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ABSTRACT 

Lab-on-a-chip technologies have created a burgeoning number of new and novel 

devices designed to automate biological processes on-chip in an efficient and 

inexpensive format.  Applications of the new devices have far reaching point-of-

care (POC) medicine and diagnostic treatments and for remote and on-line 

monitoring functions.  We have designed a device that has incorporated an 

advanced optical function via integrated on-chip with the microfluidics that 

relieves the reliance on traditional bulky and expensive free-space optics and a 

high-quality light source.  The beam is reshaped to an optimized geometry in the 

microchannel via a 2D system of lenses fabricated between the waveguide and 

channel - improving the quality and reliability of detection through uniform 

detection of particles.  Numerous beam geometries were created and the quality 

and spot properties confirmed by testing eac with a couple sizes of fluorescent 

and non-fluorescent microspheres to test the effect of beam geometry and particle 

size combination on device performance.  The measured coefficient of variation 

(CV) for fluorescent beads was found to have a particular beam geometry that 

yielded best device performance based on the bead size.  Fluorescent beads 2.5µm 

in diameter had a CV of 8.5% for a 3.6 µm beam waist while 6 µm beads yielded 

a 14.6% CV with a 10 µm beam waist.  When measuring scatter and fluorescence 

signal from a 10 µm the 2.5- and 6.0 µm beads gave 11.4% and 15.8% and 15.9% 

and 20.4% fluorescent and scatter CVs for each set of beads, respectively.  

Separately testing each beam geometry with 1-, 2-, and 5 µm beads did not yield 
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any predictable ideal beam-bead ideal pairing for best performance.  Lastly, 

further integration of optical function was shown through the on-chip collection 

of signals; CVs of 29% and 30% were measured for side scatter and forward 

scatter, respectively, for 5 µm beads. 
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1 INTRODUCTION 

This research is concerned with adapting a conventional flow cytometer to a 

microfluidics-based device with integrated optics.  A microchip-based flow 

cytometer utilizes microfabrication techniques and the benefits that come with 

device miniaturization to design device for novel, new, and far reaching 

applications while attempting to mimic the functionality of the conventional 

device.  Formed devices lead to an inexpensive and portable solution for 

applications where cost and device reach are the prominent restrictions. 

1.1 Conventional Flow cytometry 

Flow cytometry is a very powerful analytical technique that allows the cell-by-

cell analysis of a population yielding very accurate population-wide metrics.
1
  It is 

accomplished via a sample flown in a very narrow stream (from hydrodynamic 

focusing) past an interrogation point whose function is usually through optical 

processes.  The individual specimen’s unique interaction with the light produces a 

very specific signature that is characteristic of the particular cell.  This signature 

varies according to the variation of the parameters being measured.  Due to the 

fact that flow cytometry analyzes individual cells as they flow past an 

interrogation point, and that there are multiple wavelengths simultaneously 

detected, flow cytometry is able to fully characterize a large population of cells 

very accurately from the many different simultaneously measured parameters.  

The speed of analysis due to the flow of the cells and the multi-parametric 

analysis capabilities give flow cytometry its analytical power.  This enables 

cytometers to discern the tiniest differences from a perceived homogeneous 

population, and visa versa.  Decision criteria for cell sorting is accomplished via 

analysis of parameters determined from a flow cytometric function and the fast 

counting techniques eliminates the painstaking labour involved in manual 

counting. 
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 Analysis techniques of flow cytometry allows the measurement of many 

individual cell parameters ranging from the size, shape, cell viability, DNA 

quantity and sequence, cell surface markers, life cycle distribution, and protein 

content.
*
 

1.1.1 Basic systems of a flow cytometer 

A flow cytometer is the interconnection of four basic subsystems working in 

conjunction or in parallel with one-another: the flow cell, the optical excitation 

system, the optical collection system, and the data acquisitions and analysis 

software.  A typical conventional cytometer – with all the subsystems – is shown 

in Figure 1-1.
2
 

 

Figure 1-1:  Schematic showing the components and configuration of a typical flow 

cytometer; showing the flow cell with hydrodynamic focusing, excitation optics, collection 

optics, and a detection and analysis system.  Source: Reprinted from reference 2. 

1.1.1.1 Flow Cell 

The primary function of the flow cell is to handle the fluids involved with analysis 

and to deliver the sample from the source to the interrogation point - the point 

where the excitation beam and sample stream intersect - and past to waste or to 

                                                 
*
 This paragraph has been adapted from the authors work in reference 1. 
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further function via sorting and sequestering.  A flow cell may consist of a 

network of tubes – called microcapillaries – that are often of a size of 10s to 100s 

of microns, and can serve simple functions to mix, separate, focus, and sort the 

cells as needed. 

 A typical flow cell consists of a set of two concentric tubes as shown in Figure 

1-1, with a detailed cross-section in Figure 1-2.
3
  These figures show the 

important function of how the fluids come together.  The sample fluid, consisting 

of the prepared cells and analytes, is injected via the inner tube while the 

concentric outer tube injects an annulus of fluid to focus the sample fluid.  This 

outer fluid, known as a sheath fluid, serves no other purpose than to sever as a 

buffer for hydrodynamically focusing the sample to a narrow stream in the centre 

of the tube.  Adjusting the flow between the two fluids allow the sample stream 

width to be controlled so that the stream is approximately one specimen size in 

diameter – forcing the specimens into a single file flow. 

1.1.1.1.1 Hydrodynamic focusing 

As mentioned in the previous section, hydrodynamic focusing is the process 

whereby a sample fluid can be squeezed into narrow stream via fluidic pressure 

from barrier fluids.  This process occurs due to the small capillary tube diameter; 

the Reynolds number is very low and keeps the fluid flow within the laminar flow 

regime.
3
  A laminar flow regime eliminates mixing of the fluid via turbulent flow.  

The only mixing mechanism is diffusion which is typically a slow process and 

can be ignored for most practical channel lengths. 

 In the flow cell, the sample fluid is squeezed to a tiny narrow stream bounded 

by the sheath fluid, as shown in Figure 1-2.
3
  The purpose of focusing the sample 

fluid is to limit the physical deviation of the specimens within the channel and to 

ensure that every specimen in the sample takes a nearly identical path through the 

optical excitation region.  Identical travel though the interrogation region ensures 

repeatable and uniform excitation of the specimen leading to reliable detection.  
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For these reasons, hydrodynamic flow is a necessity for reliable flow cytometric 

function and has been used for decades starting with the earliest devices.
4
 

 The velocity profile is parabolic in shape and can lead to issues with shear 

forces at the fluid-fluid interface.  These forces can lead to cell death at extremely 

large fluid pressures and at the resulting high velocities.  Thus, very narrow 

stream widths are difficult to achieve; a delicate balance needs to be struck 

between confining the cells in a narrow stream and the amount of deviation that 

can be tolerated by the detection method.  The optical interrogation can tuned to 

correct for relaxed hydrodynamic focus flow. 

 

Figure 1-2:  Detailed drawing of an injection nozzle from a conventional flow cell showing 

how a sample fluid is focused to a narrow stream.  Note the velocity profile of the stream is a 

parabolic shape throughout the tube.  Source: Reprinted from reference 3. 

1.1.1.2 Optical Excitation System 

Excitation of the specimens is achieved via optical interrogation methods.  One or 

multiple lasers of different wavelengths are deployed to perform excitation as 

they each provide a very narrow spectrum of light.  This narrow spectrum will 

limit the wavelengths present in the detection scheme so as they will not interfere 

with the intended wavelengths of light during detection – as will be discussed in 

1.1.1.3. 

 Furthermore, a laser source provides a high quality beam profile in the shape 

of a Gaussian distribution.  This predictable shape makes it easier to reshape the 

beam and provide a predictable excitation intensity across the sample stream; a 
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process called beam shaping that will be discussed in 1.1.1.2.1.  Figure 1-3
5
 

shows the excitation beam integrated with a flow cell illustrating the flow of 

particles past the excitation beam.  The sample stream and the excitation beam 

have an angle of intersection of 90° so that one cell is illuminated at a time.  This 

beam is focused by the beam shaping optics to form a predictable excitation 

region across the sample stream. 

 

Figure 1-3:  A simplified picture of the flow cell and excitation systems of a flow cytometer – 

a focused flow of particles past a shaped laser beam – showing a close up of the injection 

nozzle and the interrogation point where the fluid intersects with a focused excitation laser.  

Source: Reprinted from reference 5. 

1.1.1.2.1 Beam shaping 

Beam shaping is the ubiquitous practice of reshaping the laser beam to a specific 

spot geometry in the middle of the channel where the stream of particles intersects 

and traverses the beam.  The ultimate goal of beam shaping is to form a uniform 

spot of intensity across the stream to ensure each specimen receives the same dose 

of optical intensity.  This ensures that identical particles will emit identical signals 

for detection.  With this reliable detection, any variance in the detected signal is 

now strongly correlated with parameter variances leading to a more accurate 

analysis.  Through control of the beam waist in the direction of fluid flow the 

length and time of illumination of specimens can be adjusted.  Control of the 

depth of focus of the beam in a direction perpendicular to fluid flow defines the 

uniformity of intensity across the sample stream and thus, all the possible 
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trajectories a specimen might traverse through the beam.  Through this two 

dimensional control of the beam one can control the width and intensity of the 

bursts of light that are emitted from specimens. 

 

Figure 1-4:  a) Multi-view diagram showing how cross-cylindrical lenses produce a focused 

spot in the middle of the channel with independent control of the two directions.  The result 

is a spot size of elliptical shape.  b)  Diagram showing how the spot size affects the measured 

signals from different sized particles.  Source: Reprinted from reference 3. 

 To shape the beam in the sample stream, conventional cytometers use a 

system of crossed cylindrical lenses as shown in Figure 1-4a).
3
  As each lens 

controls the refraction of the light in directions that are orthogonal to one another, 

beam shaping thus allows independent control of the beam’s properties in two 

orthogonal directions.  Focusing in the horizontal direction (parallel to fluid flow) 

controls the waist of the beam and the duration of a specimen in the beam.  

Vertical focusing controls the beam waist perpendicular to the fluid flow.  

Combined, complete control is accomplished over the shape of the beam intensity 

across the sample fluid flow.  Notice that a significant portion of the beam is 

outside of the sample flow stream.  This is due to the need to use the central 

portion of a Gaussian beam profile where it is of nearly uniform intensity.  

Stretching this portion of the beam across the channel will ensure a uniform 

intensity profile across the channel and therefore, more reliable detection.  This, 

however, leads to a waste of energy as much of the energy in the beam will never 
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be used for interrogation purposes.  Conventional cytometry can use a sufficiently 

large laser power to compensate for the small amount of beam energy used for 

excitation to overcome this inefficiency. 

 The effect of beam size on the detection signal is important.  Figure 1-4b) 

shows how a different beam waist will produce a different signal shape with 

different sized particles.  This effect with large and small particles in large and 

small beams is demonstrated showing how a large particle may not necessarily 

produce the largest signal as evident by the comparison of the 10- and 20 μm 

paricles in a 5 μm beam.  If a particle is smaller than the beam waist, pulse 

duration is uniform and maximum intensity will vary based on the particle size.  If 

a particle is smaller than the beam, the pulse will vary based on particle size while 

the intensity will be less reliable.  This demonstrates the crucial need to tune the 

excitation beam geometry to the application; it is necessary to calibrate the beam 

before each test run to ensure alignment and proper beam size for the target 

specimen. 

1.1.1.3 Optical Collection System 

As stated earlier, a specimen’s interaction with the beam will produce a variety of 

wavelengths that are unique to the specimen’s parameters of interest that are 

present.  As such, the flow cytometer’s collection system must be able to collect 

as much light as possible while being able to simultaneously sort the different 

wavelengths of light – as discussed in 1.1.2 - and quantify the intensity of each 

wavelength. 

 To accomplish this, as each bead produces a brief burst of light when it passes 

the excitation beam, a large collection angle objective lens is placed in close 

proximity with the flow cell and focuses on the light from the interrogation region 

to a complex detection scheme.  The objective is placed at an angle of 90° to the 

flow cell and to beam axis of excitation in order to limit noise on collection.  

Collected light is carefully aligned to a spatial filter (that will remove extraneous 
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illuminated artifacts near the interrogation region), several dichroic mirrors, and is 

finally converted by a photon-multiplier tube (PMT) to an electrical current for 

detections.  This complex free-space based detection scheme requires repeated 

calibration every couple runs to insure that collection is efficient and that the 

machine is performing optimally. 

 

Figure 1-5:  Detailed schematic of a conventional flow cytometer showing all hardware 

required for excitation, beam shaping, and collection for 6 parameter detection (4 

fluorescecne 2 scatter).  Source:  Reprinted from reference 3. 

 Simultaneous multi-parameter detection is accomplished through the system’s 

collection of light and separating it via multiple dichroic mirrors allowing 

detection of both multiple fluorescent and scatter signals.  Each dichroic mirror 

deflects a specific spectrum of light to a PMT to provide ultra-sensitive detection 

of low light signals.  This typical free-space based detection system is depicted by 

the schematic shown in Figure 1-5 - similar to the one depicted earlier in the 

picture of a flow cytometer in Figure 1-1.
3
  This configuration is able to detect 6 

different parameters given by red, orange, yellow, and green fluorescent light, 

plus two scattered parameter that are the same wavelength as the excitation beam.  

It is important to select dyes with separated and narrow spectra plus dichroic 

mirrors with very efficient wavelength selection to ensure that there is no cross-

talk between parameters.  As scattered light is the same wavelength as the 
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excitation beam, it is typically the last light detected in the train of wavelengths 

show in Figure 1-5. 

 Of note in the detection scheme in Figure 1-5, is that forward scattered light is 

a parameter that needs an entirely separate collection arm than that of the other 

parameters measured via the different colour fluorescent parameters or the same 

colour scatter parameter.  This will be discussed in detail later in section 1.1.2.2.1, 

however, it is important to note that this detection arm is in line with the 

excitation beam axis.  Special optical configurations are deployed to reject 

transmitted light and ensure a strong signal. 

1.1.1.4 Data Acquisition and Analysis 

Detected burst intensities from specimens must break a certain threshold value of 

minimum intensity in order to separate bursts from noise or background 

particulate matter.  By setting a certain upper threshold value where larger signals 

are deemed nonsensical or of a different subpopulation, flow cytometry is able to 

sub-classify seemingly homogeneous populations.  This process, called ‘binning’, 

is frequently used to define the population(s) of interest.
3
  With adequate peak 

detection algorithms, events can be logged and unique specimen characteristics 

can be determined via the binned intensity ranges allowing the cytometer to sort 

specimens.  As events can have multiple binned parameters according to the 

different wavelengths present, the certain combination of wavelengths in each 

event can determine further differences in specimens. 

