multi-wavelength fluorescence detection was achieved by placing 8 diodes, with spectral
characteristics ranging from the ultraviolet to red, in a circular pattern around an analysis
chamber containing the analyte. The diodes were used for either excitation or collection of the
fluorescence. Assays with several fluorophores (fluorescein, chlorophyll, pyrene, green
fluorescence protein (GFP), and red fluorescence protein (RFP)) were conducted as a proof of

concept. A detection limit of 2 nM of fluorescein was achieved.
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5.3.2 Photogate CMOS Pixel

Maruyama et al. [125, 126] extended the concept of Figure 7 by using a photogate pixel for
collection of fluorescence. Rather than stacking a series of junctions, the depth of the sensing
region was controlled by the voltage applied to the photogate. A photogate is a single-clement
surface-channel charge-coupled device. Photo-generated charges are collected in a depletion
area formed underneath the photogate, which in this case was formed using polySi over a p-n
junction formed by a moderately doped p-type region (p-well) in a lightly doped n-type

substrate.

By varying the gate voltage, these authors were able to vary the collection depth, and thus to
modulate the spectral responsivity of the device. The pixel was fabricated using standard CMOS
technology and was able to discriminate between blue and green wavelengths without the use of
a filter. The sensor was used to detect a solution containing double-stranded DNA labeled with

the fluorescent nucleic acid stain SYBR-Green, with an estimated detection limit of 10 uM.

6 Light-Guiding Elements

Thus far, we have reviewed on-chip filtering and detection techniques based on optical
interference and light absorption. A completely different approach consists of exploiting ray
optics to achieve separation of excitation and fluorescence, either with waveguides or with
microfabricated free-space optical elements. The basic idea in both cases is to use geometry and
optics to prevent the excitation light from falling on the detector. This is possible because the

excitation light is collimated, and can therefore be guided, while the fluorescence is emitted in all
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directions. Lenses, gratings, mirrors, and prisms have been miniaturized for this purpose. A
wealth of information is available on the fabrication and integration of these elements for other
types of micro-spectrometers [127, 128]. In this section, we review those devices that have used

light-guiding elements to achieve at least some degree of on-chip filtering.

6.1 Fabrication
The fabrication methods used to produce miniature fluorescence sensors based on filterless
techniques vary greatly because of the large variety of implementations. Thus, fabrication

information is provided below, together with each of the demonstrated devices.

6.2 Advantages and Limitations

Filtration of excitation light without a thin film filter is attractive because it can be achieved
using free-space optical elements simply by collimating the excitation and positioning the
detector away from the optical path. The waveguiding schemes provide the same advantage, but
can be limited by the performance of the waveguide. Non-idealities due to fabrication
imperfections, such as waveguide sidewall roughness, or to misalignment in coupling the
excitation light into the waveguide affect the extent to which the fluorescence is guided without

loss and the extent to which the excitation light is excluded from the detector.

Another attractive feature, if not the most important, is the ability to combine this filtering
approach with those previously discussed. We presented the Thrush and Chediak devices as
architectures using thin-film filters, but positioning played an important role in preventing the

excitation light from falling on the detector. Thrush (Figure 4) used the vertical emission of the
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VCSEL to ensure that minimal excitation light reached the filter-protected detectors and a
microlens to focus maximum fluorescence light onto the detectors. In later work, Thrush
incorporated metal sidewalls on the detector to enhance optical isolation and rejection levels [67,
69]. Similarly, the Chediak architecture (Figure 6) used positioning to avoid saturating the

fluorescence collected by the CdS-protected detector.

Unfortunately, measurements that describe the extent to which rejection has been achieved or to
which fluorescence has been collected with miniaturized light-guiding technologies have not
been reported: metrics analogous to absorption and transmission for filters have not been
developed to characterize the performance of filterless devices. Rather, it has been more
common to report the signal to noise ratio (SNR). This makes comparison among different
device types difficult, since the SNR depends not only on fluorescence signal, but also on the

photodetector characteristics, such as the dark current level or other sources of electronic noise.

6.3 Demonstrated Devices

The light-guiding approach has been popular, with quite a few devices reported in the literature
[129-146]. The majority of these devices make use of orthogonal or angled positioning of the
waveguides to obtain some degree of spectral separation. However, most of them still rely on
off-chip filters or spectrometers to completely isolate the fluorescence from the background

excitation light.

Another approach is to use micromachined free-space optical elements to achieve on-chip

filtering. Two of these that demonstrate the free-space optical element approach are reviewed
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here as representatives of the types of architectures that have been employed. The first, by
Roulet et al.[136-138], integrated microlenses with microfluidic modules. The second, by Zeller

et al. [134], demonstrated excitation and sensing with a single microfabricated grating.

6.3.1 Waveguides and Fiber Optics

The classical definition of the term waveguide is any structure that routes electromagnetic
energy. An optical fiber is a special type of waveguide that guides electromagnetic energy in the
visible range by total internal reflection. In the integrated fluorescence sensing literature, the
term waveguide has been used to refer to microfabricated light conduits. The principle of
operation of both waveguides and optical fibers in fluorescence sensing is the same, i.e. the

separation of fluorescence from excitation light is achieved in the same manner.

Quite a few researchers have used microfabricated waveguides to achieve separation of
fluorescence from excitation light [16-18, 20, 34, 42, 130, 139-145] while several others have
used optical fibers [28, 132, 134, 135]. There are two types of waveguide/fiber-based
architectures in the literature. The first confines both the excitation and the fluorescence in the
plane of the microfluidic channel as shown in Figure 8a). The second excites perpendicularly to
the plane of the microfluidic channel and collects the fluorescence laterally through a waveguide
as illustrated in Figure 8b). Alternatively, it is also possible to excite fluorophores in-plane and

collect the fluorescence out of plane (Figure 8c).
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Fabrication of these devices is typically achieved through soft lithographyw. However, the
procedure is dictated by the choice of the substrate. Other machining techniques, such as wet

and dry etching, can also be used.
The separation obtained using waveguide-based approaches is only partial. One can never
position the waveguides in such a way as to achieve complete isolation between wavelengths.

Therefore, these devices often require an off-chip filter or spectrometer to increase sensitivity.
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Figure 8. Sketch of geometries typically used in waveguide-based devices. a) Fluorescence
and excitation are confined in-plane, but the fluorescence is collected at a different angle

than the collimated excitation. b) Fluorophores are excited from the top, and fluorescence

T Soft lithography is a micromachining technique utilizing soft materials (polymers).
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is collected laterally (out of the page). ¢) Fluorophores are excited laterally (into the page)

and fluorescence is collected perpendicularly.

6.3.2 Micro-Lenses

The concept behind the Roulet device [136-138] was combining illumination at an angle
(geometry) with focusing by lenses (optics) to direct the excitation beam onto the sample and
then away from the detector. The first set of lenses was placed on one side of a glass substrate
containing microfluidic channels to converge the excitation beam onto the sample (Figure 9).
The second set was placed on the opposite surface of the substrate, behind the channels, to
deflect the excitation beam away from the photodetector. A fraction of the omnidirectionally-

emitted fluorescence light reached the detector, which was on another substrate.
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Figure 9. Cross-sectional sketch of a device based on free-space optical elements, showing a
mechanism for separating fluorescence light from the excitation beam using lenses [137].
Photoresist lenses were microfabricated on the top and bottom faces of a glass substrate
(gray) containing microfluidic channels, which run perpendicular to the page. Copyright

Roulet et al. Opt. Eng., 2001, 40, 814-821.
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The microlenses were fabricated by patterning layers of photoresist on both sides of a previously
micromachined Pyrex microfluidic chip. The chip was placed in an oven to melt the resist,
which contracted into lens shapes by surface tension. The authors adjusted the process
parameters to produce the desired focal lengths. Nearly 30% of the fluorescence light, the
portion that heads into the substrate and toward the detector, was collected with this
configuration; the detector yielded an SNR of 21 dB. The authors demonstrated the successful

detection of 10 nM of the fluorophore CyS5.

6.3.3 Microfabricated Diffraction Gratings

Zeller et al. [134] demonstrated that filterless fluorescence could be realized with only a single
grating. The fabrication of this device began with the fabrication of a mold by etching the
grating pattern into a silica substrate and coating it with gold; this served as a mold for producing
an electroplated nickel stamp. The resulting stamp was used to transfer the grating pattern onto a
polycarbonate sheet. Subsequently, a titanium oxide waveguide was formed on the back side of

the sheet, on top of the grating.