 Analyzing a specific parameter involves constructing a histogram where an 

event’s intensity is logged according to a range of intensities as shown in the side 

plots in Figure 1-6.
2
  These histograms alone can reveal population characteristics 

– but only in the most simple of analysis.  Some rather simple populations may 

have independent histograms overlapping, as shown in the bottom collection of 

histograms from the forward scatter parameter in Figure 1-6.  This could 

incorrectly be assumed a homogeneous population until one looks at the side 

scatter collection.  Creating a plot of two or more of the binned parameters shows 
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distinct specimen populations, as is shown by the 2D scatter plot example in 

Figure 1-6.  This plot shows the two scatter parameters that are associated with 

each event.  Now, the combination of scatter plots allows a seemingly 

homogeneous population to be discerned as a collection of heterogeneous 

populations – 3 in this case.  By combining different parameters together, flow 

cytometric analysis capabilities allow separation of data and unique set of data 

points for each event.  This process is only limited by the number of simultaneous 

parameters that can be collected. 

 

Figure 1-6:  Sample analysis of blood showing obvious distinction of different cell 

populations based on 2 parameters collected from each cell.  Source: Reprinted from 

reference 2. 

1.1.1.4.1 Coefficient of Variation 

As discussed above, logged events from a single parameter are binned into small 

intensity events and a subsequent histogram is formed.  A typical histogram is 

shown in Figure 1-7.  The population should form an approximate Gaussian 

distribution as the process is a statistical one at its core.  Through fitting a 

Gaussian curve to the histogram the calculation of the coefficient of variation 

(CV) can be done through the parameters of the fitted curve.  A Gaussian curve is 
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fit to the histogram in Figure 1-7.  Using the fit curve parameters the CV is 

calculated by dividing the standard deviation by the mean and expressing the 

answer as a percent.  The CV is the standard measure of a cytometer’s 

performance.  An ideal CV would yield zero as identical particles should produce 

identical signals creating a population with zero standard deviation.  Errors and 

imperfections in the cytometer – introduced either through excitation, detection, 

or flow system processes - will cause variation in the detected signals. 

 Broadly speaking, the CV is the measure of a cytometer’s ability to resolve 

differences in population characteristics.  Typically, an analysis technique will 

stipulate the acceptable range of CV that can be tolerated.  For an application that 

only requires the detection and decision of a simple absence/presence event will 

require almost no control of the CV.  On the other hand, sizing and DNA content 

require less than 4% - something that is necessary for cell cycle analysis.  Again, 

the lower the CV, the better the cytometer is at discerning differences in 

intensities.  This will allow more accurate conclusions to be made as variation in 

detected signal can be attributed to specific cell parameter differences and not to 

random fluctuations from the cytometer itself. 

 

Figure 1-7:  Sample of a Gaussian curve fit to a histogram representing a sample population. 
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1.1.1.4.2 Double Detections (Doublets) 

Double detections (DD) are events caused by two particles being interpreted as a 

single particle event.  Figure 1-8 shows a picture depicting the multiple ways a 

double detection can occur and the detriment it has on analysis capabilities.  As 

indicated, if two small particles are simultaneously interrogated it can be 

interpreted as a larger particle – or a particle with more of a certain feature of 

interest.  Specimens can trigger DD events when specimens are either side-by-

side in the sample stream – deemed lateral orientation – or back-to-back in the 

sample stream – deemed sequential orientation.  If only the peak pulse intensity is 

recorded, ambiguity prevails.  However, some DDs can be avoided if the burst 

area is recorded.  This technique has the drawback of requiring extra processing 

power.  Some methods to eliminate DDs can be employed.  DDs can be 

eliminated by diluting the sample concentration.  This does not eliminate the 

occurrences where particles are stuck together, but will sufficiently reduce the 

chance of two particles being close enough together to be interrogated 

simultaneously.  Diluting sample concentration has the drawback of increasing 

the sample volume to be analyzed and thus the analysis time. 

 

Figure 1-8:  Depiction of several detection possibilities showing single and double events. 

 Double detections are better removed by creating a narrow beam waist that is 

capable of resolving beads that are very close together.  A sample interrogation 
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beam is shown in relation to the sample stream width in the flow in Figure 1-8.  A 

change from large beam area to a small beam area can remove the ambiguity of 

event interpretation.  One must be careful about how the small beam affects the 

pulse of detection, however, as was discussed in Figure 1-4. 

1.1.1.4.3 Signal- to-noise ratio (SNR) 

The ability to resolve a peak from the noise is an important feature of any 

cytometer, and is given by the signal-to-noise ration (SNR).  The greater the 

amplitude of a pulse from a sample compared to the noise, the greater the SNR.  

The SNR can be expressed in one of two ways: a straight ratio of signal amplitude 

to noise amplitude or expressed in decibels.  A minimum SNR for reliable burst 

resolution is 3dB or 2 - twice the signal amplitude compared to the noise 

amplitude.  This is not a strict rule, but it will enable a low probability of noise 

exceeding twice the average signal value. 

1.1.2 Multiparameter Detection 

As already discussed earlier, the power of flow cytometry comes partly from the 

ability to simultaneously measure multiple parameters, as demonstrated in Figure 

1-6.  Analysis capabilities are able to distinguish specimens via the unique 

combination of light signals linked directly to the parameters being measured.  

The multiple wavelengths are generated by the combination of fluoresced 

wavelengths (multiple) and scatter directions (two or three). 

1.1.2.1 Fluorescence Detection 

A fluorescent dye is a molecule that has a very specific fluorophore; a molecule 

that absorbs a photon to excite an electron, and gives off a photon when the 

electron relaxes a short time later.  A specific absorption band and fluorescence 

band in the visible range are characteristic of the fluorophore.  An example of a 

fluorescent molecule is the Alexa 488 which absorbs 488nm light and emits 

520nm light, as shown in Figure 1-9.
6
  Any fluorescent molecule can absorb light 

but must re-emit the light at a lower energy after the electron relaxes to the 
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ground state.  Figure 1-9b) shows a sample of the electronic states an electron 

progresses through from absorption to emission.  It is important that the molecule 

relaxation emits a photon after a relatively short lifetime – on the order of a few 

nanoseconds or picoseconds – otherwise the fluorescence emission will occur 

when the particle has moved well past the point of interrogation.  The quantum 

efficiency of the molecule is given by the number of photons emitted per photons 

absorbed.  For any fluorochome, it is advantageous for the quantum efficiency to 

be high, as well as increasing the probability of absorbing the photon – through 

either proper dye selection or a more concentrated beam density. 

 One detriment to fluorescence is the process of photobleaching; when the dye 

undergoes a relaxation process that destroys the molecules ability to undergo 

anymore absorption/relaxation events.
7,8

  This typically occurs only after many 

absorption/relaxation events.  As flow cytometry only excites a molecule for only 

a very brief moment and only once, it is not much of a concern in flow cytometry. 

 

Figure 1-9:  a) Molecule of a fluorescent dye made by Molecular Probes - Alexa 488.  This 

molecule has an absorption maximum of 495nm and has an emission maximum at 519nm.  

b) A sample of the excitation and fluorescence states of a typical fluorochrome.  Source: a) 

reprinted from reference 6. 

Fluorescent dyes are used in flow cytometry to label features of interest.  Dyes are 

added to a sample and stick to the certain features of interest by conjugating the 

dye; bonding a specific molecule to the dye whose other end binds to a receptor or 

feature on the cell or specimen.
9,10

  Typically, the binding is via the common 
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antibody – antigen binding, such as with Immunoglobulin G (IgG).  Other 

labelling methods include using an oglionucleotide label a specific segment of 

DNA, or via protein labelling, or via a common steptavidin-biotin ligand labelling 

method.  Many manufacturers provide a vast array of dyes that come prepared for 

specific assays with the dyes conjugated to a variety of molecules or ligands that 

allow simple addition of a particular antibody for selective antigen binding.  A 

sample of dyes that are available for typical assay labelling schemes is given in 

Table 1-1.  Strong labelling requires that more dye is present in a cell, allowing 

greater detection of the parameter of interest.  Slight variances in labelling 

procedures can produce variances in detection and reduce a device’s reliability, so 

it is important to ensure that labelling procedures are thorough and fully label the 

feature of interest to give an accurate representation of what is present in the 

sample. 

Table 1-1: List of manufacturers of fluorescent dyes with types of labeling capabilities. 

Manufacturer Model Conjugation Agent Conjugated Dye Absorption 

Max (nm) 

Emission 

Max (nm) 

Invitrogen A-20170 Immunoglobulin G (IgG) AlexaFluor 647 647 665 
Polysciences 24159-9 Streptavidin Yellow-Green 

fluorescent spheres 

441 486 

BD Biosciences 552598 Bromodeoxyuridine Allophycocyanine 
(APC) 

630 660 

Bangslabs CM03F IgG Various 400-670 460-700 

 When labeling multiple features in a single population, care must be taken 

when the selecting the multiple fluorescent dyes.  The two dyes can be excited by 

the same source but must have sufficiently separated emission spectra to allow 

proper resolution of the two parameters.  Figure 1-10 shows a spectra chart of 

Rhodamine B and Nile Red dyes with their absorption and emission spectra.
11

  

The exicitation spectra from both dyes overlaps and can be subsequently excited 

using 488 nm laser excitation spectra - shown on the chart with a very narrow 

linewidth.  The emission spectra of the dye are clearly separated, however they do 

overlap as indicated by the dark region.  The bandpass filters shown on the chart 

in Figure 1-10 are used to prevent overlap of emission from each dye onto the 

incorrect detector.  Both filters have centre wavelengths of 565 nm and 640 nm 



Ph.D. Dissertation | Benjamin R. Watts | McMaster University | Engineering Physics 

16 

and both have a linewidth of 10 nm where light will be transmitted.  These filters 

allow a significant amount of emission from the target dye to reach the detector, 

while only a small amount of undesirable excitation light – given by the dark 

region – reaches the detector.  This cross-talk is unavoidable due to the quantum 

nature of fluorescent emission, but is adequately minimized through proper dye 

and filter combinations. 

 Fluorescent light is inherently a weak signal to detect.  As each detector must 

receive only a filtered portion of the total emission spectrum to eliminate 

significant cross-talk, each detector only receives a fraction of the fluoresced light 

due to this filtering.  Further reducing the light available for detection is the 

isotropic nature of fluorescence emission and the small collection angle of a 

typical detection system, as will be discussed in detail in section 2.1.1.2.2.  For 

these reasons the fluorescent signals are weak and the importance of the 

extremely narrow spectral linewidth and large power available from a laser is 

easily seen.  A wide linewidth from the light source would further interfere with 

the emission signals and require event narrower filtering and reduce signals. 

 

Figure 1-10:  Spectral diagrams for two dyes: Rhodamine B and Nile Red, showing 

absorption spectra, emission spectra, and band pass filters for detection.  Source:  Reprinted 

from reference 11. 

 With the proper dye, source, and filter it is possible to perform the detection of 

multiple colours simultaneously
12,13,14 

- even up to seventeen colours
15

 - leading to 

very powerful analysis capabilities during a single experimental run. 
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1.1.2.2 Scatter Detection 

There are two types of scattering that are defined based on the deviation of the 

photon from the initial direction of propagation.  Both parameters reveal different 

characteristics from the specimen of interest as the direction of the scattered light 

is highly dependent on the cell properties such as the cell size, granularity, 

structure, and surface roughness. 

1.1.2.2.1 Forward Scatter 

Forward scattered light is the measure of light that deviates very slightly from the 

excitation beam axis - typically only 0.5-5°.
3
  Figure 1-11a) shows a picture of a 

cell in an excitation beam and the effect on the light.
2
  With proper beam shaping 

the cell will block the entire excitation beam leading to low noise on the detector 

and much more reliable detection.  The intensity of forward scattered light is 

typically indicative of the size of the cell
3
 due to the quantity of the interference 

the specimen has with the beam.  Forward scatter light can also detect the 

viability of the cells and distinguish between live and dead cells due to the index 

of dead cells more closely approximating that of the surrounding medium. 

 

Figure 1-11:  a) cartoon depicting forward scatter by a particle in the excitation beam.  

Various forward scatter collection schemes; b) a top view and c) side view demonstrate the 

excitation beam focused on a beam stop after excitation of a particle, and d) a configuration 

where an obstruction is inserted into oncoming beam to form a dark region on the detector.  

Source:  a) reprinted from reference 2, b),c), and d) reprinted from reference 3. 



Ph.D. Dissertation | Benjamin R. Watts | McMaster University | Engineering Physics 

18 

 Due to the near on-axis geometry of forward scatter, the architecture for 

detection is a bit complex.  The very close proximity of forward scatter light and 

the transmitted excitation beam forces the need to block the excitation beam from 

the detector to increase the SNR.  Figure 1-11 shows a couple configurations that 

allow blocking of the excitation beam to increase the SNR of the forward scatter 

signal.  Figure 1-11b) and c) show the top and side views of a method where the 

beam is focused onto a beam stop on the opposite side of the channel.
3
  This 

method requires a fairly collimated beam or a very small focal point; control of 

beam width is difficult due to the location of beam stop.  Figure 1-11d) shows a 

configuration where an obscuration in the beam generates a dark spot in the image 

that is coincident with a detector.
3
  This method does mean the excitation beam 

loses a fair amount of excitation intensity due to the blocking high intensity 

paraxial beam. 

1.1.2.2.2 Side Scatter 

Light that deviates significantly from the beam axis is considered side scatter 

light.  There are a wide range of angles for collection possibilities, but it is 

typically collected at 90° because of the ease of reducing the noise that is 

simultaneously collected.  Specific angles will have a specific intensity signature; 

however it is cumbersome to detect light as these specific angles – especially as 

the orientation of the cell is not fixed in the flow stream.  Figure 1-12a) shows the 

side scatter of the light coming from a particle in the beam.  Side scatter is much 

less intense than the forward scattered light due to need for many scattering 

centres.  Side scatter is used as an indicator of the surface roughness of the cell as 

seen in Figure 1-12b).  This parameter also gives insight to the granularity and 

internal structure of the cell, also shown in Figure 1-12b). 

 Side scatter detection is accomplished with a simple collection scheme 

situated perpendicular to the sample flow and the beam direction, and often 

simultaneously collected with the fluorescent light, as shown in Figure 1-5.  This 

requires much simpler optics than what is required for forward scatter light.  A 
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filter is necessary to block any fluorescent light as it will be confused with 

fluorescent signal as well as a spatial filter as scattering off internal artifacts in the 

flow cell or illumination of other debris in the sheath stream can be detected as 

events. 

 

Figure 1-12:  a) Picture depicting the side scattered light from a particle (also showing the 

forward scattered light).  b) the granularity of the cell and internal structure affect the large 

angle scattering from the particle.  Source:  Reprinted from reference 2. 

1.1.3 Applications 

Flow cytometry is an established and well developed technology that has found 

many applications since its first inception.  Applications are mainly clinical or 

diagnostic based applications, while there is a strong contingent of research-

based, laboratory, and environmental applications.  There are very few in-the-

field applications due to the difficulties of making a flow cytometer that is 

portable and inexpensive. 

 Clinical applications of flow cytometry range from immunophenotyping,
16,17

 

and immunology
18,19

 to determining cell function
20

 and analyzing cell cycle and 

apoptosis
21

.  The diagnosis and monitoring of lymphomas and other 

lymphoproliferative disorders,
22

 such as leukemia
23

 and monitoring minimal 

residual disease during treatments,
24

 is a common application of flow cytometry.  

There are many environmental applications,
25,26

 and applications in virology.
27

  

Flow cytometry rose to prominence due to the use in discovering aids and the 

monitoring of the progression of the disease through counts of helper T-cells.
16,28
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Flow cytometry has been deemed a necessity to other clinical diagnostics as it can 

determine the stage of HIV or cancer to help determine the correct treatment.
29

 

1.1.3.1 Commercial Devices 

Many commercial companies offer flow cytometers available in small bench-top 

formats.  BD Biosciences offers the BD Accuri C6 – a unit that is light-weight 

and can simultaneously detect and quantify signals from three different 

fluorescent signals, one forward scatter parameter, and one side scatter 

parameter.
30

  This unit is shown in Figure 1-13 and shows the complex optics 

necessary to perform detection in a) while the entire compact unit is shown in b). 

 

Figure 1-13:  BD Accuri C6 flow cytometer.  a) the complex compact optics necessary to 

perform analysis.  b) the unit is small enough to fit on a small bench top and comes with 

software to completely run the machine.  Source:  Reprinted from reference 30. 

 Beckman Coulter offers another small affordable cytometer, the CyAn ADP 

Analyzer.
31

  It is a unit that can simultaneously detect and analyze 9 colours – 7 

fluorescent and two scatter – being excited by three different lasers wavelengths.  

The unit is integrated to a plate loader that allows high throughput and sequential 

well analysis.  This unit is able to achieve a throughput of 70,000 events per 

second. 

 Applied Biosystems offers the Attune Acoustic Focusing Cytometer.
32

  It is a 

unit that uses acoustic sound waves to hydrodynmically focus the sample while 

using two different wavelengths from two lasers, and it is able to simultaneously 

detect six fluorescent parameters plus two scatter.  EMD Millipore offers the 

guava easyCyte, a cytometer the employs two excitation lasers to detected 8 
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fluorescent parameter plus 2 scatter parameters while offering a large range of 

detection; over 5 decades.  This unit boasts the advantage of not needing 

calibration between tests. 

1.1.3.2 Advantages and Disadvantages 

Conventional flow cytometry is incredibly accurate and provides a clear snap-shot 

of the exact state of a population through the individual cell-by-cell analysis.  It 

has a very fast rate of analysis and can boast a throughput of over 100,000 cells*s
-

1
.
33

  Conventional cytometers are very sensitive due to the free-space collection 

schemes and have extreme analytical capabilities due to the multi-parameter 

detection capabilities.
15

  The cytometers are able to easily couple with a sorting 

mechanism that allows sequestering and large population enrichments.
33 

 Despite the great capabilities of conventional cytometers, there are several 

drawbacks that limit their applications and deployment.  A conventional 

cytometer’s large size and the associated costs limit the deployment of the 

cytometer to large scale laboratories and medical facilities where a large user base 

will justify a large cost.  This creates roadblocks to access, long queues, and 

lengthy turn-around times on the results.  This large size requires a large sample 

sizes and consumes large quantities of expensive dyes.  Furthermore, the method 

of detection requires bulky free-space optics that creates machines that are shock-

sensitive and expensive. 

1.2 Microchip-based Flow cytometry 

Microchip-based cytometry aims to remove some of the limitations and 

restrictions that limit the deployment and applications of conventional flow 

cytometry by replacing the bulky flow cell with a microchannel fabricated 

monolithically in a planar fashion.  The miniaturized flow cell reduces many of 

the costs associated with traditional cytometry as it is possible to handle small 

sample sizes in an automated fashion.  Integration capabilities possible through 

the manufacturing techniques allow further integration of components on-chip.  
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This further reduces costs and makes devices with a specific designed 

functionality that are more portable, durable, and capable of remote and on-site 

applications.  This trend towards on-chip devices has been well documented as 

the Lab-on-a-chip (LOC) or Micro-Total-Analysis System (µTAS) revolution - 

whereby chemical and biological tasks are completed on-chip without outside 

handling from an operator whatsoever.
†,34,3536

 

 Each subsystem of a conventional flow cytometer must be miniaturized and 

designed to mimic the functionality of the conventional counter-part.  This has 

largely been made possible by the advances in the microelectronics field being 

adapted to microfabrication techniques.
37

 

1.2.1 Miniaturized Flow Cell 

Early microchip-based flow cytometers only had the flow cell miniaturized.
38,3940

  

These early attempts still relied on free-space optics to excite and detect optical 

signals and perform the necessary interrogation.  These microchannels are 

constructed by forming a trench in some sort of layer on a substrate and sealing 

the trench with another layer.  These layers must be transparent to ensure easy 

optical detection.  The reduced channel sizes allow a smaller sample size to be 

required due to the reduced handling tolerances from the much smaller channel 

size.  Furthermore, integration capabilities allow a network of interconnected 

channels to be fabricated, creating a fluidic network that can incorporate 

automated processes like mixing, separation, and sorting all on-chip.  More 

complex processes like sequestering and culturing can also be performed on-chip 

after a specific analysis has been done. 

 The channel’s small sizes and the result of a small device size make moving 

fluids via electrokinetic flow a possibility.
41

  This is a portable method for driving 

fluids as syringe pump is bulky and expensive.  Fine control of particles is 

possible via electrokinetic flow. 

                                                 
†
 These paragraphs are from the author’s published work in reference 1. 
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1.2.1.1 Fabrication 

Flow cells have a planar format and therefore typically only have 2D fluidic 

networks.  Though micromachining techniques allow 3D networks they tend to be 

avoided as the cost and complexity of a device increases – something counter to 

the purpose of LOC devices.  Fabrication techniques used to make these devices 

are adaptations of very simple photolithography techniques while incorporating 

aspects from the fields of micromachining. 

1.2.1.1.1 Methods 

Basically three methods are employed in the fabrication of microchip-based 

devices: lithography, soft lithography, and etching/ablating.  Conventional 

lithography techniques involve the creation of a thin layer of photoresist that is 

patterned with the intended devices through the simple removal of material.  Once 

the device layer is created, a separate layer is bonded on top of the device layer to 

seal the liquid in the channel.  Figure 1-14i) shows a simple picture of the process 

and how channels are formed.  This process forms rigid structures and demands 

access to a clean room for fabrication and use of conventional lithography 

fabrication equipment.  Bonding a sealing layer on top can be an issue due to the 

rigid substrates, and several methods have been done with varying results, as 

shown in Figure 1-14i) – the best typically from top layers that are soft.
42,43 

 

Figure 1-14:  Microfabrication techniques.  i) Lithographic based, and ii) soft lithography.  

Source: i) Reprinted from reference 44, ii) reprinted from reference 45. 
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 Soft lithography, developed by the Whitesides group at Harvard,
37

 allows a 

very rapid and simple fabrication of microfluidic devices.
45

  This process involves 

creating a mold using standard photolithography techniques and then creating a 

replica of the mold, as demonstrated in Figure 1-14ii).  This replica is then 

typically bonded to a glass slide via an easy oxygen plasma method.  Soft 

lithography utilizes soft elastomers that are easily cast in the mold and very 

inexpensive.  This process enables the fabrication of flexible transparent chips.  

Once the mold is made, fabrication is done out of a clean room extremely quickly; 

the elastomer is pulled out of the mold, it is plasma treated, and then bonded to a 

glass plate to seal the formed channels.  Soft lithography enables on the spot 

fabrication of devices that are ready to test. 

 The last technique - fabrication from etching or ablation - involves the 

removal of trench of material to create the channel.  Laser ablation can cut a 

trench of a defined width in the substrate very quickly.  Chemical etching via a 

photolithographically defined mask allows very good precision and control of the 

depth of the channel.
39

  To seal these trenches to form a channel, the process 

demands that a layer is bonded over the device layer. 

1.2.1.1.2 Materials 

Depending on the choice of fabrication and the designed function of the device, a 

variety of materials may be suitable for device fabrication.  SU-8 is an epoxy-

based positive photoresist that is transparent throughout much of the visible 

spectrum - the spectrum that is of interest for flow cytometric applications and 

many other biology-based assays.
44

  SU-8 tends to be used as a device layer or as 

a master mold in lithography and soft lithography fabrication methods, 

respectively.  Due to the nature of fabrication – as discussed above – use of SU-8 

is restricted to 2D device designs only.  Sealing devices via bonding is an issue, 

but some solutions have been presented, such a SU-8-to-SU-8 sealing,
46

 or 

clamped sealing.
47

  These methods are prone to leaking due to a non-complete and 

conforming contact, and a bulky setup, respectively. 
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 Poly(dimethylsiloxane) (PDMS) is an elasotmer that is deformable and easily 

conforms to a bonding surface.  PDMS has been well documented as a suitable 

material for microfluidic devices in general.
48

  Glass is typically used as a 

substrate as it allows easy transmission of light for optical excitation and detection 

via free-space schemes.  Silicon is sometimes used as a substrate or structure 

material due to the extreme compatibility with conventional fabrication 

techniques.
49

  Care must be taken in the device design as a silicon substrate is not 

transparent and makes optical detection techniques difficult. 

1.2.1.2 Optical Interrogations 

With a miniaturized flow cell optical detection is still performed with a system 

that is identical to a conventional free-space scheme.  A high quality single-mode 

laser beam is focused to cover the entire microchannel.  Figure 1-15 shows a very 

simple schematic of the optical interrogation of partcles in a miniaturized flow 

cell.  As the microchannel is confined to a plane instead of a cylindrically-shaped 

capillary tube, the orientations for collection and excitation are limited. 

 

Figure 1-15:  Simple example of microchip-based cytometer.  The capillary tube is replaced 

by a microchannel fabricated in a functional layer on a substrate.  Source:  Reprinted from 

reference 50. 

 Figure 1-16 shows a schematic and a picture of a typical free-space setup for 

two parameter collection from a microchip-based flow cell.  Excitation is oriented 

at 45° to the chip while collection is oriented at 90°.  This is an experimental 

benchtop setup that employs a quickly fabricated microchip-based flow cell.  The 

easy and quick fabrication of flow cells allows clogs in the microchannel to be 

dealt with by simply removing the chip and replacing with another fabricated one.  
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This would still require realignment of the optical system, though machining 

tolerances would allow accurate alignment in plug-and-play devices. 

 

Figure 1-16:  Free-space optical setup showing a schematic (left) and bench-top setup (right) 

for two parameter collection.  Source:  Reprinted from reference 52. 

1.2.1.3 Hydrodynamic Focusing 

As discussed in section 1.1.1.1.1, hydrodynamic focusing helps detection 

reliability by forcing all the specimens to the same physical area within the 

excitation beam.  This leads to predictable and uniform excitation, and thus, 

reliable and predictable detection of signals.  With a planar chip format, the 

conventional concentric nozzle formation shown in Figure 1-2 is not possible – at 

least not by any easy and inexpensive means.  A planar design limits the device to 

2D hydrodynamic focusing – which is actually focusing in only one dimension 

perpendicular to the flow in the plane of the chip.  This is achieved easily via a 3-

branched structure,
51

 shown in Figure 1-17.
52

  The sample stream is focused to a 

plane perpendicular to the chip, instead of a 1D line in the middle of the channel 

like in conventional methods – see section 1.1.1.1.1.  This means, however, that 

specimens are free to deviate in any vertical position within the channel. 

 

Figure 1-17:  Hydrodynamic focusing of a sample fluid (centre channel) between two sheath 

fluids creating a narrow stream for interrogation.  Source:  Reprinted from reference 52. 
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 The theory and phenomena of hydrodynamic focusing on a microchip-based 

device has been explored experimentally in detail, notably in reference 51.  A 

typical planar structure is shown in Figure 1-18 with all the variables one would 

have to take into account during design.  The work employed numerical models 

and simulations to develop a relation to describe the resulting focused stream 

width given flow conditions, channel widths, and fluids used.  These findings 

were summed up in Equation 1-1 below. 

 

Figure 1-18:  Schematic of a typical input nozzle for 2D hydrodynamic focusing showing all 

the parameters of interest when designing.  Source:  Reprinted from reference 51. 

 

Equation 1-1:   Relation of the focused stream width with the nozzle design parameters for a 

2D microchip design.  Source:  Reprinted from reference 52. 

 Many designs have been presented that can achieve 3D hydrodynamic 

focusing in a completely microchip format without very complicated or expensive 

fabrication techniques.  Some solutions employ slightly complicated 

structures,
53,54,55

 - involving multiple layers of fabrication or different planes of 

injection.  Other more simple devices employ very simple structures for 3D 

hydrodynamic focusing.
56,57

  One such design, shown in Figure 1-19a), uses 

micro-weir structures on the top and bottom surfaces of the channel to force the 

specimens to a narrow flow in the direction perpendicular to the chip.  A typical 

3-branched structure focuses the flow in the other, horizontal, direction.  Another 

simple design that employs a completely planar one-shot fabrication design
58

 - 
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shown in Figure 1-19b) – uses the phenomena of microfluidic-drifting to force the 

flow to be focused vertically.  As with the micro-weir design, horizontal focusing 

is achieved via the typical 3-branched structure.  These designs are simple, though 

they need to be perfected before the can be employed for feasible device use. 

 

Figure 1-19:  Two examples of 3D hydrodynamic focusing using planar designs.  a) 'Micro 

weirs' on the top and bottom of the channel focuses in the vertical direction, and b) 

'microfluidic drifting' uses a curved microchannel to perform the vertical focusing.  In both 

cases, horizontal focusing is accomplished by a 3-branched structure.  Source: a) Reprinted 

from reference 58, b) reprinted from reference 56. 

 Some designs even eliminate the need for a sheath fluid altogether and can 

focus the particles based on size with some novel channel designs.
59,60

  These 

designs have been proven to be selective enough for sorting.
61,62

  Application to a 

microchip-based cytometer does show that the performance of the device is 

drastically improved.
56

  This method does, however, complicate device design 

and function. 