The operation of the device is illustrated in Figure 10. TM*# polarized light from a laser was
coupled into the waveguide via the grating. Molecules adsorbed on top of the waveguide were
illuminated by the TM mode of the laser beam’s evanescent tail. The fluorescent light emitted
by these molecules was coupled into TM and TE modes in the waveguide. These modes were

again coupled out by the same grating, at different angles of diffraction for the different modes

111 Transverse magnetic (TM) and transverse electric (TE) modes are solutions to Maxwell’s
equations which specify the intensity patterns of a propagating electromagnetic field. For TM
modes there is no magnetic field in the direction of propagation, and for TE modes there is no
electric field in the direction of propagation.
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and wavelengths. The detector was placed at the diffraction angle for the TE mode of the
fluorescent light in order to collect the fluorescence signal and not the excitation light from the
laser, which appeared at the diffraction angle for the TM mode of the excitation light. The
authors demonstrated the successful detection of 10 nM of Cy5-tagged species. No detection

limit or SNR were reported.
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Figure 10. Polarized TM excitation light at wavelength A is incident at an angle 0¢x(TM)
on fluorescently tagged molecules immobilized above a grating. The incident beam is
diffracted through an angle 26.x(TM), away from the detector, while the fluorescent
emissions are coupled into the waveguide and diffracted out of the waveguide at an angle

Bem(TE) [134].
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7 Summary of Achieved Device Performance
The performance metrics of the various miniature fluorescence sensors are summarized in Table
1. Two fundamental metrics are given when they were provided by the authors: the rejection

and transmission levels®®

of the filters which we reported in decibels (on a 10xLog) basis). In
the following two subsections, attractive features of each of the technologies are summarized

based on their rejection and transmission levels, and then on the fabrication methods.

Reported detection limits are also included in Table 1: these indicate the performance of the
devices in the assays for which they were designed. However, these figures cannot be used as a
metric for comparison between sensors if the fluorophore is different, or in fact even if the
fluorophore is the same since the emission intensity of the fluorophores depends on conditions
such as pH and temperature. Therefore comparing sensors based on their detection limits is

inappropriate unless care has been taken to reproduce exactly the same conditions.

%% As previously mentioned, we are referring to the intensity of the light that is
rejected/transmitted.
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Table 1 . Performance synopsis for demonstrated miniaturized fluorescence sensors.
Filter Characteristics Performance References
= B Tl S5~ 5 — o =
52 S| cS | S|BE|SF) 8| 2 E
2 5 > | S5 |S§s|<cS|cE| | § 2 3 _
£2 8 | €2 | 82|28 25| & | B S 52
g5 3 | f |G |58|52) 2| B 5 g~
=< 2 W3 3| 83|83 | & = o 5
= = | < < =
Interference Only
Si0,, TiO, 490 515 -13 -1.05 Burns [5, 57, 62]
Si0,, Si3Ny 488 515 500 15 -20 fluorescein 85,000 | Adams [58]
Si0,, TiO, 530 580 -1 TAMRA 10,000 | Kim [59]
Si0,, TiO, 23 530 580 230 1 rho%aémne 1,000 | Shin [64]
Absorption
. NADH,
Poly-Si 1.5 365 450 DiFMUP Tordanov [116]
Polycarbonate 80 360 510 -20 -1.05 fluorescein 25 Chabinyc [117]
Dye-Loaded
PDMS 3000 560 30 -40 -1.6 Hofmann [119]
Ray Optics
Micro-lenses N/A N/A N/A Cy5 33 Roulet [136-138]
Microfabricated |\ N/A | N/A Cy5 10 | Zeller [134]
Grating
Waveguides and
Fiber Optics N/A N/A | N/A Cy5 24,000 | Ruano [133]
Waveguides and Alexa Fluor
Fiber Optics N/A 635 650 | N/A | N/A 633 Powers [132]
Microprism N/A 543 N/A N/A Cy3 Huang [35]
Orthogonal Albumin
Geometry 540 Blue 580 1,200 | Hofmann [129]
Spectrally Selective Detectors
Photogqte CMOS N/A 470 520 N/A | N/A SYBR 10,000 Maruyama [125,
Pixel Green 126]
fluorescein,
Multi-Wavelength |, | 37 65 N/A | NA chlorophyll, | = | g4 ikov [124]
III-V Detectors pyrene,
GFP, RFP
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Filter Characteristics Performance References
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&= £ S ED | 28 | 25 ] £ S 5
< O 3] N Wwes | 58 | 5= 2 ] S o
=< = g s |25 (83| g | § T g
S
= S| < < =
Filter + Ray Optics
interference +
directional source + 780 60** Thrush [60, 61,
65-69]
lens
bandgap absorption
filter + directional 1.2 475 510 -30*% | -0.05* 120 Chediak [54]
source

* By our calculations.

** Best value is reported.
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The most valuable feature of interference filters is the tailorability of the stopband, which can be
placed in arbitrary ranges of the electromagnetic spectrum. Furthermore, their steep absorption
edges allow the highest percentage of fluorescence photons to be collected and make this the
only type of filter that can be used with fluorophores having small Stokes shifts. However, the

angular sensitivity of their spectral characteristics may further limit their applications.

Semiconductor bandgap filters, on the other hand, have shown excellent rejection levels in the
ultraviolet. While their non-zero absorption at fluorescent wavelengths is less than ideal for
applications with low fluorescence intensity, it is preferable to the loss in sensitivity from
insufficient rejection. The 2.4 um CdS filter developed by Chediak et al. [54], for example,
rejected the excitation light to -60 dB while still transmitting 40% of the fluorescence. For

absorption filters in general, transmission levels are best for long Stokes shifted dyes.

Spectrally selective detectors also exploit the absorption characteristics of semiconductors, since
they are a function of wavelength: the absorbance at energies above the bandgap increases
monotonically with frequency. However, rejection is only moderate: -25 dB in experiments by
Maruyama [125, 126] (this was demonstrated with LEDs rather than in fluorescence

measurements).

It is clear that no one of these filtering approaches alone yields the high rejection in the stopband
with the high transmission in the passband that will be necessary for the next generation of
devices. There are two approaches to improving the performance. One its to combine

interference or spectrally selective filtering with additional absorption filtering, as done in
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Starikov [124]. Another is to combine these approaches with light separation methods that
employ positioning, micro-optical elements, and/or light guiding to achieve the bulk of the

rejection.

8 Proposed Performance Standards

In the interest of furthering progress in the field, we propose a set of performance standards for
characterizing the spectral selectivity of miniaturized fluorescence sensors. Such metrics will
permit the fair comparison of widely disparate approaches in order to allow better design of

micro-fluorometers at the system-level for pnTAS applications.

Fluorescence sensing systems can be divided into three parts: the optical components that
determine how much of the excitation and fluorescence light falls on the area of the detector, the
filter over the detector, and the detector itself. The overall performance of the sensing system is
determined by the responsivity R and the noise N. Responsivity is a general term for an input-
output characteristic, and in the case of photodetectors it has the specific meaning of the
electrical output produced in response to a particular optical input intensity; which typically has
units of A/W or V/W. The overall noise power N is the sum of photon shot noise and detector
noise. The arrival of photons is a random Poisson process, so both noise power and signal-to-
noise power ratio are proportional to the flux of photo-electrons in the detector. Photon noise

sets a lower bound on the overall noise power [105].

The overall responsivity R of the system is the product of the detector responsivity with the

composite transfer efficiency for the system components (defined in the following sections)
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(1) Ryt (ﬂ“) = Ryetect (l) * 100.1*[H ﬁ“er(/l)+HgeomerrY(ﬂ)+H'°SS(ﬁ)}
system etector

where the responsivities are represented on a linear scale and the composite transfer efficiency is

the sum of individual transfer efficiencies H, (Z) , which are represented on a log scale as

10log;o(output intensity / input intensity) ~ . In order to allow comparison of different systems
without reference to specific fluorophores, these responsivities and transfer efficiencies should

be given as a function of wavelength.

At a minimum, if it is impossible to obtain these spectra, the responsivities and transfer
efficiencies should be provided for the excitation and peak fluorophore emission frequencies. In
the case that only the overall Rgystem can be obtained, Rgystem(Aex) and Rsystem(Aem) can always be

found using a standard procedure (section 8.5).

8.1 Detector Metrics

Since all detectors are spectrally selective, at least to a certain extent, the detector itself performs
some spectral filtering. (This effect is exploited in the multi-wavelength spectrally selective
detectors, section 5.) A metric that represents this phenomenon is the quantum efficiency (QE)
of the detector, defined as the probability that an incident photon creates a photo-electron. The
way in which each photo-electron contributes to the detector output signal varies according to the
details of the detector; a metric that represents the overall conversion from incident photon to

detector output is the responsivity Rgetector, defined as the ratio between the electrical output

" The composite transfer efficiency would be the product of the individual transfer efficiencies
if they were expressed on a linear scale, but it is the sum when expressed in dB.
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signal and the incident optical intensity. The responsivity of the detector should be provided as a
function of wavelength, Rgetector(A4).

(2) Raetector(4) = electrical output signal / incident optical power

There are standard methodologies for experimentally determining quantum efficiency and
responsivity [147, 148]. The general approach to measuring responsivity is to provide a known
optical intensity at a known wavelength as input to the detector and to measure the detector
response. For different detectors the electrical output response may be in the form of voltage,
current, or charge, which may be sampled using standard techniques. The optical intensity may
be calibrated using another detector whose response is calibrated in the spectral range of interest.
Because light beams diverge (i.e., increase in diameter) as they propagate, it is important to
ensure that the distance between the light source and the detector remains the same for different
measurements. In order to obtain reliable measurements it is also necessary to ensure spatial
uniformity of the light source; for best results this is done using an integrating sphere ™ but in
many cases simple diffusers may be adequate. The intensity of the light source should be
adjusted by setting the source at its maximum intensity and inserting neutral density filters into
the light path rather than by using electronic controls, since in general the spectral characteristics

of a light source vary with bias conditions.