1.2.1.4 Advantages 

Microchip-based devices have numerous advantages over the conventional based 

systems.  First, with a reduced channel size comes the benefit of a reduced 

requirement on the amount of sample fluid that is required – a drastic benefit 

when samples volume are rare or in extremely limited quantity, such as in 

prenatal diagnosis of genetic disorders,
63

 or when samples of the cerebrospinal 

fluid are obtained through a spinal puncture.
63

  Furthermore, large cost savings are 

realized from the reduced demands on expensive labeling dyes due to the 

reduction in sample fluids required for analysis, while the small size of fluid 
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handling permits smaller power requirements.  Second, experimental run times 

are typically shorter than those of a conventional cytometer due to the reduced 

sample sizes.
64

  Third, due to the lithography based fabrication procedures, these 

devices are easily produced in a mass-production type scheme that exploits 

economies of scale that will ease costs and increase quality assurance through 

repeatable and reliable measurements between devices.
64,65

  Fourth, the chips are 

easily integrated with other on-chip fluidic handling procedures and devices, such 

as sorters,
66,67,68

 mixers, pumps and valves
69

 and reactors, which will allow a 

steady evolution towards a fully LOC device.
70

  Furthermore, biohazard threats 

are minimized as all fluid handling is done on-chip in a completely sealed and 

easily disposable platform while errors that may be introduced through human 

handling are eliminated.
‡
 

1.2.2 Integrated Photonics 

While a microchip-based flow cytometer can handle small samples at low cost, a 

free-space optics-based system is still bulky, expensive, and not portable.  To 

overcome this problem while substantially reducing equipment costs, it is 

required that some sort of light-delivery mechanism is integrated onto the chip to 

perform excitation and detection functions.  Integrating a light-delivery 

component onto the device creates automatic alignment to the channel during 

fabrication, as structures are designed with a CAD program—then converted to a 

photomask—allowing an optimal optical excitation once fabricated.  Through this 

approach, it is possible to even achieve collection of the light on-chip.  This 

eliminates the need for error prone, cumbersome, and difficult optical alignment 

that is required by conventional and microchip-based devices that require free-

space optics. Another advantage is that the proximity to the sample is enhanced—

within a few tens of microns—allowing a great benefit from collection type 

waveguide, as the efficiency of collection can be as great as 20%.
§
 

                                                 
‡
 This paragraph is from the author’s published work in reference 1. 

§
 This paragraph is from the author’s published work in reference 1. 



Ph.D. Dissertation | Benjamin R. Watts | McMaster University | Engineering Physics 

30 

1.2.2.1 Guided Optics 

Through the creation of a sharp index contrast in the form of a ridge in the device 

layer, light can be confined and guided within the device layer.  The light from 

the source can be guided in order to direct it towards the point of interrogation.  

Collection of light signals from the interrogation point can also be done via the 

on-chip guided optics.  This can allow control of the amount and type of light 

collected from the interrogation point.  Furthermore, collection can be increased 

through the greatly enhanced proximity of the collection optics to the 

interrogation region.  Integration of guided optics on-chip creates designs that are 

robust and that have automatic alignment that is shock insensitive allowing 

deployment in applications where handling is an issue. 

1.2.2.1.1 Inserted Fibres 

Early attempts with using fibres for excitation and collection first demonstrated 

the possibility of using guided optics in a chip format.
71

  This work was 

performed by aligning several fibres around a capillary tube to perform excitation 

and detection.  It was noted that the coupling efficiency was a large concern 

between the source and fibre, as well as between the fibre and capillary tube.  It 

was also noted that a single mode fibre was a necessity as the beam quality of a 

multimodal fibre is unsuitable for the excitation source in flow cytometry due to 

the poor illumination profile. 

 With the advent of microfabrication technologies and the miniaturization of 

flow cells, attempts to incorporate fibres on-chip was revisited.  Early devices 

utilized simple fabrication methods that formed a trench in the device layer, as 

discussed above in section 1.2.1.1.1.  The depth of the fabricated trench, and thus 

the device layer, was designed to match the fibre diameter.  A fibre could then be 

inserted into the device right up next to the channel and butt-couple the light into 

the microchannel.  Figure 1-20 shows a device that manufactures trenches to 

allow the insertion of a fibre to quickly and easily align fibres to the channel.
72

  

Many other devices have used the same configuration with subtle differences of 
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the method to hold the fibres in place.  Some methods involve etching the 

cladding of the fibre until it matches the trench dimensions and then adding a bit 

of adhesive to hold the inserted fibre.
49,69,73

  Other methods use an elastic bulk 

material, like PDMS, to press-fit fibres in place once inserted.
72,74,75

 

 

Figure 1-20:  Device showing inserted fibres used to deliver light to the microchannel.  

Source:  Reprinted from reference 72. 

 

Figure 1-21:  Schematic of a microfluidic device with inserted fibres that allow easy 

swapping of the microfluidic device.  Fluid handling is done on chip and all that is needed 

external hookup of the source and the detector.  Source:  Reprinted from reference 76. 

 Connecting to a device with inserted fibres allows quick connection to the 

device and creates a cartridge type system where the microchip can be swapped in 

and out easily, as shown by the schematic in Figure 1-21
76

  Expensive and 

complicated components necessary for device function, such as PMTs and 

sources, are static and can be reused.  These components are quickly and easily 

connected to microfabricated chips that are cheap, numerous, and disposable.  

These chips can have a one-time use function and allow for quick changing in the 

event of a clog. 
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1.2.2.1.2 Waveguides 

Taking the integrated guiding optics one step further from inserted fibres would 

be the fabrication of waveguides on-chip.  By removing material to form a ridge a 

waveguide can be formed to create lateral optical confinement.  The substrate and 

sealing layers should simultaneous provide vertical confinement to keep the light 

within the device.  These designs require less complicated fabrication techniques 

as the device layer thickness can be fairly arbitrary.  A device deploying a simple 

waveguide is shown in Figure 1-22, while the guided beam is well confined and is 

delivered easily to the microchannel as demonstrated via the fluorescent image of 

the beam in the channel.  Using a waveguide on a chip, further complicated 

designs can be integrated in this way such as using beamsplitters.
77,78,79

 

 

Figure 1-22:  Image of formed ridge waveguides in a single layer of SU-8; two waveguides on 

opposite sides of the channel with the beam illuminated in the channel.  Source:  Reprinted 

from reference 44. 

 Using integrated waveguides, the proximity of detection is greatly increased 

thereby increasing the total amount of light that is collected.  This is shown in 

schematically in Figure 1-23
80

 as a comparison of the collection angle obtained 

via free-space and on-chip methods.  Figure 1-23a) shows collection with a free-

space method while b) shows collection with a waveguide that increases the 

proximity and thus increases the collection efficiency.  A free-space scheme is 

less than 1% efficient while an intergrated waveguide can have as high as 5 to 10 

times improvement.  This specific device shown in Figure 1-23c) is fabricated 
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from PDMS and makes waveguide cores via injecting a polymer of higher index 

into formed voids in the PDMS. 

 

Figure 1-23:  Diagram showing a free space collection from a channel (A), and a waveguide 

collection from a channel (B) showing the much larger solid angle of collection.  A device 

that uses liquid core waveguides.  Source:  Reprinted from reference 80. 

 Using this basic design, some groups have even demonstrated the ability 

to inject the core with a fluid to allow for optical confinement and tuning of 

waveguide properties based on the core fluid material.
81,82,83,84

 

1.2.2.2 Integrated Filters 

 Interesting adjustments to waveguides has allowed on-chip filtering of 

unwanted wavelengths through selective absorption, removing another bulky and 

expensive free-space component.  This has been demonstrated via a dye doped 

polymer
83

 and provides a great improvement over other methods where an 

interference filter is used due to the greater proximity of the waveguide to the 

interrogation point; an interference filter is thick and moves the detector away 

from the interrogation point. 

 One such device used a backplane design to further reduce the background 

noise on detection by deflecting the injected light up into a top layer that 

contained the channel.
85

  The emitted fluorescent light from the inspection was 

then coupled down to the backplane and into a waveguide doped with a dye to 

remove noise that had the same wavelength as the excitation source.  The 

importance of a waveguide was demonstrated through another device with a 

detector – an avalanche photo diode (APD) - placed behind the device that had a 

backplane that contained a dye-doped polymer.
83

  This backplane serve the 

function to remove unwanted noise, however it was noted that it needed to be 
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thick to allow large filtering and thick filters (30um) limit collection efficiency to 

les than 0.2%
83

 due to less proximity to the interrogation region.  Therefore, 

incorporating a waveguide allows this distance to be covered without losing the 

proximity. 

 Another filtering example is a device that employs Fabry-Perot structures in 

the cladding region to force a leaky waveguide at the wavelength of light to be 

removed.
84

  Finally, a last device used liquid core waveguides and a diffusion 

processes in the waveguide to mix dye within the core region that would perform 

filtering as the light propagated down the waveguide.
86

 

1.2.2.3 Refractive Optics 

Unfortunately, light brought to microfluidic channels through optical fibers and 

planar waveguides diverges significantly, with reduced power density through an 

unshaped beam, as it exits the fibre or planar waveguide and traverses the 

channel.  In an attempt to increase the power density available for excitation, and 

thus the level of detection in optically integrated devices, microlenses have been 

integrated with the waveguides to focus light into the centre of the channel with 

the primary goal of increasing the level of intensity of the excitation light to in 

turn boost detection signals.  These lenses can be fabricated in the same step as 

the microchannel and waveguides, and as processing is through a 

photolithographic based means (as discussed earlier) the lenses formed are 2D 

lenses – cylindrical in shape.  Single lens systems have been explored with 

varying levels of improvement.
 **,87

,
88

,
89

,
90

 

 Figure 1-24
91

 shows several possible beam geometries formed in the 

microchannel from different light insertion methods discussed so far.  A scheme 

that employs free-space optics forms an ideal beam geometry where the intensity 

is concentrated at the sample flow and is deemed uniform across the sample 

stream.  Input from a waveguide has the affect of the beam diverging as it exits 

                                                 
**

 This paragraph is from the author’s published work in reference 1. 
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the waveguide producing an inferior geometry through a very wide beam waist 

and uneven and non-uniform beam intensity.  Some devices that have used on-

chip lenses change the beam geometry from divergent to convergent or closely 

collimate it – however, the beam geometry is still less than ideal. 

 Photolithographically defined lenses result in lenses that are 2D in nature and 

only can shape the beam in one dimension – in the plane of the device in the 

direction of fluid flow.  This can allow control of the divergence of the beam, but 

has a limited ability to shape the beam, let alone perform a complete beam 

shaping function. 

 

Figure 1-24:  Picture showing the different beam shapes in a microchannel formed by i) free-

space system, ii) no lens, and iii) a simple lens.  Source:  Reprinted from reference 91.
††

 

A compound lens system allows for more control of the beam.  This system of 

lenses can shape the beam to a better geometry via more control of the refraction 

of the beam.  Figure 1-25i) shows a device that compared a single lens to a planar 

system of lenses integrated on chip.  The images, shown in Figure 1-25ii), show a 

marked improvement over the single lens design.  This improvement is 

highlighted and confirmed by the contour maps in Figure 1-25ii) as well.  The 

improvement to the excitation intensity was measured to have increased by 1.67 

                                                 
††

 This figure is part of the author’s published work from reference 91. 
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times through the use of a single lens and by 7 times through the use of the 

compound lens system.  This work demonstrated a much improved beam using an 

integrated lens system; however, it still fell short of what the beam shaping 

capabilities that are deployed in conventional cytometery.  It is crucially 

important for microchip-based devices to closely mimic the functionality of 

conventional devices in order to match the analytical capabilities. 

 

Figure 1-25:  i) SEM images of a device that has a) single lens and b) compound lens system 

integrated on-chip.  ii) imaged beams from a)-b no lens, a)-s single lens, and a)-c compound 

lens system and the corresponding contour plot. 

 There have been many other compound lens systems that have demonstrated 

varying success and decent detection abilities.
92,93,94,95

  However, all still have a 

lack of beam shaping and wildly varying performance with detection of 

specimens that is largely blamed on the device’s lack of beam shaping.  One work 

even went as far as to integrate a diffractive optical element on top of the chip to 

demonstrate a very compact design with high beam control capabilities.
96

 

 More advanced devices with a large level of optical integration have been 

prototyped, as shown in Figure 1-26.
97

  This shows a device with lens system on 

every optical input and output.  These lenses are actually channels that will allow 
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different fluids to fill them so as to allow slight changing of the imaging 

properties of the lens systems.  In the image, FL refers to the fluorescence 

detection channel, LAS refers to the low angle scatter detection, SS to the side 

scatter, FS to the forward scatter, and EX the channel provides the excitation for 

the measurement.  This device has not been demonstrated to perform cytometric 

function; rather it was fabricated as a demonstration of fabrication capabilities and 

to demonstrate the capabilities of LOC devices in general. 

 

Figure 1-26:  Device showing a very high level of optical integration showing solid core 

waveguides and liquid filled lenses that perform excitation and side scatter, forward scatter, 

fluorescence collection.  Source:  Reprinted from reference 97. 

 Up until now devices have shown a good level of optical functionality, but not 

to a level that even closely mimics conventional free-space beam shaping.  As 

conventional cytometry requires beam shaping to improve the reliability of 

detection, so should any microchip-based flow cytometers. 

1.2.2.4 Advantages 

Advantages of microchip-based devices with integrated optics are astounding and 

are the key driver behind the potential applications of devices.  Firstly, large 

advantages in the form of cost savings stem from channel miniaturization.  Small 

channel dimensions reduce the sample volume requirements for analysis thereby 
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increasing the sensitivity of analysis – which also translates into reduced costs and 

less labeling agents required.‡‡,98 

 Integration of optical components creates further advantages for costs savings 

and system complexity, with added benefits to the operation, durability, and 

calibration of the device.  The inclusion of optical components on-chip removes 

the necessity of free-space optics and reduces equipment requirements and costs 

while increasing the portability and durability of the device.  Operation of devices 

are simplified, as optical systems are designed and manufactured with optimal 

performance, alignment, and calibration for a specific detection function already 

completed.
§§,98 

 As alluded to in section 1.2.2.1.2, sensitivity of analysis also is increased from 

the improvements to light delivery and increased intensity due to on-chip 

integrated optics.  Furthermore, the miniaturization and increased proximity of 

optical components allows increased sensitivity of optical detection.
***,98 

 Using microchip-based designs, the resulting device form is simplified and 

allows easier plug and play capabilities where expensive components can be 

reused – such as the laser, detector, and software - while the inserted chip – that 

contains all specificity for the application – integrates seamlessly with 

components. 