Whereas quantum efficiency reflects the probability that an incident photon generates a photo-

electron, responsivity reflects the overall conversion from optical input to electrical output. Thus

f1" An integrating sphere is an optical component consisting of a hollow cavity with its interior
coated for diffuse high reflectance, having relatively small holes for entrance and exit ports. It
serves as an ideal diffuser, scattering and distributing incident light rays so that the outgoing light
is spatially uniform.

50



the responsivity is the quantum efficiency multiplied by the internal gain of the photodetector.
Typically, responsivity can be measured directly from the detector output, but determining
quantum efficiency requires an estimate of the internal gain from generated photo-electrons to
output response, which usually cannot be measured directly and must be estimated using
statistical methods. Reviewing these methods is outside the scope of this paper, but they are

detailed in [147, 148].

The minimum detectable signal is determined by the noise and is commonly taken to be the root
mean square (RMS) noise, the square root of the noise variance. Signals in real detectors will be
degraded by photon shot noise as well as noise sources including shot noise from bias currents,
flicker noise (also known as 1/f noise), and thermal noise from thermal agitation of charge
carriers. At low intensities, the noise is typically dominated by dark noise resulting from leakage
currents in the detector [112]. Ideally, the power spectral density of the detector noise should be
provided as a function of both temporal frequency and intensity [149]. The RMS noise is the
square root of the spectral density integrated over all temporal frequencies and can be determined
from measurements of the detector output using standard techniques [150]. The power spectral
density can be measured using a spectrum analyzer, and the RMS noise can be estimated as the
standard deviation of an ensemble of samples of the output signal from the detector. Ata
minimum, the RMS noise ogetector(/) as a function of input intensity / should be provided (under
the assumptions that the detector is a linear system, and that detection is performed using a single
measurement with no temporal filtering or signal modulation). In order to allow comparison of

different systems without reference to temporal filtering and signal modulation strategy, the

51



power spectral density of the detector noise should be provided as a function of temporal

frequency f and intensity, Ngetector(f, /).

8.2 Filter Metrics

Table 1 shows that few authors report the characteristics of the filters used in their systems. We

recommend that such information always be provided by reporting the transmission spectrum of
the filter. This is an important design parameter that allows one to estimate the performance of a
micro-fluorometer with a wide variety of fluorophores. In addition, it allows devices to be

categorized by their transition wavelengths and their rejection and transmission levels.

Because it is difficult to discern variations in low-transmission regions in spectra reported in
linear units or from absorption coefficient data, transmission measurements should be reported in
decibel units. As mentioned previously, this has not been the norm, since in other fields
absorption spectra have traditionally been reported in a variety of other units. For detecting low
fluorescence levels, however, it is necessary to distinguish levels below -20 dB, such as between
-30 and -50 dB, which appear as zero on a linear scale. Also, the dB representation better shows

the passband to stopband transitions than does the absorption coefficient (Figure 5a).

The transfer efficiency of the filter is equal to its transmission, given by

3) H fier (4) =T (1) =10log,, [%J ’

where (1) is the intensity of light (WW/cm?) after filtering and 1_(A) is the intensity of light

incident on the filter.
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The absorption edge or cutoff wavelength A and the absorption edge width w define the
transition between stopband and passband. The former determines the excitation sources and
fluorophores that can be employed, while systems with large w are restricted to use with
fluorophores that have large Stokes shifts. The standard definition for A for an electronic long-
pass filter is the wavelength at which the transmission is -3 dB. The upper frequency limit of the
passband is defined as a given fraction of A, and the stopband is defined as the frequency range
for which the transmission is less than a specified arbitrary value, such as -20 or -40 dB.
However, these definitions are problematic for optical filter transmission spectra, which do not
have the ideal characteristics illustrated for a long-pass filter by the dashed line in Figure 1, and

which do not have specified roll-off slopes but varying slopes that we wish to characterize.

We propose an algorithm that determines the absorption edge and the absorption edge width
from measured data. The technique extends to all types of optical filters. The absorption edge Ac
is specified as the wavelength at which the first derivative of the transmission spectrum is
maximized. The absorption edge width is specified as the full width at half maximum (FWHM)
of the first derivative. Thus, the lower and upper limits of the absorption edge width, As and A,
are the wavelengths on either side of A at which the first derivative is half of its maximal value
(in dB). These definitions are illustrated in Figure 11 and Figure 12, in which these procedures
have been applied to data from absorption and interference filters. The definitions of absorption
edge Ac, absorption edge width w, and transmission and rejection levels Ty, and Tgp, are described

by the following equations.
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4 = -
4) ¢ = argmax—=
dT(4) _1__ dT(2) i<i
di 2 4+ dA
dT (A4
() 1y 10,
dA 2 4+ dA
W= A - A
Tso = 7(As)
Too = T(Ap)

However, these computations are problematic when the curve is not smooth. Under these
circumstances it may be necessary to apply a smoothing operation to the data prior to computing
the derivative. For example, a 5-point smoothing average was performed on the transmission
data shown in Figure 11. Smoothing should be kept to a minimum, since it artificially broadens

the spectrum.

If the system has multiple filtering stages (i.e. from packaging materials such as PDMS), their
individual as well as cumulative responsivities should ideally be provided. Note that Hyijrer(A4)
may be somewhat different for the excitation and fluorescent light, since the they travel through
different optical paths in the system. For example, sometimes a spectral filter is placed in the
excitation light path in order to restrict the spectral bandwidth of the excitation light, so that this
filter is included in Hyiier for the excitation light, but this additional filter is irrelevant for the
fluorescent light because it is not positioned between the sample and the detector. After the

sample, the spectral filtering is identical for both.
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&.2.1 Absorption Filter Spectra

For absorption filters, it is difficult to specify the absorption edge location and width from
absorption coefficient spectra (Figure 5). Absorption coefficients typically decrease
monotonically as the wavelength increases, never reaching zero and with variations in the slope.
This is true for the spectrum of CdS (Figure 5 a), to which the proposed algorithm is applied in
Figure 11 (computed from the absorption coefficient spectrum using the Beer-Lambert law for a
hypothetical 1 pm film). The top panel shows the transmission spectrum alongside computed
locations of the edge and edge width, and the bottom panel shows the first derivative from which
these metrics were obtained. The wavelength at which the first maximum occurs in the first
derivative is the absorption edge Ac. The half-maximum wavelengths define the boundaries, and

thus the width, of the absorption edge.
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Figure 11. a) The transmission spectrum of a 1 um thick CdS film. The solid circles and
shaded region indicate the absorption edge width w and cut-off wavelength A.. b) The

application of the FWHM technique to the first derivative of the transmission spectrum (in

dB).

8.2.2 Interference Filter Spectra

Interference filters often have large ripples in the transmission band (Figure 2), with peak-to-

peak ripple heights that can be tens of percent. The ripple positions are highly sensitive to
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fabrication variations, so using absolute criteria such as magnitude (i.e., -3 dB) to define
absorption edge location and width might arbitrarily shift these values by tens of nm. In Figure
12, our suggested algorithm has been applied to the transmission spectrum for a 1.2 pm silicon

nitride/silicon dioxide interference filter.

Thus far the absorption edge has been specified by a single wavelength 4. for one stopband-

passband pair, but interference filters or micromachined fluorescence sensors for multi-
wavelength spectroscopy would have several absorption edge locations. In this case the

definition of absorption edge and absorption edge width may be extended to describe the

multiple wavelengths A, 4.,,A;,... and widths w1, Wy, Ws,... associated with the stopbands and

passbands of the system. These wavelengths may be specified using the same algorithm, applied
in different spectral bands to capture all the absorption edges and absorption widths of the

system.
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Figure 12. a) The transmission spectrum of a 1.2 um-thick interference filter. The solid
circles and shaded region indicate the absorption edge width w (shaded region) and cut-off
wavelength A.. The inset shows a finer view of A and w. b) The application of the FWHM

technique to the first derivative of the transmission spectrum (in dB).
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8.2.3 Single Number Metrics

Using the proposed technique, passbands and stopbands can be explicitly determined. Therefore
we suggest that the following single-number metrics be reported for the filter if the entire

transmission spectrum cannot be obtained: 1) the rejection in the stopband at Ay,

(5) T = IOIOglo[%/{X))j

and 2) the transmission in the passband at Aem, Tpn, defined analogously. Although this will not
allow comparison of the filter with those in other systems, it will give an indication of the

effectiveness of the filter with a particular fluorophore.

In addition to providing the ability to easily determine the filter metrics, the FWHM method also
provides the capability to quantitatively compare the absorption edges of different systems. We
define the attenuation factor y (dB/nm) associated with an absorption edge as the measure of the
rate of change of transmission at that edge. This metric is computed by dividing the change in
transmission across the transition between passband and stopband by the absorption edge width.
(0) 7=(Tso—Tpo) /W
For example, the attenuation factor of the interference filter in Figure 12 is y = 1.6 dB/nm,
whereas the attenuation factor for the CdS filter in Figure 11 is » = 1.1 dB/nm. Although this
metric does not offer any insights on the absolute rejection and transmission levels around that
edge, it does allow the designer to determine the relative rejection and transmission levels near
the edge. This is particularly important when designing systems to detect emissions from
fluorophores having small Stokes’ shifts. Note that the attenuation factor y as defined above (in

dB/nm) is distinct from the transmission loss (typically expressed in dB/cm). Although the units
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are similar, the former quantifies the steepness of an optical filter’s absorption edge whereas the
latter is commonly used to denote the magnitude of transmission across material of a given

thickness.

8.3 Optical Path Filtering: Coupling Efficiency

The optical part of the fluorescence sensor also requires metrics equivalent to transmission,
rejection, and absorption edge location and width, since the prevalent SNR metric not only
incorporates the detector performance, but also the brightness of the sample, and is thus an

extrinsic rather than intrinsic quantity.

The optical path of the sensor system includes the placement of the detector relative to the light
source, free-space optical elements such as lenses, and light-guiding components. For these,
metrics such as Ac and w may be ambiguous. Instead, the optimal wavelength for the device

should be provided together with the range of usable wavelengths.

Ideally, curves showing the fraction of light falling on the detector as a function of wavelength
should be provided for both the excitation light source and the fluorescent probes. This may be
difficult in practice. In order to quantify the collection efficiency, we adapt the notion of
coupling efficiency (CE), which is widely used in fiber optics to denote the efficiency of power
transfer between two optical components. We quantify geometrical effects on collection
efficiency by defining coupling efficiency as the fraction of light that is able to impinge on the
detector area. This analysis should be performed for the excitation light source in order to

quantify the degree to which the photodetector is shielded from excitation light and for light
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emitted by the fluorophores in order to quantify what fraction of the emitted fluorescence is able
to fall upon the photodetector. The CE can be employed as a design tool to maximize collection

of emitted fluorescence and to minimize collection of excitation light.

For the optical path filtering, the transfer efficiency in dB is given by

(7) ngometry,ex (/1) = 1010glo [CEex (ﬂ”)]

®) H (4)=10log,, [CE,, (2)]

geometry,em
for the excitation light and fluorescent emissions, respectively. Ideally, the CE should be given
as a function of wavelength, but if this is not possible the CE should be determined for the
excitation and peak fluorophore emission wavelengths. Note that the optical path filtering is
inherently different for excitation light and fluorescent light, since the two sources of light travel

through different optical paths in the system.

8.3.1 CE for Fluorescence Light

For emitted fluorescence, the system geometry factor quantifies geometrical effects on collection
efficiency that result from differences in the fraction of the total solid angle received by the
detector. Typically fluorescence is emitted isotropically, so the solid angle of emission is 4.
The maximum solid angle subtended by a planar detector is 27, which occurs for the special case
of a detector that is large and in direct contact with the sample. Design constraints might not
allow positioning of the detector in such proximity, and in many cases the solid angle subtended

by the detector is significantly less than 2.
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If the system has lenses to collect or redirect the light, as in Figure 4, their effects should be
included in the CE. In the case of collection, focusing increases the amount of fluorescent light
impinging on the detector, so the CE is greater than that for the detector alone. For the ideal case
of a lens that focuses all the light falling on it onto the detector, the solid angle subtended by the
lens may be taken as the effective detector area. (It may be possible to collect emissions from
more than 27 of the total solid angle using reflective surfaces, but this has not yet been

demonstrated for a micro-fluorometer.)

The CE can be determined for any system geometry. For generality, we define a function Q
which represents the relative light intensity as a function of the angular spherical coordinates &

and ¢. The function Q is normalized so that

) [7]; Q.4.2)sin pdgd0 = 47

For the special case of a fluorescent point source with isotropic emission, the fluorescence

intensity is constant: Q(&,¢,1)=1.

The fluorescence CE is the ratio between the fluorescent photons impinging on the detector and

the total number of fluorescent photons emitted, given by:

[[Q(6.4.2)sin gdgdo
(10) CE,, (4)=""

4

where €, is the solid angle subtended by the detector.
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Determining the fluorescence CE is straightforward for fluorescent point sources with circular or
square detectors (Figure 13), which are the most commonly used. For an ideal circular detector
centered at ¢ = 0, the polar angle « subtended by the detector is related to the detector diameter a

and distance d to the fluorophores via a trigonometric relation:

(11) a=2cos 2d
L E
4

The solid angle subtended by the detector is then given by:

/a2 5
—+d° —d
sin¢d¢d9:27{l—cos(%ﬂ:27z A S

(12) =
LT
4

o'—,g’
O 0 | R

The fluorescence CE for this detector is thus:

2
l—cos(j) i+d2_d
(13) CE, = _ V4

em 2 - >
21/a—+d2
4

This function exhibits the expected asymptotic behavior, since CEq, e 1/ 2,

CE,, ———1/2,and CE,, ———1/2.
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X

Figure 13. Solid angle a for emission from a fluorophore located at the origin and
intercepting a square detector a distance d away with an area as indicated by the gray

shading.

Likewise, the fluorescence CE for an ideal square detector centered at R = d, ¢ = 0 with side

length a is:

(14) CE :isin(ﬁ):;cos1 4

em 272_

This function exhibits the same asymptotic behavior.
The fluorescence CE can just as readily be calculated for more complex geometries. For the case

of an annular detector (such as in Figure 4), the CE is found by subtracting the CEs of two

circular detectors with radii equal to the inner and outer diameters of the ring.
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8.3.2 CE for Excitation Light

For excitation light, the coupling efficiency quantifies geometrical effects on rejection that result
from differences in the fraction of excitation light that reaches the detector. For the excitation
light, the function Q (equation (9)) would be replaced by the emission intensity |, which would
not generally be isotropic but would depend on position (excitation light is usually directional)

and wavelength.

The excitation CE is the ratio between the excitation photons reaching the detector and the total

number of photons from the excitation source, given by:
ﬂ 1(p,0,2,4) pdp dodz
Q4

[ 1(p.6.2.2) pdpda dz

Q47r

(15) CE,, (1)

where Q) is the solid angle subtended by the detector, €, is the total solid angle, and the

excitation intensity is defined in cylindrical coordinates due to its directionality.

Most lasers emit beams that have a Gaussian profile. A Gaussian beam has a time-averaged

intensity given by

(16) H(p.2)= 'O[WVZOZ)]Z exp(v;fg)J

where p and z denote the axial and radial location of the detector in polar coordinates,

2

Z . . . . . .

W(Z) =W, |1+ (—J 1s the beam width, and wy is the radius of the beam waist which occurs at
ZO
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z=0/[151]. For an ideal circular detector of diameter a positioned at the center of a Gaussian

beam, this leads to a CEe of:
_a2
CE. (A)=1-exp| ————
17) o (4) p W (2)

This function exhibits the expected asymptotic behavior, since CEEX T)l, and

CEeX e 0. Similarly, the CEe for an ideal square detector of diameter a positioned at

the center of a Gaussian beam is:

2

a
CE_ (A)=erf| ——
(18) ex( ) cr \/EW(Z)

Again, this function exhibits the expected asymptotic behavior, since CE,, W)l , and

CEeX TO .

8.4 Optical Path Losses

In real optical systems, additional losses will play a role in determining overall system
performance. In a full description of the optical path of the system, absorption and scattering
would have to be taken into account, as would focusing and numerical aperture effects. For
example, two types of scattering commonly occur for the excitation light: large angle scattering
due to sidewall roughness of a waveguide and small angle scattering due to interaction of the
excitation light with the sample itself [1]. Both can result in unwanted excitation light falling on
the detector. Also, the intensity of the fluorescence light will be attenuated as it is scattered and
absorbed by materials within the system before it reaches the detector. Numerical aperture

comes into play because when light exits a waveguide, it expands in the lower index of refraction
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medium, which would most typically be air or water. This may reduce the amount of light
reaching the sample, which will reduce the excitation light as well as fluorescent light hitting the
detector. These effects are difficult to model accurately, so Higss will usually be determined
experimentally, and will represent a correction to the other components of the composite transfer

efficiency and overall system responsivity as given in equation (1).

For optical path losses, the transfer efficiencies in dB are given by

(19) Hloss,ex (i) = 1010g10 |:|Iex—(i);t)i|

for the excitation light and

(20) H s em(4) =1010g, l:llem—(l()/l)}

for the fluorescent emissions. Ideally, Hioss ex and Higss em should be given as a function of
wavelength, but if this is not possible then they should be determined for the peak excitation and
emission wavelengths of the fluorophore. Note that the optical path losses are inherently
different for excitation and fluorescent light, since the two may travel through different optical
paths in the system. The optical losses are expected to increase transmission in the stopband and
decrease transmission in the passband, reducing the overall sensitivity of the fluorescence

measurement.

8.5 Minimal System Metrics and Calibration
It is clear from the preceding discussion that the overall performance of a micro-fluorometer
depends on many factors. For fair comparison of widely disparate approaches, it is necessary to

quantify the effects of each of these factors separately, as functions of wavelength and intensity.
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However, it may not be practical or possible to carry out such exhaustive analysis and empirical

characterization.