 Efficient and inexpensive devices can be formed through fabrication of 

devices with a very specific detection procedure on chip.  This enables devices 

with a one-time use as devices are cheap and disposable.  Devices can form a 

plug-and-play device where specific calibration and test configuration is done in 

chip design and manufacturing.  A reusable “console” that houses a cheap and 

general “all-purpose” laser and the necessary electronics can be fabricated and 

would be the only capital expenditure. 

                                                 
‡‡

 This sentence is from the author’s published work in reference 98. 
§§

 This sentence is from the author’s published work in reference 98. 
***

 This sentence is from the author’s published work in reference 98. 
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1.2.3 Applications 

1.2.3.1 General Device Performance 

Early demonstration of a microfabricated device showed a miniaturized flow cell 

with free-space optics was able to detect E. coli bacteria.  The fluorescently 

labelled cells were detected via the simultaneous collection of fluorescence and 

scatter signals from the cells.  Detection events are evident from Figure 1-27, 

which shows the results from such a test with raw data showing good correlation 

between events and histograms demonstrating good population characteristics.
40

  

The device and the detection method had excellent reliability, as the device was 

able to detect 94% of the bacteria present in the sample. 

 

Figure 1-27:  Results from an E. coli bacteria counting application with a microchip-based 

flow cytometer device with free-space optical excitation and detection showing a) sample of 

the obtained signal during processing samples with fluorescent (F) and scattered (Sc) signals 

and b) plots of the histogram (right) obtained.  Source:  Reprinted from reference 40. 

 Another device with a similar architecture of the above device but with 

improved performance is demonstrated below, in Figure 1-28.
52

  This device had 

a microfabricated flow cell and used a free-space optical detection scheme to 

collect 2 parameters of interest: fluoresced and side scattered light.  The device 

deomonstrated a 94.4% detection rate at a high throughput of over 350 

cells/second.  The results in Figure 1-28 show the raw data and the histograms 

generated from the detection of the two parameters from the E. Coli bacteria.  

There was excellent correlation between the two parameters, however some 



Ph.D. Dissertation | Benjamin R. Watts | McMaster University | Engineering Physics 

40 

events were missed, like the one indicated by the small arrow on the plot.  The 

formed histograms showed excellent population characteristics and demonstrate 

that the microfabricated flow cell is a suitable replacement for conventional flow 

cytometery. 

 

 

Figure 1-28:  Results showing a 0.1 s segment of the 300 s run of light scattering and 

fluorescence emission bursts for 5.0×106 cfu/mL FITC-labeled bacteria E. coli DH5α at an 

average particles throughput of 350 particles/s, the asterisk (*) indicates a event detected by 

peak algorithm, and the arrow represents a event missed by this algorithm. Histograms for 

fluorescence emission and light scattering intensities collected from FITC-labeled bacteria E. 

coli DH5α.  Source:  Reprinted from reference 52. 

 A device that included a waveguide and a simple lens is shown in Figure 

1-29a).  This device was used in a simple scatter detection of blank polymer beads 

to try to detect a variety of sizes.  The results, shown in Figure 1-29b), 

demonstrate the ability of the devices to resolve populations of the various sized 

beads.  A range of particles from 2.8- to 9.1 μm in size were detected and decent 

CVs were detected – within the range of 25 to 30%. 
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Figure 1-29:  a) Picture of a microchip-based device that incorporates waveguides for 

excitation and collection with a microlens for intensity improvement.  B) Scatter histograms 

showing the performance of the device at different bead sizes – note the Gaussian fit and the 

double detections for larger sized beads and introduction of impurities.  Source:  Reprinted 

from reference 90. 

 As the devices can reliably detect bacteria, they can be deployed in counting 

functions in conjunction with other devices.  This has been demonstrated by the 

device shown in Figure 1-30.
47

  The packaged device incorporates two flow 

cytometers located before and after an electrophoresis separation chamber.  The 

devices incorporated inserted fibres for excitation and a simple free-space scheme 

for detection; it is clamped in order to provide a liquid-tight seal.  The function of 

the flow cytometry units in the device’s overall function was to measure the 

efficiency of the on-chip electrophoresis chamber to sort yeast cells.  Both units 

were able to differentiate between live and dead cells and log the events.  Both 

flow cytometry units also provided a very simple detection, presence/absence 

decision and therefore, no need for high quality beam geometry.  These units 

demonstrate a very rudimentary application, however, unless the detection 

reliability were increased – say through the addition of beam shaping on-chip – 

the devices would not suffice in higher level functionality or assay application. 
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Figure 1-30:  Picture of a microfluidic chip with capillary tubes used as inlet and outlet tubes 

and inserted fibres for the flow cytometer excitation.  A microscope objective is placed below 

the sample for detection and imaging purposes.  Source:  Reprinted from reference 47. 

 Very high level and performance devices have been shown and have 

demonstrated the ability of flow cytometers for adequate performance in a 

microchip-based platform.  Figure 1-31a) shows a device that incorporated the 

completely planar 3D hydrodynamic focusing method that was shown in Figure 

1-19b) – with a modification that included inserted fibres for excitation and 

detection – as seen in Figure 1-31b).
99

  This device was able to simulataneously 

collect 3 parameters: one fluorescence signal, and both the forward scatter and 

side scattered signals.  The device was tested using three different microspheres 

sizes.  Most importantly, this device utilized a high-quality single mode excitation 

source to control the divergence of the beam in the channel and limit the range of 

excitation intensities given to the specimens.  Reliable detection at excellent SNR 

was observed, however it was noted that a large variance in detection intensity 

was caused by variation of the particles within the excitation beam – partly due to 

hydrodynamic focusing that could have been tighter.  This work concluded that 

the performance could have been improved through tighter focusing of the 

sample, or a better beam quality.  Tighter hydrodynamic focusing isn’t always 

possible due to the complexities of fluid flow. 



Ph.D. Dissertation | Benjamin R. Watts | McMaster University | Engineering Physics 

43 

 

Figure 1-31:  a) Microchip-based device that incorporates 3D planar hydrodynamic focusing 

with inserted fibres for excitation and collection.  b) Fluorescent image showing the focused 

stream of dye and inserted fibres.  c) data from three simultaneous measured parameters: 

fluorescence, forward scatter and side scatter.  Source:  Reprinted from reference 99.   

 One such microchip-based device has even been deployed to characterize 

several different species of marine algae.  The device, shown in Figure 1-32a), has 

inserted fibres to excite with two different wavelengths: 532nm and 404nm.
75

  

This device also simultaneously collected the two wavelengths of fluorescent light 

from cellular structures containing phycoerythrin and chlorophyll.  These two 

structures are naturally fluorescent and the specific quantities of fluorescent light 

will allow quantification of each of the cellular structure within, and thereby, 

conclusions can be made of the particular species and its relative characteristics of 

the cell within that population.  Results depicted in Figure 1-32b) shows scatter 

plots for four different species of algae based off the quantities of fluorescence.  

Each scatter plot is a type of signature that can be used to identify different 

species in future tests. 

 The architecture of the device allows quick testing.  The fibres allow quick 

removal from lasers and detectors and to swap in a new chip if the old one 

happens to clog allowing a plug and play format.  This device also used the 
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micro-weir structures mentioned in Figure 1-19a) to help increase the reliability 

of detection.  Again, single mode fibres and a high quality laser source was used 

to control the divergence and deterioration of the beam as it traversed the channel. 

 

Figure 1-32:  a) picture of a microchip-based device with inserted fibres and a micro-weir 

structure for 3D hydrodynamic focusing. b) scatter plots comparing fluorescence from 

chlorophyll and phycoerythrin showing distinct populations for four different species of 

algae.  Source:  Reprinted from reference 75.  

 Another practical application of a microchip-based device was the 

demonstration of the devices ability to detect a harmful bacterial species in milk 

samples.
100

  A device was deployed to successfully detect lysteria monocytogenes 

using a commercially available microchip based system.  This system was noted 

to have immediate application in safety and security monitoring and food quality 

inspections. 

1.2.3.2 Point-of-care medicine 

Point-of-care (POC) medical applications have been cited as one of the most important and 

far reaching applications for LOC devices.
101,102,103,104

  A study (review) was undertaken to 

show the applicability of mircofluidic flow cytometers as a portable haematology analyzer.
105

  

The proposed device should serve as a device that is able to perform a complete blood count 

(CBC) – ie. differentiate and count all the different components found in a sample of blood. 

CBCs are used to diagnose many conditions as seen in  

Table 1-2. 

 

Table 1-2:  Type of CBC done and the diagnosis attributed to the count. 
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 This study also pointed out that all patients in an emergency room (ER) 

undergo at least one CBC test via a bulky and expensive machine.  This is a 

cumbersome and time sensitive procedure that is not best suited for the 

environment typically found in an ER.  The ability to analyze blood samples with 

little to no preparation in an inexpensive and portable device is of immense value 

to medical professionals – in an ER or otherwise.  A fast readout and immediate 

diagnosis at the patient’s side would revolutionize the quality of care and the 

effectiveness of treatments. 

 Other specific POC applications, such as CD4 T-lymphocyte counting,
106

 

would enable a valuable tool to help to control could provide the necessary tool to 

help eliminate HIV in areas where it is an uncontrolled epidemic.  Such a portable 

and inexpensive device would also serve to increase the level of treatment in 

developed countries.  Ths work indicated that the technology is making the 

applications possible, however there has only been one success to date.
107

 

 A device that facilitates flow cytometric based immunopheontyping would 

allow immediate and constant monitoring of states of leukemia.
108

  This would be 

of immense value in cancer treatments as it would facilitate continuous and 

inexpensive monitoring of residual disease – an important feature of effective 

cancer treatment.  An up-to-date and exact picture of the state of the immune 

system, as provided by a flow cytometric analysis, would help medical 

professionals target treatments to ensure effective and efficient treatment. 
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 Numerous other POC applications exist and have been proposed that range 

from clinical diagnostics, immunoassays, proteomics, and DNA sequencing and 

analysis.
35

 

1.2.3.3 Global Health Applications 

Microchip-based flow cytometry, due to the portability and inexpensive potential, 

have far reaching possibilities and application for revolutionizing health care in 

developing countries.  Currently, controlling the aids epidemic in Africa relies 

upon diagnostic methods based upon Polymerase Chain Reaction (PCR) methods, 

but real-time cell CD4 counts and determining the current viral load are very 

important details required for determining the most effective treatment options.
109

  

PCR-based methods are time-consuming, require large capital investment in 

equipment, and require trained operators to process and interpret results.  A 

microchip-based flow cytometer would provide the analysis capabilities desired 

while eliminating the roadblocks that are keeping current cytometers out of such 

applications. 

 Current flow cytometer options for developing nations ravaged by epidemics 

have costs that are approximately $10 USD or more per test plus an initial 

investment of over $20,000 for a dedicated flow cytometer machine that could 

perform about 250 tests/day.
110

  Operating parameters like these are a step in the 

right direction for creating a feasible machine – and are well within the affordable 

metrics by North American standards - however, these machines are still very 

expensive, not portable, and also require a skilled and dedicated technician – all 

options that are not always feasible in resource-poor settings. 

 Recently a study concluded that a cheap and efficient method for diagnosing 

communicable diseases would have the largest effect on the health of individual 

in developing nations.
111

  This study also listed ten other technologies that would 

have a significant impact on the health of individuals in these resource-poor 

nations.  The capabilities of flow cytometery or a microchip-based version would 



Ph.D. Dissertation | Benjamin R. Watts | McMaster University | Engineering Physics 

47 

be applicable to six of the ten technologies listed.  No doubt that a photonic 

integrated microchip-based cytometer has the potential to meet the needs of 

global health needs with a device that drastically reduces costs while allowing a 

portable and durable device.  Such a device would be simple to use and allow 

plug-and-play capabilities with specificity of detection on-chip, thus reducing the 

costs of any initial capital expenses.  The are no such devices functioning in these 

applications as of yet as the reliability of detection from the on-chip optics has not 

been demonstrated to serve as a reliable means of detection that can rival 

conventional methods. 

1.2.3.4 On-line Sensing and Monitoring 

Environmental-based applications of microchip-based flow cytometers has been 

mentioned earlier in this work, however the devices that served these applications 

were laboratory based operated by a skilled technician.  A real advantage to 

environmental applications would be a device that could be easily deployed in the 

field and operated remotely.  If the function of the device is run in a continuous 

manner, and if the data were fed to a central command station, then these devices 

could create new applications allowing very powerful on-line sensing or 

monitoring functions.  The small size of devices would ensure they could fit in 

small areas such as in water pipes or air ducts.  The small size of the device also 

ensures the power consumption is reduced meaning that battery power is feasible 

– a necessity for in-the-field deployment.  Monitoring real-time would allow 

timely and effective decisions to be made to locate the source of a potential 

problem and apply an efficient remedy before it develops into a large scale 

problem. 

1.3 Research Objectives 

The overall goal of this research was to expand the current level of functionality 

of microchip-based flow cytometer devices to a point where they have reliable 

enough analysis capabilities to actually be used in POC or remote applications.  
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Through careful simulation, design, and fabrication, integrated optics are 

developed for introducing excitation light and achieving a beam shaping function 

on-chip to develop a system that is compact, low-cost and reliable. 

 As many of the devices described above did not deploy beam shaping on-chip 

this was one area that was defined early on as an avenue which would allow 

improvement of the operation of the devices.  The lens systems used up until this 

work was proposed only served a simple function: to increase intensity at the 

point of interrogation or minimize losses of the beam and increase efficiency of 

the optics.  However, conventional cytometry has long used beam shaping as a 

key element that allows the CV’s of conventional cytometers to be extremely low 

and thus, allow accurate population-based conclusions to be drawn. 

 Many of the devices cited in the literature have focused on the ‘tuneability’ or 

flexibility of devices.  Essentially much effort has been on creating a device that 

is able to perform many functions or assays in a device that is reuseable.  These 

devices still rely on high-quality beam from single-mode sources – a direct barrier 

to many LOC and POC applications as it incurs large costs - something that goes 

against the niche of POC and LOC devices.  Furthermore, a reusable device is a 

completely unnecessary function with the current manufacturing technology – 

economies of scale allow many devices to be made very inexpensively thus 

allowing many one-time use units that will lower the cost/test and eliminate 

problems should one fail or clog. 

 With this in mind, the aim of this work was to boost the reliability of 

detection, and thus performance of devices, by using on-chip integrated optics to 

tailor the beam to a particular optical geometry that leads specimen interrogation 

to excellent detection reliability.  Furthermore, the device’s reliance on a high-

quality source must be relieved as POC and LOC based applications will demand 

low-cost and low energy components – especially for remote and on-line 

applications. 
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 This work will attempt to apply integrated optics to collect testing signals to 

further create a compact the system, reduce system’s costs and operation costs via 

a completely alignment-free design, and make the system completely portable. 