A minimal set of system metrics that should be reported if it is impossible to obtain the metrics
described above are Rsystem,em(Aem), Rsystem,ex(Aex), and Ogetector (s€€ section 8.1) as functions of
incident intensity /7 Rsystem ex(Aex) represents the overall system response to light at the excitation
wavelength, with the input optical intensity determined at the input to the micro-fluorometer (or
at the light source if the light source is part of the micro-fluorometer). The reference location for
calibration of excitation intensity is therefore at the input to the system. The input intensity can
be determined by placing a reference optical detector, which has been calibrated at the excitation
wavelength, at the same position with respect to the light source as the micro-fluorometer. (This
may not be feasible in the case of an integrated light source, in which case a free-standing
version of the same light source should be used.) The distance from the light source to the
calibrated detector should be the same as in the standard measurement configuration, and the
optically sensitive area of the reference detector should be matched to the optically sensitive area
of the micro-fluorometer (or the measured intensity should be adjusted to account for any
differences). The intensity of the light source should be adjusted using neutral density filters

rather than electronic controls, as described above.

Rsystem,em(Aem) represents the overall system response to light at the peak emission wavelength,
with the input optical intensity being the fluorescence intensity. (Note this system metric
includes the effects of all the component metrics, such as the fluorescence CE.) Fluorescence

intensity depends on the absorbance and quantum yield of the fluorophore as well as the intensity
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of the excitation light, and absorbance, in turn, depends on the molar extinction coefficient and
concentration of the fluorophore as well as the optical path length through the sample. For dilute
solutions and low excitation intensities, fluorescence intensity is proportional to each of these
parameters. At higher concentrations and intensities, the relationship becomes nonlinear due to
effects such as self-absorption, quenching, and photobleaching. Both the molar extinction

coefficient and the quantum yield are sensitive to environmental conditions.

The reference location for calibration of fluorescence intensity is inside the sample chamber.
The purpose is to calibrate what the detector reads in response to a particular fluorescence
intensity. There are three alternative strategies for calibration of the intensity: calibration from
the input of the system to the sample chamber, or calibration from the sample chamber to the
output of the system, and use of a calibrated fluorophore. The choice of which method to use
depends primarily on the relative difficulty of modifying the micro-fluorometer for the desired

measurement.

The first method is useful for any micro-fluorometer. A reference light source with calibrated
intensity at the peak emission wavelength is placed at the same position with respect to the
detector as the sample chamber, and the output of the detector is monitored. This may be
accomplished by modifying a representative micro-fluorometer so that the reference light source

can be placed in the appropriate location (i.e., in the sample chamber).

The second method requires two measurements, which are combined to calibrate the intensity.

The first measurement is the responsivity of the detector alone for a reference light source at the
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emission wavelength, with the intensity calibrated at the detector. The other measurement is the
transfer efficiency of the micro-fluorometer between specific locations within the system. A
calibrated light source at the peak emission wavelength is applied at the input to the system. The
intensity is measured, using a reference optical detector that has been calibrated at the emission
wavelength, at two places: with the detector in its usual position, and with the detector placed at
the same position with respect to the light source as the sample chamber. This may be
accomplished by modifying the micro-fluorometer so that the reference detector can be placed in
the appropriate location (i.e., in the sample chamber). Dividing the source-detector responsivity
by the source-chamber responsivity gives the transfer efficiency between chamber and detector,
then multiplying the detector responsivity by this chamber-detector transfer efficiency accounts

for losses in the optical path between the sample chamber and the detector.

Finally, a third option for calibrating the fluorescence intensity is the use of a calibrated
fluorophore solution. The National Institute of Standards and Technology has developed a
method to quantify fluorescence radiance in terms of molecules of equivalent soluble
fluorophores (MESF). NIST provides a standard reference solution (SRM 1932) of fluorescein
with well-controlled pH and concentration for quantification of fluorescence intensity.
Unfortunately, the technique has been developed only for fluorescein, so assays with other
fluorophores require reference solutions to be prepared in-house. For details on the MESF
quantification of fluorescence, refer to [152, 153]. There are, however, several difficulties with
this method. First, the fluorescence quantum yield, which is the number of fluorescence photons
emitted per incident excitation photon, varies significantly with changes in the

microenvironment, so great care must be taken to ensure that the pH and temperature of the
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reference solution are matched to the system under test. Second, it is well known that the
quantum yield of a fluorophore varies, depending on whether it is dissolved in solution,

immobilized on a surface, or conjugated to a biological specimen.

9 Conclusions

A wide variety of spectral discrimination schemes have been demonstrated, but none has been
established as a paradigm for miniaturized fluorescence sensors. This is a consequence of the
trade-offs between performance and complexity. For more demanding applications in which the
fluorescence signal is weak, some increase in complexity is inevitable since none of the current
technologies can be used alone; a combination of methods will be required to increase sensitivity

while also achieving strong rejection of the excitation light.

The micro-scale fluorometers that have been demonstrated to date work well with high
brightness samples. The challenge for the next generation of devices is improving the sensitivity
so that these systems can accomplish low-light tasks such as single-molecule detection. This
will require more attention to the filter performance than has been paid so far, including device
design and fabrication details, as well as the measurement of the metrics achieved by the various
device components. Without such metrics, it is impossible to compare the widely disparate

approaches in order to improve overall system design and performance.

Collection efficiency also needs to be considered if detection of single molecules is to be

achieved in pTAS. The issue of collecting more of the fluorescent light using optical elements
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has not yet been addressed. Furthermore, no systems have been made that focus the totality of

the emitted light onto the detector to increase the signal strength.

Although it can be argued that monolithic integration of all the components is desirable for
achieving the highest reliability and smallest size, it is usually not possible and may come with
too high a cost in terms of fabrication complexity, individual component performance, and
system design constraints. As can be seen from this review, none of the reported devices has
integrated light source, detector, and microfluidics all on one substrate. Some of the devices
integrated the microfluidics, filter, and detector, but could not integrate the light source due to
the device configuration [5, 57, 62]. Alternatively, the light source, filter, and detector were
integrated, and the microfluidics were placed off-chip [54]. The latter configuration allows the
device to be reused by simply replacing the microfluidic network. In addition, using a ray-optics
based microsystem with no integrated light source [134, 136-138] offers versatility: the system
is not constrained to any particular light source and can therefore be used with any fluorophore.

Integration choices will thus continue to be influenced by the intended device application.
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Chapter 3: Spectral Responsivity Characterization of an Integrated
Fluorescence Sensor Comprising a CMOS Photodetector and a Custom

Polymeric Optical Filter

Abstract

We report the design and experimental results from an integrated fluorescence sensor. The sensor
is comprised of a novel differential active pixel sensor (APS). Spectral responsivity
measurements revealed a maximum sensitivity at 490 nm. The sensor was fitted with an
ultraviolet-blocking high-rejection polymer filter and its spectral responsivity was measured.

The filtered chip revealed a maximum rejection of nearly -20 dB at 370 nm.

1 Introduction

Fluorescence-mediated assays offer both sensitivity and selectivity when compared to other
imaging techniques used in biochemical analysis. In the past two decades, there has been a
growing interest in harnessing the benefits of fluorescence sensing at the microscale in order to
provide additional capability to micro-(total analysis systems) (u-TAS). A great number of
miniature bio-sensors that use fluorescence sensing as a detection modality have been reported in
the literature [6]. However, the performance of these devices still lags that of their macroscale
counterparts because of poor signal-to-noise ratio (SNR). Two factors result in degraded SNR:
first, the effectiveness of spectral discrimination techniques does not scale with device size and
second, the noise floor of the solid state detectors is too high for detecting typically weak
fluorescent signals. The sensor is a low-noise CMOS sensor fabricated in a 0.5 pm technology

and is designed to minimize environmental noise at the expense of slight increase in reset noise.
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The operation of this sensor and its noise rejection mechanism are not discussed in this thesis*+*

Rather, we focus on the design of high rejection optical filter and assess for the performance of

the integrated sensor (filter + detector) by characterizing its spectral responsivity.

Figure 14. Circuit architecture (left) and chip photomicrograph (right).

As a filtering material, we developed a microscale organic absorption filter designed for high-
sensitivity integrated ultraviolet fluorescence spectroscopy. We aimed for the following
features: first, the filter should be as thin as possible (between 1 and 50 um); second, it should
reject as much of the ultraviolet excitation light as possible while transmitting fluorescent
wavelengths with nearly zero transmission loss; and third, the filter should be patternable. These

features are desired in order to facilitate integration without compromising performance.

The demonstrated filter consists of a polymer matrix doped with the ultraviolet-absorbing

chromophore (2)-2-hydroxy-methyl-phenyl-benzotriazole, hereinafter BTA. Loading of

HH For details on these matters please consult ref. [31] D. Sander, M. Dandin, H. Ji, N. Nelson, and P.
Abshire, "Low-noise CMOS fluorescence sensor," presented at IEEE Int. Symp. Circuits and Systems (ISCAS07),
New Orleans, LA USA, 2007.
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chromophores in polymer matrices has previously been demonstrated in integrated fluorescence
spectroscopy [119] and other applications [107, 111-115], but one of original contributions
stemming from this work is that the filters are made out of polymers that can be microstructured

with standard ultraviolet photolithography and/or dry etching.

2 Filter Fabrication

The chemical structure of BTA is shown in Figure 15 and its absorption spectrum in Figure 16.
Benzotriazoles'™" are an important class of UV-absorbers. Their main use has been for polymer
stabilization [154], protecting plastics from degradation in sunlight. The mechanism of their

UV-absorption is reported in ref. [154].

HO

CH;

Figure 15. Molecular structure (2)-2-hydroxy-methyl-phenyl-benzotriazole.

% The complete name of the chemical family is 2-hydroxybenzotriazoles [154] R. E. Lee, C. Neri, V. Malatesta, R.
M. Riva, and M. Angaroni, "A new family of benzotriazoles: how to modulate properties within the same
technology," in Specialty Polymer Additives, S. Al-Malaika, A. Golovoy, and C. A. Wilkie, Eds. Cornwall:
Blackwell Science, 2001.
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Figure 16. Chromophore (dissolved in toluene) absorption in the UV regime. Absorption

at wavelengths longer than 400 nm is negligible.

The host polymers were chosen for integration and functional purposes. They were EPON SU-8
50 (Microchem Corp.) and the acrylic Humiseal 1B66 (Chase Corp.). SU-8 is commonly used
in microfabrication, and its ability to be photopatterned will allow selective placement of filters
in an integrated platform. The acrylic polymer is typically used for protecting electronic circuits
from moisture and environmental contamination. It was chosen because of its reported low
moisture uptake” . We have developed a custom dry-phase etching procedure for patterning

it, to also allow selective placement in integrated platforms.

The fabrication of the filter consisted of physically mixing the chromophore with the polymer

precursor, the monomer in the case of SU-8, and in the case of 1B66, in the diluted phase of the

skokokokok

A total-analysis system, as shown in Chapter 2, often comprises microfluidic channels. The polymers used to
make these channels should have low water uptake in order to maintain the system’s structural integrity.
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polymer. Specific fabrication sequences for each type of filter are described below. Desired
filter thicknesses were achieved using spin-coating. The spin curve for the acrylic was
experimentally determined and is shown in Figure 17. The same material is available from the

manufacturer for SU-8 50. (Adding the chromophore did not affect this spin curve.)
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Figure 17. Spin curve of 1B66-BTA composites.

2.1 1B66 Filters

Fabrication began by adding the desired amount of chromophore to a fixed volume (10 mL) of
diluted polymer. Note that 1B66, as it comes from the manufacturer, is dissolved in methyl-
ethyl-ketone and toluene. We have determined, in additional experiments (data not shown), that
both solvents are highly favorable for BTA dissolution.

Tttt

For low-loading concentrations, the mixture was agitated until total dissolution was achieved

between the chromophore and the polymer precursor. For high loading concentrations, a

111 The extent of the dissolution was assessed by visual monitoring.
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homogenizer was used to speed up dissolution. Solvent extraction to form the solid films was
achieved by placing the samples in a fume hood for 48 hours. (It should be mentioned that the
polymer remains soluble in these solvents thereafter and that assays using these solvents cannot
be performed with 1B66-based filters.) Alternatively the solvents were extracted using a thermal
cycle (90 °C on a hotplate for 10 minutes). However, this was done at the expense of film

uniformity.

2.1.1 Dry-phase patterning of 1B66 Films

Patterning of 20 um-thick 1B66 filters was achieved using oxygen plasma dry etching. Two
types of samples were prepared. The first consisted of samples patterned with thick (7.5 pm)

photoresist masks*++

, and the second of samples patterned with aluminum hard masks.
Patterning was successful with both methods. However for thicker films, the photoresist mask
eroded, before the complete removal of the filter, due to a faster etch rate. Aluminum etch masks
are therefore preferable, as is shown in Figure 18a. Subsequent removal of the aluminum mask

via chemical stripping was found to be compatible with the filter (Figure 18c).

Hi gPR-220 7.0 (Shipley Corp.)
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Figure 18. a) An aluminum mask for etching a space between the two lines. The picture
shows polymer residue left after incomplete etching. b) Patterned 1B31 loaded with the

chromophore after stripping the Al mask. c) A film patterned using the photoresist mask.

2.2 SU-8 Filters

The general fabrication sequence for the SU-8 filters was as follows. The desired quantity of
chromophore powder was added to 10 mL of SU8-50 monomer. The mixture was stirred
thoroughly using a homogenizer at 280 rpm for 10 minutes. The mixture was then dispensed on
the substrate and spun at using the appropriate spin-cycle for obtaining a 50 pm thickness. The
substrate was baked on a hotplate at 65 °C for 2 minutes. The temperature was then ramped to
95 °C at a rate of 300 °C/hour and held at that temperature for 30 more minutes. The sample was
exposed to ultraviolet radiation at a dosage of 2160 mJ/cm” at 405 nm (g-line lithography). The

same thermal cycle was then performed to complete the photochemical reaction.
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2.2.1 Photolithographic Patterning of SU-8 Based Filters

If the host material is broadband-sensitive (i.e. absorbs light over of a wide range of
wavelengths), wavelengths that lie outside the absorption band of the chromophore can be used
to cure the filters. We demonstrated this concept using the negative photoresist SU-8 50.
Typically, SU-8 lithography is done at 365 nm (i-line) because it has stronger absorption at that
wavelength. However, it is also possible to cure SU-8 films using g-line (405 nm) exposure.
Because benzotriazoles have virtually zero absorption at 405 nm, the ultraviolet light needed to

cure the host material is not absorbed by the chromophore.

Ultraviolet curing of UV-absorber/polymer composites has been shown previously [155].
However these authors used wavelengths that lie in the absorption band of the chromophore.
This means that both the photoactive compound of the polymer and the UV-absorbing compound
compete for the incident photons. Curing is still possible; however, the recipe must be changed
for different concentrations of chromophore. Therefore, the advantage of curing the polymer
composite with wavelengths that lie outside the absorption band of the chromophore is a

concentration-independent procedure.
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Figure 19. A microchannel patterned in SU-8 (50 um thick) (left) and transmission

spectrum of composite film (right).

3 Integrated Sensor Characterization

Because of packaging concerns™ ¥

, a thin film-filter was not integrated with the photodetector
chip. Unlike SU-8, 1B66 can be cast in thick films with moderate uniformity and does not
require UV exposure for curing. Therefore, we used the 1B66-based filters in order to establish
the proof-of-concept of an integrated CMOS/MEMS hybrid sensor. A picture of the polymeric
film cast onto the CMOS die (the photodetector chip shown in Figure 14) is shown in Figure 20.
In the remainder of this chapter, we characterize the integrated sensor for its spectral responsivity

in order to assess its performance for UV-fluorescence assays. Responsivity is a metric which

relates the detector’s output to its input. It is an overall measure of the conversion of incident

8% The CMOS chip are packaged in a DIP40 ceramic enclosure and are routed to 1/O leads using wire bonds. This
arrangement makes contact photolithography difficult, as would be needed in the case of SU-8.
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photons to photo-generated charge and in the case of a charge mode (QM) pixel such as the one

shown in Figure 14, has units of Vs 'W .

e B

—

Figure 20. Polymeric filter (1B66) cast onto the CMOS chip. The filter was loaded with a
medium level concentration of chromophore (1 mM in the polymer precursor) in order to a
yield a homogenous film

4 Instrumentation for Spectral Responsivity Characterization

The sensor was characterized using the setup shown in Figure 21a. A grating monochromator
(Newport Cornerstone 260 1/4M, model 74100) was used to provide wavelengths ranging from
330 to 800 nm with a spectral resolution of 1 nm, achieved utilizing 280 pm wide slits (Oriel
77217). The monochromator comprises a blazed grating (350 nm) (Newport 2601) mounted on a
computer-controlled turret and a set of mirrors which focus the broadband light source from a
200 W Hg-Xe lamp (Newport 6292) onto the grating and the diffracted spectral components onto

the exit slit.

The spectrum of the lamp is shown in Figure 21b. Desired optical intensities were obtained by
placing a neutral density filter of appropriate optical density at the output of the monochromator.
The light exiting the filter was then directed into an integrating sphere for spatial equalization.
The intensity of the light was measured using a calibrated photometer head (Newport 818-UV)

fitted with a 5 mm diameter pinhole and an optical power meter (Newport 1830-C). All
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measurements were taken at an ambient temperature of 28°C. The output signal from the chip
was acquired using a PC-based data acquisition system. The data acquisition software worked in
synchrony with software used to control the monochromator and record optical power. Control
and acquisition software were all written in Matlab 7.2.0 (Mathworks, Inc.) and Labview 8

(National Instruments Inc.).
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Figure 21. a) The monochromator comprised slits (1, 6), mirrors (2, 3, and 5), and a grating
(4). Additional components used were: a neutral density filter (not shown, but typically
placed between 6 and 7), an integrating sphere (7) and a calibrated photometer head (8).
The integrated sensor is placed at the output of the integrating sphere (9). b) Spectrum

showing the relative magnitudes of the intensities arising from the Hg-Xe lamp.
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5 Results

Sensor output voltage traces (such as the one shown in the top panel of Figure 22) were collected
for 2 seconds under various illumination conditions (wavelengths ranging from 330 nm to 800
nm). An average of 500 traces was computed for each illumination condition. A Matlab
program was written in order to estimate the slope (V s ') of the resulting trace, in order to
compute the responsivity (V s”'W ') of the photodetector. The slope was divided by the optical
power incident on the photodiode assuming no reflective losses at the chip surface. The optical
power incident on the chip was obtained by scaling the power density obtained from the

calibrated photometer by the photodiode active area.