 It is this low reliability of detection that has kept optically-integrated devices 

in simple counting and presence/absence applications in laboratory and bench-top 

settings and it is this gap from the current technology to the desired performance 

that this work will seek to bridge 

1.3.1 Proposal 

This work attempts to solve some major technical problems concerning integrated 

optical designs.  Through the integration of an input waveguide with a complex 

lens system into the same planar structure containing microchannels, the device 

will easily introduce an on-chip beam shaped excitation source of light into the 

channel for specimen interrogation.  The integrated on-chip lens system will be 

fabricated in a planar fashion with the microchannel allowing 2D control of the 

beam geometry.  These lenses will be designed to form different beam geometries 

in the channel; the geometries will form narrow beam waists in the channel to 

control the “time-of-flight” of particles and limit the double detections.  

Simultaneously, the lenses will tailor the intensity profile to form a uniform 

region of intensity in the flow direction – through the entire beam waist - and in 

the direction perpendicular to the flow in the plane of the chip; controlled through 

the system’s depth of focus.  This uniform intensity will ensure uniform excitation 

and more reliable detection shifting the cause of signal variance away from the 

system and to the specimen. 

 This work will attempt to succeed in moving the optical functionality of 

detection analyses to an on-chip platform in a seamlessly integrated fashion with 

the microchannel.  Through the integrated excitation optics, the proposed devices 

will remove the dependence on free-space components for excitation allowing 

simpler testing and function of devices.  Device designs will also allow a low-



Ph.D. Dissertation | Benjamin R. Watts | McMaster University | Engineering Physics 

50 

quality source to be used and achieve similar functionality to a device that uses a 

conventional single-mode beam as a source.  Through integration of waveguides 

into the device – in addition to those used in conjunction with the beam shaping 

function – devices will be able to achieve signal collection on-chip.  This further 

removes the devices dependence on free-space collection optics.  As a final 

device improvement, the designs will integrate a novel method for on-chip 

forward scatter detection with the inclusion of on-chip excitation optics that serve 

a beam shaping function.  This is an entirely new method for completing on-chip 

forward scatter collection. 

1.3.2 Focus 

The design of a microchip-based device are better suited for applications 

discussed above and will help the current level of devices achieve the next step to 

fill this application void.  The proposed optical lens systems will take great care to 

form a beam geometry whose intensity profile has been optimized for reliable 

detection.  This work will take into account the size of the specimen and target the 

beam – and application of the device - to that particular specimen.  As device 

designs have an emphasis towards applications that require devices that are cheap 

and disposable, designs were of a one-time use format and have this end use in 

mind.  Furthermore, miniaturization will allow many interrogations or analysis 

steps to be performed sequentially on one chip in one flow allowing multiplexing 

of analysis on chip.  Designs allow a low quality source, and reshaped this beam 

to better optical illumination intensity. 

 The work herein tuned the fabrication procedure to produce the best quality 

devices possible for applications.  Quality of devices was further improved 

through testing a more feasible and realistic packaging method to withstand the 

high pressures generated during operation. 

 Design of the device in this work approached the problem from a first-

principles based method.  Device design was broken up to consider each 
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component separately and integrate them one-by-one after simulation and 

understanding of the most optimal deployment and configuration of the device 

with other components. 

1.4 Contents of the thesis 

This thesis has been broken down into five chapters.  The first chapter – the 

current one – is an introduction to flow cytometry and microchip-based forms of 

flow cytometry and the applications and technical challenges and current gaps in 

this field.  The next three chapters contain the work performed to accomplish the 

proposed idea divided up into the logical compartments from conception to 

realization and evaluation.  Chapter 2, Device Design and Simulation, contains 

the simulations of the various designed devices and the resulting optimized device 

designs as well as covering the theory necessary to lead the reader through the 

logical progression of simulations to final device form.  Chapter 3, Device 

Fabrication and Testing, contains a summary of the work that lead to the details 

necessary to properly fabricate and test the devices while the methodology of 

analysis for evaluating devices is also presented.  The fourth chapter, Devices and 

Device Performance, contains the details and quality assurance inspections of the 

fabricated devices and the data obtained from the various testing and the 

evaluation of the data followed by a comparison to other similar devices listed in 

the literature.  The last chapter draws some conclusions, proposes improvements, 

and outline possible future work. 
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2 Device Design and Simulations 
The goal of this thesis is to produce a microchip-based flow cytometer that can 

mimic the functionality of a conventional cytometer – albeit for only a limited and 

specific function.  As such, the optical systems should be fabricated on the device 

and optimized to work in the new integrated planar fashion.  This ensures 

complete functionality of a portable device without sacrifice to analytical 

capabilities.  This chapter discusses the theory behind the basic components used 

to create the device and then uses the theory to build these basic components and 

integrate them together in a logical order.  The components are simulated one-by-

one to understand performance and allow optimal integration together.  Final 

simulations are used to guide the overall design and function of the devices. 

2.1 Theory 

The theory presented here will give the reader an intuitive understanding of the 

function of the device’s components.  This treatment is by no means exhaustive; a 

full understanding of optical theory is not necessary to understand the device 

function and to make connections between device structure and performance.  

However, with a greater understanding of optical theory comes a greater 

optimization and understanding of device function. 

2.1.1 Waveguide propagation 

When an electromagnetic (EM) wave encounters a discontinuity in the refractive 

index of a medium the wave reflects and transmits according to the Fresnel 

relations.  In the geometric ray approximation, we don’t need to consider the 

polarization of the light, as the distances covered from propagation are many 

wavelengths in length.  Thus, the light is represented by a straight line called a 

ray. 

 At the interface of an index discontinuity, the transmitted ray angle is 

governed by Snell’s law, which depends on the indices of the two medium and is 

given in Equation 2-1. 
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Equation 2-1:  Snell's Law. 

 Figure 2-1 illustrates this situation where a ray is incident at a discontinuity 

and shows the two resulting rays: the reflected (black) and transmitted (red) ray.  

In this case the initial index, n1, is greater than the outside index, n2.  Figure 2-1a) 

shows that the incident ray has a reflected component with an angle equal to the 

angle of incidence.  The transmitted ray’s angle is determined by Snell’s Law - 

also shown in Figure 2-1a).  At a certain angle – dubbed the critical angle – the 

solution to Snell’s Law shows a transmitted angle of 90º.  This situation is shown 

in Figure 2-1b).  The critical angle, θc, is given by Equation 2-2. 

 

Equation 2-2:  Equation to find the critical angle. 

At angles of incidence above this angle, there is no transmitted ray and all the 

incident light is confined within the incident material.  This situation is depicted 

in Figure 2-1c) and is called total internal reflection (TIR).  Note that this 

situation only occurs if the initial material has a higher index than the second 

material. 

 

Figure 2-1:  Diagram showing a light ray incident at a discontinuity and illustrating Snell’s 

law and the total internal reflection at:  a) below the critical angle, b) at the critical angle, 

and c) above the critical angle. 
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 By sandwiching a slab of a high index material between two lower index 

materials a beam of light that is initially incident above the critical angle will be 

confined within the material as the light will bounce back and forth between the 

high index material’s boundaries.  Due to a portion of the ray vector pointing in a 

direction parallel to the boundary, this will cause the light to propagate down the 

material as a result of the light bouncing back and forth between boundaries.  This 

structure is called a waveguide.  This high index material that confines the beam 

is called the core of a waveguide while the flanking lower index regions are called 

the cladding.  The configuration of a planar slab of material sandwiched between 

two planar cladding layers forms a waveguide that confines the light in one 

dimension, due to the light only being confined within a plane, but it can easily be 

extended to a two dimensional confinement by forming a one dimensional strip of 

material to confine the light in a line.  This is the structure that is the basis that 

forms all optical fibres and waveguides. 

2.1.1.1 Multi-Modal Propagation 

Just because a ray has an angle of propagation that will mean the angle of 

incidence is above the critical angle at the core’s boundaries does not mean that 

the ray will propagate in the waveguide.  In fact, not all rays are allowed to 

propagate within a waveguide, they must meet a criterion.  As many rays are 

bouncing around inside the core, many will cause destructive interference.  

Setting up a boundary value problem will derive solutions of the wave equation 

that will specify the intensity profiles of the allowed with the waveguide.  The 

solutions, called modes, form all the wave solutions to the boundary value 

problem with the index profile specified by the geometry of the waveguide.  

There are typically many solutions – especially if the waveguide width is much 

larger than the wavelength of light – and each solution is one of a typical Eigen 

value problem.  Each mode consists of a collection of rays that form a stable 

intensity profile of propagation, ie. the rays that define a specific mode interfere 

to form a steady state intensity profile that then propagates down the length of the 
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waveguide.  The lowest Eigen value is the fundamental mode of the waveguide 

and forms the simplest solution, usually forming a two dimensional Gaussian 

profile.  Any other modes that form solutions of this boundary value problem 

indicate that the waveguide is multimodal in nature and will have a much more 

complicated intensity profiles. 

  

Figure 2-2:  Picture showing the condition that propagating rays must satisfy in order to 

form a mode.  The rays must constructively interfere to form a stable image within the 

guide.  Source:  a) Reprinted from reference 112. 

 From a geometric optics point of view, the condition to form a mode is much 

simpler.  The picture shown in Figure 2-2 depicts a ray of light propagating within 

a simple slab waveguide.  This ray is incident at the top surface, at A, and 

propagates to the bottom surface at B, where it reflects and propagates to the top 

surface again in a direction that is parallel to the path that it traveled before it was 

incident at A.  If a line is drawn perpendicular from the propagation direction, a 

wavefront is represented by a plane wave that propagates in the waveguide.  This 

wavefront is represented by the line segment AC.  This wavefront must be 

maintained in order for a stable propagation of light down the waveguide.
112

  This 

means that the round trip from ABC must be an integer value of 2π of the 

wavelength.  This forms a stable image – called the beam intensity profile - in the 

waveguide.  This formed image then propagates down the waveguide.  The higher 

the order of the mode, the higher the angle of propagation in the waveguide.  Any 

rays that don’t meet this criterion are not coupled into the waveguide because they 

will destructively interfere with one another and are thus considered losses.  If the 

waveguide can accept many modes this means that more light rays that can be 
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accepted into the waveguide and thus a higher power of light can be carried 

within the waveguide.  As single mode waveguides only accept first mode – the 

fundamental mode - this means that they have a very selective coupling condition 

due to the restriction on acceptable ray angles.  Therefore, the waveguide will 

have a high coupling loss. 

 Given that many different beam profiles are combined to form a beam image 

within a waveguide, a multimodal beam has a very unpredictable and messy beam 

intensity profile.  Figure 2-3a) shows a couple of mode profiles for a cylindrical 

coordinate system.  The ‘l’ and ‘m’ values are the Eigen values of the wave 

equation solutions for the angular and radial coordinates, respectively.  Note that 

the solutions are periodic in the direction of the coordinate.  Ie. the Eigen value 

indicates the number of oscillations that occur over the coordinate’s direction in 

the sinusoidal wave solution.  An ‘m’ value of 2 means that there are two rings; 

whereas an ‘l’ value of 2 means that there are 4 lobes.  Figure 2-3b) shows mode 

profiles in a rectangular coordinate system from a rectangular waveguide.  Again, 

the numbers in the subscripts represent the number of zero crossings in the cosine 

intensity profile solutions.  So, efficient coupling between a fibre and waveguide 

would require mode profiles to match; any mismatch is a significant source of 

loss in the coupling from one waveguide to the other. 

 

Figure 2-3:  Mode profiles for a) cylindrical waveguide geometry, and b) rectangular 

waveguide geometry.  Source:  a) Reprinted from reference 113, b) reprinted from reference 

114. 
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 As mentioned earlier, a single mode beams will have a two dimensional 

Gaussian profile; ie. a very intense central region with diminishing intensity as the 

distance from the centre increase.  The combination of many higher order modes 

will form profile that is approximated by a Super Gaussian.  The equation that 

describes a typical super Gaussian profile is given by Equation 2-3. 
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Equation 2-3:  Equation describing the intensity profile for a Super-Gaussian profile. 

Io is the on-axis intensity, r is the radial coordinate, ωb is the waist at 1/e
2
 

intensity, and N is the order of the Super Gaussian.  Note that if N = 2 then a 

normal Gaussian curve is obtained.  Typically with a multimodal structure, N is 

greater than 10.  For an actual multimodal intensity profile, however, the intensity 

curve will not be as smooth as the prediction given in Equation 2-3. 

2.1.1.2 Numerical Aperture 

The numerical aperture (NA) is defined as the ability of the waveguide to accept 

divergent rays. It is a parameter that describes the largest angle of ray that is 

accepted by the waveguide facet based on the conditions of TIR within the 

waveguide.  A schematic of this is depicted in Figure 2-4.  To calculate the NA, 

one must first find the critical angle in the waveguide and translate it to the 

maximum acceptance angle at the facet of the waveguide.  This is now the 

maximum angle at which a ray can be incident on the waveguide facet and still be 

confined within the waveguide.  This angle in fact defines a cone of ray that can 

be accepted given that the waveguide has cylindrical symmetry.  Equation 2-4 

shows how to calculate the NA of a waveguide. 

 sin22 nnnNA cladcore  

Equation 2-4:  Definition of the numerical aperture of a waveguide 

 The NA can be calculated from only the knowledge of the indices of the core, 

ncore, and cladding, nclad, materials.  The NA is an important parameter on the 



Ph.D. Dissertation | Benjamin R. Watts | McMaster University | Engineering Physics 

58 

input side of a waveguide as it defines the acceptance angle, but it is also 

important on the output side as well.  The NA defines the divergence of the beam 

as it exits a waveguide.  The larger the NA, the more divergent the beam as it 

exits the waveguide.  Typically, this divergence is the same as the beam that is 

injected into the waveguide given that the waveguide properties do not change. 

 

Figure 2-4:  A drawing showing the definition of the NA for a waveguide.  The angle of the 

acceptance cone of rays is determined by the critical angle between the index difference of 

the core and cladding.  Source:  Reprinted from reference 115. 

2.1.1.2.1 Solid Angle 

 When discussing a divergent beam, it is useful to discuss the solid angle that 

this divergence sweeps out in free-space.  The cone of divergent rays from a 

waveguide is approximated by assuming the divergent beam originates from a 

single point.  The solid angle defines how much of a solid sphere the beam covers 

assuming the ideal beam propagates as an isotropic spherical wave.  The solid 

angle is the 3D extension of how an angle defines a portion of a circle in 2D.  The 

solid angle is derived from the differential volume element in spherical 

coordinates with all proportionality to the radius removed.  The solid angle 

doesn’t change as one move closer/further from the origin given that the 

divergence angle of the rays doesn’t change.  Calculating the solid angle is done 

via the definition given by Equation 2-5, where θ is the azimuth angle and φ is the 

polar angle relative to a fixed zenith (typically the optical axis).  The limits of the 

azimuth angle are between 0 and 2π while the limits of the polar angle are 

between 0 and π 
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Equation 2-5:  Definition of solid angle. 
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Using the maximum limits, the maximum value of the solid angle, ie. the solid 

angle of a solid sphere, is 4π, indicating complete filling of free-space. 