An important result is obtained from computing the slope of the output traces. It was found, as is
well known, that the slope of the output trace was not constant over the period in which the
sensor is not saturated (0 to 1.3 seconds on the top panel of Figure 22). This is due to the
varying capacitance as the photodetector integrates the photo-generated charge. This means that
the responsivity is not constant in time. However, since typical assays only require an endpoint
voltage reading [156], the responsivity curves shown in Figure 23 were computed by taking an
average responsivity. To do so, the output trace was partitioned, from start to finish, into 600-
point long data segments. The slopes of these segments were computed and are plotted in the
bottom panel of Figure 22. The slope used for the responsivity was computed over the region
indicated by the double-arrow bar. Computing the responsivity in this region offered the best
possible estimate since, in the regions excluded in the calculation, the sensor is either in a
transient state following reset or saturated due to the accumulation of the photo-generated charge

on the integration capacitance.
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Figure 22. Top panel: Sensor output as a function of time. Bottom panel: this figure

shows the non-linearity of the slope as a function of time of the linear segment number.
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Figure 23. a) Responsivity spectrum of an unfiltered chip. B) Responsivity spectrum of the

filtered chip.
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6 Discussions and Conclusions

As Figure 23 shows, the detector is less sensitive from 300 to 400 when the filter is cast onto it.
This is strong evidence that the filter material is attenuating wavelengths in that range,
preventing impinging photons from eliciting an appreciable response. The maximum rejection
was found to be ~ -20 dB and occurs at 370 nm. This rejection level is in contrast with the
spectrophotometric data which showed that the transmission of a 20 um-thick spin-cast filter (on
a glass slide) produced a maximum rejection of -30 dB (at 375 nm) for the particular
concentration used (1 mM in the polymer precursor). Nevertheless, the sensor was still able to
detect small concentrations of fluorophore (20 nM of free Calcium concentration in an assay
with calcium) [31]and monitor real time metabolic activity of yeast cells (Saccharomyces
cerevisiae) through the detection of autofluorescent nicotinamide adenine dinucleotide (NADH)

[156].

7 Materials and Methods

7.1 Photolithography and Patterning

Optical lithography of SU-8 filters was conducted using the g-line channel (405 nm) of an MJB3
Karl Seuss contact mask aligner. A reactive ion etcher (Trion Inc) was used to pattern the 1Bxx
films, which were masked with SPR 220 7.0 photoresist (Shipley Corp.) that had been exposed at
365 nm and developed in CD-30 (Microchem). Aluminum masks were deposited by thermal
evaporation (Metra Corp.), and patterns were defined using photolithography with 1813

photoresist (Shipley Corp.) and CD-30 (Shipley Corp.) developer.
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7.2 Metrology

The transmission spectra of test samples were collected, in reference to air, using a Cary 5000

UV-VIS-NIR spectrophotometer (Varian Inc.). All scans were performed from 800 nm to 300
nm at 1 nm increments. The light source change-over point was located at 350 nm. The scan

rate was 600 nm/min, and a 2 nm spectral bandwidth was used. The slit height was set to full.

All spectra were baseline-corrected in order to subtract the contribution of the cover slips.

A Dektak 3ST (Vecco, Inc.) mechanical surface profiler was used for measuring the thickness of
the cured films. A groove was cut in the films down to the substrate using a razor blade to
produce a step for the profile. A total of 5 samples were measured to obtain an average film

thickness.
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Chapter 4: Single Photon Avalanche Diodes in Standard CMOS

Abstract

We report an improved design and successful demonstration of single photon avalanche diode
(SPAD) detectors fabricated in a standard nwell 0.5 pm CMOS technology. The detectors are
implemented as circular junctions between p+ and nwell regions. Two techniques are used to
suppress perimeter breakdown: guard rings at the edges of the junctions, formed using lateral
diffusion of adjacent nwell regions, and a poly-silicon control gate over the diffused guard rings
and surrounding regions. The detectors exhibit a breakdown voltage of -16.85 V, ~4 V higher
than simple diode structures in the same technology. The detector exhibits a thermal event rate of

16000 counts/s at room temperature at an excess bias voltage of 1.15 V.

1 Introduction

Photon counting devices are useful for detecting very weak light or quickly decaying optical
signals. Typically photomultiplier tubes are used in photon counting applications. Though they
have high detection efficiency, they are large and fragile and require high voltages (~1000V) for
operation. As a result they offer limited possibilities for system integration. For this reason,
several authors[157-161] have tried to implement comparable avalanche detectors using solid

state devices.

skokkokok ok

[7]1 M. Dandin, N. M. Nelson, V. Saveliev, I. Weinberg, H. Ji, and P. Abshire, "Single Photon Avalanche
Detectors in Standard CMOS," in 6th Annual IEEE Conference on Sensors. Atlanta, Georgia, 2007.
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The avalanche mechanism in silicon is mediated by impact ionized electron hole pairs. When a
reverse bias voltage higher in magnitude than the breakdown voltage is applied across a p-n
junction, thermally generated or photon-generated electron-hole pairs are accelerated by the high
electric field present in the depletion region and generate secondary pairs by impact ionization.
The newly generated carriers are in turn accelerated, causing more impact ionization, and thus

giving rise to the well-known avalanche phenomenon.

This effect is exploited in single photon avalanche diode (SPAD) detectors. Once the avalanche
mechanism is triggered, however, the device cannot sense subsequent events until the avalanche
current has been quenched. The onset of avalanche accurately matches the arrival time of a
photon. Quenching lowers the voltage across the diode below its breakdown voltage, eliminating
the breakdown required for the avalanche mechanism and preventing any subsequent avalanche
events. Following this cycle, the voltage across the junction is raised above the breakdown

voltage and avalanche can occur once again.

Thus far, SPADs have been made through dedicated processes in order to achieve desired
characteristics. However, there is increasing interest in porting their fabrication to mainstream
CMOS processes [131]. This would lead to enhanced performance by allowing their integration
with other mixed-mode circuits. CMOS SPADs will also pave the way to higher levels of
integration and reduced cost by replacing bulky photomultiplier tubes. This will allow the
implementation of low cost positron emission tomography (PET) scanners and enable novel
applications such as PET-guided surgery[162] and the detection of extremely fast fluorescence

decays in lab-on-a-chip (LOC) applications.
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One of the main challenges of SPAD design in standard CMOS processes is premature
breakdown at the perimeter of the diode. This reduces the active area of the device and results in
poor photon detection efficiency. In this paper we report novel structures using two techniques to
eliminate perimeter breakdown: a guard ring technique previously reported in [160] in
combination with an original control gate method described in this paper. The remainder of this
paper is organized as follows. First, we describe the detector architecture and the techniques used
for suppression of premature breakdown. A description of the circuit and experimental setup
follows. Finally, measured characteristics of the device are provided along with results from the

detector in a fluorescence titration experiment.

2 Suppression of Perimeter Breakdown

As mentioned above, the primary challenge in implementing SPAD devices using standard
CMOS processes is to suppress the premature breakdown that occurs at the perimeter of the
diode due to surface effects. A common method used to prevent edge breakdown in SPADs is
the implantation of guard rings on the perimeter of the diode to reduce strong electric fields
[160]. In standard nwell processes, however, it is not possible to implement guard rings for
pt+/nwell junctions due to the absence of a low-doping p-well layer. Rochas et al. suggested
using the inevitable lateral diffusion between adjacent nwells to achieve a lower doped region at
the edges of the devices. This is achieved in physical layout by placing adjacent nwell regions at

or below the minimum suggested spacing for the technology, which results in a more lightly
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doped n-type region in between the two wells. This reduces the electric field strength and

suppresses breakdown in this region.

Figure 24. Cross-sectional view of the SPAD device. Lateral diffusion of two adjacent
nwells creates a lighter doped region at the edges of the junction (n-regions), and a poly

control gate further depletes the surface.

We introduce an original method for breakdown suppression as well: the addition of a poly-
silicon control gate which further depletes the surface at the edge, again reducing the electric
field strength and suppressing breakdown. We have designed, fabricated, and characterized novel

structures which use both methods to achieve improved breakdown characteristics (Fig. 1).

Simple diodes and diodes with guard rings but no control gates were also fabricated for
comparison. Suppression of edge breakdown was confirmed by increased breakdown voltage (-
16.85 V) relative to simple diodes without guard rings or control gates (-12.5 V), and to diodes

with guard rings but no control gates (-14.75 V).