2.1.1.2.2 Collection Waveguides and Collection Efficiency 

The solid angle can be used to describe a cone of rays emanating from a point 

while the NA defines the maximum cone of rays that can be collected by a 

waveguide.  The NA of a waveguide can be expressed as a solid angle if the 

maximum angle of acceptance defined by the NA is used as the limits of 

integration in Equation 2-5.  This solid angle is called ΩNA.  The location of the 

point source can affect the collection efficiency – as indicated by the picture in 

Figure 2-5.  Assuming a point source is emitting a cone of rays defined by some 

maximum angle, Ωx, the cone of rays will spread according to the angle as it 

propagates and increases the surface area the beam covers.  If the surface area of 

the light is smaller than the waveguide facet, all rays can be coupled to the 

waveguide.  A maximum distance is reached, at the point indicated A in Figure 

2-5, where the surface area of the cone of rays is equal to the waveguide facet 

dimensions.  By matching the cone of rays with the geometry of the waveguide 

facet one can ensure complete collection of the all emitted rays.  Any longer of a 

distance between the waveguide and the point source, say at B in Figure 2-5, the 

cone of collectable rays is larger than the facet and the coupling efficiency will be 

decreased.  This is due to rays that are within the confines of the definition of the 

NA and not being coupled due to them physically missing the waveguide facet – 

as given by the yellow portion of the cone in Figure 2-5. 

 Now, point A is defined by the source or the NA of the waveguide, depending 

on the solid angle of each.  If ΩNA is less than Ωx, then the cone of rays emitted 

from the point source is larger than the cone of rays that is collectable by the 

waveguide – leading to unavoidable losses due to the limited NA of the 

waveguide.  The coupling efficiency is not source limited and can only be 

controlled through increasing the NA of the waveguide through a larger index 

contrast, if possible. The point source must be within the distance A which is 
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defined by the NA of the waveguide; even if the surface area of the emitted rays is 

smaller than the facet dimensions, significant losses will still be sustained through 

losses from rays not meeting conditions for TIR.  In the other case, where ΩNA is 

greater than Ωx, then the cone of rays from the source is smaller than the cone 

defined by the waveguide’s NA.  This means that collection is source limited 

meaning that the point source is the determinant of how much light is collected.  

Increasing the waveguide’s NA won’t increase collection efficiency.  The 

maximum point, A, is defined by the distance where the diverging source will 

match the waveguide facet’s geometry.  This example should clearly show how 

the smaller cone of rays will indicate which feature will limit the efficiency.  

Obviously, at a large enough distance, one will be beyond the maximum defined 

distance, A for both the waveguide definition and source definition. 

 

Figure 2-5:  Picture showing how a point source's position relative to the waveguide facet 

can affect the collection efficiency at the maximum distance, A, and an inefficient distance, 

B. 

 To define the collection efficiency, one must divide the solid angle of 

collected light by the solid angle defined by source.  One should use the solid 

angle of the collected light as it may be smaller than the solid angle defined by the 

NA of the waveguide.  This is the typical situation when ΩNA is greater than Ωx.  

This value is expressed as a percent and indicates the capability of the device to 

collect all the available light. 
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2.1.2 Refractive Optics 

Using a curved surface allows for focusing effects of the light to be possible as 

the refraction at each point along the curved surface is controlled to send the light 

to a common point.  Using lenses allows normally divergent light from the output 

of the waveguide to be focused to a common point.  This at least allows for 

control of the beam divergence defined by the waveguide’s NA. 

2.1.2.1 Lens Equations 

The focusing effect of a lens is described by the thin lens equation after a few 

approximations are made.  The first is that the distance that the ray propagates is 

much larger than the wavelength of the light.  The second approximation is that 

the lens is thin enough that any propagation through bulk material of the lens 

system can be ignored - with respect to normal propagation distances, ie. the ray 

exits the lens at the same radial position as it entered.  Lastly, and most important, 

is that the majority of rays are paraxial, ie. close to the beam axis.  As the beam 

makes an angle, θ, with the lens normal three approximations can be made: sinθ 

as θ, cosθ as 1, and tanθ as θ.  This is only true if θ is small. 

 The thin lens approximation leads to a simple equation to relate the image 

distance and object distance to the focal length of the lens, given in Equation 

2-6a).  The full definition relating the radii of the curved surface and the index of 

the material is given in Equation 2-6b). 
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Equation 2-6:  a) Thin lens equation.  b) Full equation for lens consisting of different radii on 

each side. 

 From the equations in Equation 2-6, s is the object distance to the lens, s’ is 

the image distance to the lens, f is the focal length of the lens (system), n1 is the 

ambient index (commonly air, so equal to 1), n2 is the index of the lens material, 

R1 is the radius of the front surface of the lens, and R2 is the radius of the second 

surface of the lens. 
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 A typical thin lens is depicted in Figure 2-6 where a simple object, RO, forms 

an image RI.  The object has simple rays departing it and they are traced through 

the lens.  The focal points are depicted along with the image and object distances.  

The focal length of a lens is defined as the image distance of an object at an 

infinite distance to the lens. 

 Again, much like a waveguide, a lens can be described by its NA.  A lens 

actually has two NAs; one each for the input and output side.  The input NA 

describes the maximum divergence of the light that can be collected by the 

system, and thus the collection efficiency.  The image NA describes the 

divergence of the cone or rays that are emitted by the lens system.  The definitions 

of the NA can be reversed if the direction of the rays through the system is 

reversed. 

 

Figure 2-6:  Simple schematic of a thin lens showing how rays propagate through from the 

object, RO, and form an image, RI.  Source:  Reprinted from reference 112. 

2.1.2.2 Compound Lens Systems 

When one or more lenses are used in very quick succession, it is cumbersome to 

constantly use either of Equation 2-6a) or b).  Furthermore, the process becomes 

very complicated due to the sign convention attached with the relative position to 

the object and image with respect to the lens.  A simplified method, called the 

matrix method, allows a quick analysis of lens systems’ effect on propagating 

rays though the entire system.  The system has the ability to describe every ray in 

the system by the radial component, y, and the angular component, α.  The 
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generalization of describing these rays is shown in Figure 2-7; every ray can be 

described the same way.  A single radial and angular component provides a 

description for a group of rays in one direction or originating from the same radial 

location. 

 

Figure 2-7:  Picture showing how a ray is depicted by the radial angular components for the 

matrix method.  Source:  Reprinted from reference 112. 

 With the rays described by the two-component matrix, the rays then can have 

operations preformed on them that alter the ray components based on the 

individual refractive components in the system.  Each surface element can be 

described by a subsequent matrix, called the ray transfer matrix.  The 

multiplication of the input rays and the matrix produces a new ray matrix that 

describes the altered rays.  As each subsequent ray transfer matrix multiplies with 

the previous ray transfer matrix and the ray matrix before that, a single ray 

transfer matrix can be formed for an entire system by multiplying the ray transfer 

matrix for each surface element.  A simple example of this process is shown by 

Equation 2-7a). 

 

Equation 2-7:  a) Matrix method for the propagation through a thick lens with b) the detail 

matrices for a thick lens and c) the approximation for the thin lens.  Source:  Reprinted from 

reference 112. 
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 A translation matrix, where the ray does not pass through any refracting 

elements, is the simplest matrix to describe.  This matrix is described by the initial 

y and adding to it the angle multiplied by the distance travelled; the angle remains 

unchanged.  An example of this matrix is given by the middle ray transfer matrix 

in Equation 2-7b).  Again, this assumes very small angles of propagation as per 

the approximations made in 2.1.2.1.  The refraction of the rays at a curved surface 

are found by splitting up Equation 2-6b) and separately applying it for the front 

and rear surfaces.  The y component remains unchanged, but the angle is altered.  

The resulting matrices are shown as the first and last matrices in Equation 2-7b) 

and c).  The entire process from Equation 2-7b) is for a thick lens, as the two 

refractive surfaces have a translation matrix inserted between them.  Equation 

2-7c) gives the complete description for a thin lens as the translation equation is 

for a distance of zero, as the value for t is zero. 

 The situation of a ray propagating through a thick lens is described 

pictographically in Figure 2-8.  As indicated in Equation 2-7, there are two 

matrices required for each spherical refracting surface, each sandwiching a 

translation matrix. 

 

Figure 2-8:  A ray propagating through a thick lens.  The parameters concerned with the 

matrix method are shown in the figure.  Source:  Reprinted from reference 112. 
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2.1.2.3 Aberration Considerations 

The lens equations discussed earlier were derived using the approximation that 

the rays were paraxial; ie. the angle between the ray and the lens surface normal is 

small.  Outside of this paraxial regime this approximation and the corresponding 

lens equations break down and the predictions are inaccurate.  Figure 2-9 depicts 

the difference between the emerging wave fronts from a lens system; one 

produced from the ideal paraxial approximation and another from the actual 

situation.  As expected, near the optical axis the two wave fronts are 

approximately the same.  The further away from the axis, the more deviation that 

appears between the prediction and actual situations.  The outer radial rays are 

outside of the paraxial approximation.  The resulting deviation from the two 

points on the wave fronts, A from the ideal and B from the actual wave front, is a 

shift in the lateral dimension of the formed image, from I to S. 

 

Figure 2-9:  Picture depicting how the prediction of a refracted wave front breaks down 

outside of the paraxial approximation. 

 These deviations from the predicted performance of the lens equations are 

know as image aberrations.  Of the five aberrations that exist, this work will only 

be affected by two: coma and spherical aberrations. 

2.1.2.3.1 Spherical Aberration 

Spherical aberrations are caused by non-paraxial rays and the break down of the 

approximation in the lens equations above.  Spherical aberrations are unique in 
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that they do not depend on the height position in the object plane meaning that 

spherical aberrations exist even for objects on the optical axis.  A schematic of 

spherical aberration is shown in Figure 2-10 indicating that the aberration is due 

to the extreme rays forming an image that is shifted along the optical axis.  

Extreme rays at the edges of the lens are focused at a point E instead of at the 

ideal point I.  At some point, M, there will be a ‘best focus’ where the blur from 

the rays meets some sort of minimum tolerance. 

 

Figure 2-10:  Spherical aberrations due to non-paraxial rays and the shift along the optical 

axis of the image point from ideal, I, to M and E.  Source:  Reprinted from reference 112. 

 A typical solution to spherical aberration is adjusting the curvature of the lens 

at the larger radial coordinates.  This changes the lens from spherical, to elliptical, 

to parabolic, or hyperbolic.  This effectively changes the angle of incidence for 

extreme rays to allow the refraction to shift the ray so that they are bent to focus 

at the image spot. 

 

Equation 2-8:  Warping the sag, z, of the lens profile via a conic constant, k. 

 Commonly, and as is done in ZEMAX, a warping factor is included in the lens 

profile equation.  The lens surface then isn’t just expressed by a radius and thus 

allows other forms to be created.  The equation that is used by the lens design 

software ZEMAX is given in Equation 2-8.  The curvature is defined by z, the sag 
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of the lens, and is essentially the lateral distance between the lens surface and a 

plane that is normal to the optical axis at the point where the lens intersects the 

optical axis.  The parameter r is the radial coordinate; the distance perpendicular 

from the optical axis.  The curvature of the lens is defined by c and describes the 

underlying spherical nature of the lens.  The warping factor, k, is the conic 

constant, and is responsible for warping the surface away from the normal 

spherical nature.  The value of the conic constant and the effect it has on the shape 

of the lens is given in Table 2-1. 

Table 2-1:  Value of the conic constant and the shape of the lens surface. 

Value of the conic constant Surface shape 

k < -1 Hyperbolic 

k = -1 Parabolic 

-1 < k < 0 Elliptical 

k = 0 Spherical 

k > 0 Oblate Ellipse 

 Proper deployment of Equation 2-8 allows specific lens shapes to be deployed 

that can completely eliminate spherical aberrations.  In the case where it isn’t 

necessary to eliminate all aberration, it allows the control of the aberrations.  

Now, a design can direct these extreme rays to a different part of the image. 

2.1.2.3.2 Comatic Aberration 

Comatic aberrations are caused by the angle of the rays that intersect the lenses.  

As demonstrated in Figure 2-11a), the fan of rays that are focused by the lens 

have varying image points depending on the radial zone at which they intersect 

the lens.  The rays from this fan should all be focused to the point defined by the 

chief ray (the ray the passes through the centre of the lens).  As is evident from 

the figure, the further out the rays are from the centre of the lens, the higher the 

shift in the image point in the plane perpendicular to the beam axis.  In Figure 

2-11b) the effect comatic aberrations have on the image is described.  This image 

is for a 3D lens system that has spherical lenses.  Each circle is the image formed 

by a different radial zone of the lens.  The top of each circle is formed by the 
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tangential rays – shown in Figure 2-11a) – while the bottom of the circle is 

formed by the rays from the sagital plane – the plane that intersects the optical 

axis but is perpendicular to the plane shown in Figure 2-11a).  All other rays 

along the radial circle that links the tangential and sagital planes form these 

comatic circles in Figure 2-11b).  However, since this work will only deal with 

cylindrical lenses, only the tangential plane needs to be considered.  This still 

cases a smearing of the focal point of the rays in the image of Figure 2-11b). 

 

Figure 2-11:  a) Comatic effect from a lens.  b) The image formed from each zone of the lens 

formes a comatic circle; the top is from the tangential rays (in the plane of incidence) while 

the bottom of the circles are from the rays in the sagital dircetion (perpendicular to the 

plane of incidence in a)).  Source:  Reprinted from reference 112. 

 Comatic aberrations seem to have a demagnification effect as the extreme 

radial zones of the lens are considered – as evident by the increasing circle size of 

each comatic circle shown in Figure 2-11b).  This can be controlled by bending 

the extreme portions of a lens to fix the magnification.  Fortunately, comatic 

aberrations can be fixed in nearly the exact same way as spherical aberrations are 

fixed.  In simple systems, the aberrations are identically controlled by the same 

warping of the lens. 

2.1.2.4 Beam Width 

A propagating beam is typically described by two parameters: intensity, and the 

width.  Beam width has two common definitions: Full-width-at-half-max 

(FWHM), and 1/e
2
.  The FWHM is the width of the typically Gaussian profile 

between points where the intensity is at half the max value.  1/e
2
 width is 
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measured from the points on the typically Gaussian profile where the intensity 

drops to 1/e
2
 (or 0.135) of the maximum intensity.  Either definition will work 

depending on the application’s requirements. 