3 Circuit Operation

The circuit shown in Fig. 2 was used for readout. The anode and the control gate were both held

at -18 V which corresponds to an excess bias voltage -1.15 V. The excess bias voltage is defined
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as (Va — Vbreakdown) and is an important parameter in SPAD design. The avalanche current
was quenched using an off-chip resistor. Once breakdown occurs, the avalanche current is
dissipated through the 35 k resistor. This effectively reduces the voltage across the diode. In
order to accurately characterize rise times without artifacts in the output trace, the readout
voltage was buffered using a high slew rate amplifier (4100 V/us). Fig. 3 shows a typical output
trace from the device, where each spike corresponds to a quenched avalanche event. The rise
time of the avalanche pulse was measured to be 5 ns, while the decay time following quenching

was 2 us and the full width at half maximum (FWHM) was 500 ns.

35K
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Figure 25. Readout circuit architecture. The control gate (CG) and the anode are held at

the same potential. All resistors and the amplifier are off-chip.

4 Instrumentation

In order to determine the detector’s count rate under various conditions, a LABVIEW (National

Instruments) program was developed to estimate the mean time between triggers of the data
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acquisition card. The time differences between triggers were tallied into a histogram, and the
mean time was determined. The count rate is the reciprocal of the mean time between triggers. A
sample histogram is shown in Fig 4. A monochromatic (510 nm) light beam with a spectral
resolution of 1 nm was obtained using a grating monochromator (Cornerstone 260, Newport
Stratford Inc.). To adjust the optical power of the beam, neutral density filters were used at the
output port of the monochromator. An integrating sphere was used to spatially equalize the beam
to ensure a uniform optical power distribution on the detector. One of the output ports of the
sphere was fitted with a calibrated photometer head for optical flux measurements. The output

voltage from the circuit was acquired using a PC-based data acquisition system.

For the fluorescence sensing experiment, a custom test fixture was attached to the output port of
the monochromator. The fixture comprised a compartment for placing a cuvette containing the

solution under study and a slot for placing a commercial emission filter.

5 Measured Characteristics

In order to determine the detector’s count rate under various conditions, a LABVIEW (National
Instruments) program was developed to estimate the mean time between triggers of the data
acquisition card. The time differences between triggers were tallied into a histogram, and the
mean time was determined. The count rate is the reciprocal of the mean time between triggers. A
sample histogram is shown in Fig 4. A monochromatic (510 nm) light beam with a spectral
resolution of £1 nm was obtained using a grating monochromator (Cornerstone 260, Newport

Stratford Inc.). To adjust the optical power of the beam, neutral density filters were used at the
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output port of the monochromator. An integrating sphere was used to spatially equalize the beam
to ensure a uniform optical power distribution on the detector. One of the output ports of the
sphere was fitted with a calibrated photometer head for optical flux measurements. The output

voltage from the circuit was acquired using a PC-based data acquisition system.
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Figure 26. Four successive avalanche events with a timing resolution of 500 ns.

For the fluorescence sensing experiment, a custom test fixture was attached to the output port of
the monochromator. The fixture comprised a compartment for placing a cuvette containing the

solution under study and a slot for placing a commercial emission filter.
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Figure 27. Sample histogram of trigger time differences used to estimate mean count rate.

5.1 Dark Count

Even in the absence of light, avalanche events occur spontaneously due to thermally generated
electron-hole pairs or to charges released from traps following an avalanche event. These events
result in a nonzero “dark count.” The dark count was determined for various excess bias
voltages; at an excess bias voltage of 1.15 V, the dark count is 16000 count/s (c/s) at room
temperature. The dark count increases rapidly with increasing excess bias voltage, as shown in
Fig. 5. This behavior is expected because higher excess bias voltages widen the depletion region
and thus the avalanche volume. Moreover, carriers may also be generated using field assisted

mechanisms, which give rise to additional dark pulses in a voltage-dependent fashion.
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Figure 28. Detector response in the dark and under high illumination intensity as a

function of excess bias voltage.

5.2 Responsivity to Light

Neutral density filters were used to obtain four orders of magnitude of incident light intensity
(106-102 photons/s). Over this entire incident intensity range, the count rate exceeded the dark

count by at least one standard deviation. (Fig. 6).
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Figure 29. Detector response as a function of incident illumination intensity. The optical

power was adjusted using neutral density filters.

5.3 Inferred Quantum Efficiency

The inferred quantum efficiency at 510 nm was estimated by computing the ratio of the observed
count rate to the photon flux. This was done for a range of incident intensities as shown in Fig 7.
The experiment revealed that the detector exhibits extremely high quantum efficiency at low

incident intensities, whereas efficiency is significantly degraded at high incident intensities.
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Figure 30. Inferred quantum efficiency as a function of photon flux.

6 Fluorescence Titration Experiment

Fura-2 [163] is a ratiometric fluorescent calcium ion indicator which operates by binding to free
intracellular calcium. It is one of the most popular dyes used in calcium imaging applications and
is extensively utilized for accurately quantifying intracellular calcium concentrations.
Ratiometric measurements rely on a differential response of Fura-2 due to excitation at 340 or
380nm, where the ratio of emission intensities (at 510 nm) provides an estimate for the calcium
concentration that is insensitive to changes in Fura-2 concentration, optical path distortions, and
photobleaching. Fura-2 sensitivity of the SPAD detector was found by successively halving a
stock concentration of fluorophore from 0.25 uM to 3.91 nM in HBSS (Hanks Balanced Salt

Solution).
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The count rate was first measured with HBSS only and then subsequently with Fura-2; the final
count rate is the difference between the two. All measurements were made at 340 nm excitation
using a commercial emission filter with a 420 nm longpass characteristic. The detection limit of
the detector to Fura-2 was determined as the lowest concentration at which the count rate
exceeded the background by at least one standard deviation, which occurred at 15.625 nM. In
comparison with a low noise photodetector which had a detection limit of 39 nM, the SPAD
detector is a factor of 2.3 better [31]. We are currently working on improving this detection limit

by reducing the coupling efficiency of the excitation light with the chip.
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Figure 31. Detector response as a function of Fura-2 concentration. The experiment was

conducted using a macroscopic commercial emission filter.

7 Conclusions
We demonstrated a single photon avalanche detector fabricated in a standard 0.5 um nwell

CMOS process. The detector exhibits a timing resolution of ~500 ns using offchip passive
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quenching. This timing precision can be greatly improved using on-chip passive or active
quenching. The detector was extensively characterized. The dark count was 16000 c/s at an
excess bias voltage of 1.15 V at room temperature and increased steeply with excess bias
voltage. The detector is sensitive to incident illumination over at least four orders of magnitude
of intensity, and the quantum efficiency is highest at low intensities. The detector was used in a
fluorescence experiment to demonstrate its potential for detecting low light levels. A 20 nM level
of Fura-2 was reliably detected. This detection limit can be improved with better optical design

of the setup, i.e. decoupling the excitation light with the detector.
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Chapter 5: Conclusions and Future Work

In Chapter 2, we reviewed a wide variety of spectral discrimination schemes. Our investigation
revealed that neither one has been widely adopted. This is a consequence of the trade-offs
between performance, complexity, and fabrication procedures. The microscale fluorometers that
have been demonstrated to date work well with high brightness samples. However, the challenge
for the next generation of devices is improving the sensitivity so that these systems can
accomplish low-light tasks such as single-molecule detection. The set of performance metrics
proposed will be useful for the rigorous design of sensors capable of reaching such detection

levels.

In Chapter 3, we reported the design and testing of an organic optical filter and described a
general methodology for evaluating the responsivity of solid state detectors used in microscale
fluorometers. Using these methods, it was found that an active pixel sensor (APS), equipped
with the filter, showed a maximum rejection of ~-20 dB at 370 nm. This rejection level is in
contrast with spectrophotometric data which showed that the transmission of a 20 um-thick spin-
cast filter (on a glass slide) produced a maximum rejection of -30 dB (at 375 nm) for the

particular concentration used (1 mM in the polymer precursor).

At this point, we can only formulate hypotheses explaining this discrepancy. It might be the case
that there is a non-linear relationship between the photon flux incident on the photodiode and the
detector response. This would account for the measurement showing that the detector is more
responsive in the passband as opposed to what the filer transmission curve predicts. An

experiment characterizing the response of the detector to specific photon fluxes would have to be
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undertaken in order to investigate this statement. Alternatively, another factor that could explain
this behavior is the uneven distribution of the absorbing molecules in the polymer matrix at large
thicknesses. This could translate into a decrease in the filter’s transmission efficiency
thicknesses. In order to investigate this hypothesis, a set of experiments verifying the filter’s

transmission as a function of thickness (for a fixed loading concentration) should be carried out.

The fourth chapter of this thesis addressed another important aspect of micro-fluorometer design:
low-noise solid state detectors. We demonstrated a single photon avalanche detector fabricated
in a standard 0.5 pm nwell CMOS process. A 20 nM level of Fura-2 was reliably detected using
this detector. This detection level was a factor 2 less than that of the filtered active pixel sensor
discussed in Chapter 3. The single photon avalanche detector’s detection limit can be further
improved with better optical design of the setup, i.e., decoupling the excitation light with the

detector, and by improving its dark count and timing resolution.

In summary, we have identified two fundamental aspects of micro-fluorometer design. They are:
optical filter design and low-noise photon transduction. The performance of the fluorometers
ultimately depends on the individual performance of each of these elements, but also on the
methods with which they are integrated. The work discussed in this thesis will serve as a

blueprint for the design and fabrication of future microscale fluorometers.
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