 When focusing a beam, the focused region is not an infinitesimally small 

region; it is an image of the beam with a contracted waist.  The waist is the width 

of the beam, but in the narrowest region.  This is shown Figure 2-12 as a beam is 

in the process of being focussed.  The beam parameters are given as: w0(z) is the 

beam width as a function of the axial position, z, w0 is the beam width at the point 

where the beam is most narrow, d0 is the position of the waist, zR is the Rayleigh 

range, and θ0 is the beam divergence - the angle of the cone of rays in the far 

field.  The Rayleigh range is defined as the distance from the beam waist where 

the beam area doubles in size.  This is an important parameter when the beam has 

a Gaussian profile. 

 

Figure 2-12:  Picture of a lens (system) focusing an input beam.  Important parameters are 

given. 

 After focusing – with large demagnification - one can see that the beam waist 

is compressed along with the depth of focus.  Also, the divergence increases and 

the distance to the lens decreases.  These relations can be described by the 

magnification of the system, M – which is defined by the image distance divided 

by the object distance.  The parameters of the new beam related to input beam’s 

parameters is summed up in Equation 2-10. 
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 a)  M = d1/d0 b)  w1 = M∙w0 c)  θ1 = θ0 / M 

Equation 2-9:  a) Definition of the Magnification, b) relation of the object and image beam 

waists, c) the relation between the object and image divergence angles. 

 When the input is from a waveguide, the waist is assumed to be the width of 

the waveguide while the divergence is defined by the NA.  The image formed 

would be an image of the waveguide facet.  The relation of the beam waist is 

given in Equation 2-10 as a function of the focal length of the overall lens system 

and the input parameters.  Again, the focal length of the lens system is the image 

distance for an infinite object distance. 

 

Equation 2-10:  Relation of the output beam waist with the input parameters and the focal 

length of the lens system. 

2.1.2.5 Depth of Focus 

In the previous section, the depth of field was noted as twice the Rayleigh range, 

zR.  The depth of focus is a parameter that has various definitions depending on 

the requirements of the imaging system.  Typically it is the distance over which 

the rays from a single point on the object will be within a defined area from one 

another in the image space.  Since rays won’t converge at an infinitesimally small 

point for imaging systems, this area is defined by a single pixel size or detector 

area.  zR is commonly quoted as the deptho of field because of the useful 

information that the beam area doubles over this distance.  As this work will not 

be as concerned with image quality, but instead forming a uniform region of 

intensity, the depth of focus will be defined as the length along the beam axis 

where the beam intensity is within 5% of the maximum beam intensity.  This 

forms a useful parameter as the only concern is forming a region where the 

intensity is uniform. 

2.1.3 Diffractive Optics 

Up until now, the optical theory presented has assumed that the distances the rays 

travel are much larger than the wavelength of the light.  This is a fair assumption 
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as the lens system’s dimensions are large.  Real EM waves have a wavelength and 

therefore are prone to interference effects.  This typically happens when the Airy 

disks from two adjacent points are too close to differentiate.  This is displayed in 

Figure 2-13 where the minimum allowable distance between two points is defined 

by the separation of the Airy discs.  This minimum distance can be calculated by 

the Rayleigh resolution criteria given by Equation 2-11.  This typically happens 

when the diameter of the aperture is comparable to the size of the wavelength. 

)
22.1

(minmin
D

ffx


   

Equation 2-11:  Rayleigh resolution criteria. 

 This equation uses the focal length of the image system, f, the divergence of 

the minimum resolvable points, θmin, the wavelength of the focused light, λ, and 

the diameter of the lens system, D. 

 

Figure 2-13:  The resolution of a lens system showing the resolution criteria based on the 

separation of the Airy disk.  Source:  Reprinted from reference 112. 

2.1.4 Particle dynamics 

The interaction of light and matter is of paramount importance when considering 

optical interrogation in a flow cytometric application.  Each different specimen’s 

characteristics will interact with the light differently.  Being able to detect this 
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certain specific interaction will allow unique conclusions about specimens to be 

made; ie. the specific optical signature is unique to the specific specimen. 

2.1.4.1 Scattering 

Scattering is the process where light is reflected off of a specimen’s features due 

to the index differences.  As the surface of such a small particle is not a plane 

surface, but instead a fractured, granular texture, there are many different points 

of reflection.  The resulting scattered light field appears random.  Scattering is a 

complex process that needs to account for all the different index contrasts in a 

specimen, and the different surface directions.  There are a couple of theories that 

use approximations to accurately describe the scattering of light. 

 Scattering is divided into two main categories based on the direction of the 

scattered light: forward and side scatter as depicted in Figure 1-11 and Figure 

1-12.  Two theories exist to describe scattering: Rayleigh and Mie.  As Rayleigh 

scattering is only applicable when particles are very small, it is not applicable for 

flow cytometric functions.  Mie scattering is simplified in this work as the only 

consideration was the bead size, thus the scattering is approximately propotional 

to the size.  The geometry of the beam, the direction of the rays, and the size of 

the specimen will have an effect on the amount and angle of scattered light. 

2.1.4.2 Fluorescence 

Fluorescence was briefly discussed earlier in section 1.1.2.1.  It is the 

fluorescence from a molecule with a specific absorption band that is attached to a 

specimen via a selective binding process.  Fluorescence light is generated via the 

electron relaxation through emission of a specific band of light.  As the 

fluorescence is only dependent on the intensity of the light that the particle is in, 

any slight deviations in the intensity of the emitted light will be directly 

proportional to the variation of intensity in the excitation field.  This leads to two 

main issues with fluorescence:  saturation and bleaching.  Photon saturation 

occurs when the intensity of the beam is so high that every molecule of the 
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fluorochrome is currently excited due to the finite lifetime the fluorochrome 

spends in the excited state.  Saturation is dependent on the relaxation time 

constant, τ.  An increase in the fluoresced intensity is only possible through the 

use of more fluorescent molecules or molecules with a shorter lifetime.  Thus, the 

maximum useful intensity of the excitation beam is found by:  

 the number of fluorochromes/area * τ / η = # of photons/area/s 

 Where η is the quantum efficiency ie. the probability of a photon being 

absorbed and resulting in a fluorescent emission.  Note: the photons must be of 

sufficient energy to promote the electron of the fluorochrome to an excited state.  

Thus, saturation sets an upper limit on the fluorescence intensity and thus, the 

useful excitation intensity; any increase in excitation intensity will not result in a 

further increase to fluorescence intensity.  This can be thought of as a maximum 

intensity to use and will allow for efficient operation as no wasted energy is 

placed into the excitation beam. 

 Photobleaching is when the fluorochome undergoes a destructive relaxation 

process whereby the chemical bonding of the fluorochome is changed and 

therefore, the molecule is no longer able to experience any excitation/relaxation 

cycles.  This is a statistical process where the more cycles the molecules 

experience, the more likely a photobleaching event is to occur.  Control of 

photobleaching is done through the length of exposure.  In a flow cytometric 

application a specimen typically spends too short of a time in the beam to undergo 

enough cycles to photobleach and thus, is typically not a concern in flow 

cytometry. 

 In contrast to scattering, when detecting fluorescence, it is not necessary to 

take the collection angle into consideration.  This is due to the direction of the 

light emitted being isotropic in nature and thus any collection angle on the chip 

should receive the same amount of light.  This is akin to setting a point source’s 

solid angle to 4π. 
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2.2 Device Design and Simulation 

To create a portable microchip-based flow cytometer the components for optical 

excitation and collection must be integrated onto the chip along with the 

microfluidics.  This included a waveguide to guide the light to the channel and a 

lens system to tune the beam shape in the channel.  For efficient and functional 

device operation careful consideration must be taken into the design and 

architecture of the device to ensure proper device function. 

2.2.1 Microchannels 

Devices incorporate a standard 3-branched structure for the microfluidic channel 

incorporating a sample inlet flanked by two sheath inputs to allow for 2D 

hydrodynamic focusing.  All fluids are removed from the chip via a single waste 

port.  Figure 2-14 shows a cartoon of the simple planar design.  This replaces the 

conventional flow cell and allows fluid handling for a free-space optical detection 

scheme. 

 

Figure 2-14:  Cartoon of a planar microfluidic channel network for hydrodynamic focusing 

of a sample fluid for flow cytometric analysis. 

2.2.2 Waveguide Introducing Excitation Light 

It is a necessity to deliver the light from an external source to the exact point of 

interrogation in the microchannel.  Typically, free-space optics are used to focus 

the light to the microchannel (see 1.2.1.2).  Integrating a waveguide on-chip with 

the channel, as shown by the red shaded area in Figure 2-15, allows a guided 

optical beam to be coupled onto the chip to ensure exact and precise optical 
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alignment with the channel that is permanent, portable, and sealed from external 

interference. 

 

Figure 2-15:  Cartoon depicting a waveguide integrated next to the planar microfluidic 

channel for on-chip light delivery to the samples. 

2.2.2.1 Waveguide 

When designing a waveguide it is important to take into consideration the 

multimodes and the NA situation described in sections 2.1.1.1 and 2.1.1.2.  In 

order for device in this work to remain simple and practical, devices are designed 

to use the same material to fabricate both channel wall and waveguide cores while 

using air as a side cladding for the waveguide.  A large index contrast between the 

SU-8 and air will ensure a large degree of optical confinement.  This will also 

create a large NA and very multimodal propagation.  For design purposes, an 

optical adhesive is considered as a cladding material.  This will improve structural 

stability and will help with sealing devices.  The adhesive is assumed to have an 

index of 1.52.  Assuming a second material for the cladding will also prove the 

flexibility and usefulness of the design process used herein.  Any combination of 

materials can be used for device structure given that the simulations and 

calculations presented from here on out have the indices of refraction updated and 

other design rules taken into account. 

 Coupling between the input source and waveguide must be efficient and 

simple to allow easy integration with a separate source.  A better overlap integral 

is possible between a fibre and waveguide if the intensity profiles of both sources 

are heavily multimodal.  The heavily multimodal profiles in both structures will 

ensure a large coupling efficiency due to a much larger overlap of allowed 
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intensity profiles, as discussed in section 2.1.1.1.  The large multimodal signal 

will also ensure a large input power. 

 To explore the coupling efficiency between the fibre and the waveguide, 

simulations were performed using beam propagation software.  This software is 

designed to propagate an input beam down a structure whose index profile can be 

set depending on the designed parameters.  By dividing the structure of the 

waveguide and surrounding up to a small grid, the software solves the wave 

equation at each point and uses solutions to solve for the next set of points step-

by-step.  This software keeps track of the phenomena generated by wavelength 

and polarization effects as the light propagates down the waveguide; specifically 

logging the interference effects of the many waves of light that are propagating in 

the waveguide simultaneously. 

 Figure 2-16 shows the simulation results using BeamPROP software from 

Rsoft.  This simulation explored the efficiency of the coupling between a fibre 

and a waveguide.  The program propagated light from a cylindrical waveguide 

and measured the amount of light that is coupled to a rectangular waveguide 50 

μm tall by 50 μm wide.  The results plot the coupling efficiency from the first 

mode of the fibre to the first mode of the waveguide, n.  The simulation also 

tracked the coupling efficiency from the n
th

 mode of the fibre to the previous, n-1, 

and next, n+1, modes in the waveguide.  The results shows that the coupling from 

the n
th

 mode in the fibre to the n
th

 mode of the waveguide drops as the mode 

number increases - due to the increasing mismatch of the geometry of the mode 

profiles between the fibre and waveguide.  The overall coupling efficiency, 

however, is maintained near perfect due to the neighbouring modes coupling the 

parts of the mode that do not overlap.  This simulation did not account for 

reflection losses at the facet interface, but they can be minimized via an index 

matching fluid. 
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Coupling Efficiency vs. Mode @628nm
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Figure 2-16:  Simulation results of the coupling efficiency from a circular fibre profile to a 

rectangular waveguide profile.  The diameter of the fibre matches the dimension of the 

waveguide.  Coupling is lost from one mode, n, into the neighbouring modes n-1 and n+1. 

 As seen from the simulation results, this is a very relaxed coupling condition 

as the flexibility of the intensity profiles allows lots of options for the light to 

couple into.  This will relax the coupling condition from a testing stand point to 

allow practical coupling and thus reduce the need for a high quality light source. 

 

Figure 2-17:  Beam profile from the output of the pigtailed laser diode.  Cross-section plots 

show the super Gaussian nature of the beam; a shape that is preserved within the channel. 

 All these conditions on the waveguide are necessary as they will allow simple 

function with a low quality source.  However, a low-quality source – such as an 

input from a multimodal source – can have an uneven intensity distribution.  The 

cross-section measurement of the intensity profile from the multimodal laser 

source used in this work is shown in Figure 2-17.  The beam shape is 
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approximately the shape of a super Gaussian beam, however, it has a much more 

uneven intensity profile.  This is a problem that some previous groups have 

encountered, the solution to which will be discussed in detail later in section 

2.2.3. 

2.2.2.2 Waveguide Integration with Microchannel 

Due to the multimodal nature and large NA of the waveguide, the beam will 

spread as it hits the channel wall due to the loss of the lateral confinement from 

the lack of the cladding layer, and again as it enters the channel.  The width of the 

wall and channel will allow the divergent beam to spread even further depending 

on the overall length.  The calculated NA of the SU-8/air core/cladding 

waveguide is 1.24 and means the waveguide will eject a beam with maximum 

divergence half angle of 51.2º and 68.8º in the SU-8 and then in water, 

respectively.  This also means that the waveguide should confine any light 

incident on it in an ambient of air - even glancing angles.  This means that as the 

light exits the waveguide and propagates to the excitation point, it will be very 

large. 

 

Figure 2-18:  Beam spreading from the waveguide.  The beam diverges significantly as it 

propagates to the channel. 
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 This situation is shown in Figure 2-18 as a schematic depicts a beam exiting a 

high NA waveguide.  For this work, a beam with an NA of 0.22 is injected to the 

waveguide as that is the NA of the waveguide that is coupled from the source 

used in this work.  The beam spreads according to the angle specified by the NA 

of the beam.  Figure 2-18 only depicts the very extreme rays that would be ejected 

from such a waveguide; all other rays will propagate in a similar fashion, but this 

work is only interested in the space in which the beam can be confined, thus only 

the extreme rays should be considered.  The beam diverges with a half angle of 

7.95º in the SU-8 using Equation 2-4, and then it refracts to 9.52º in water – 

according Snell’s law in Equation 2-1.  At these angles, the beam will spread 

approximately 11 μm in each direction; 7 μm in the SU-8 and 4 μm in the water.  

Once the 50 μm wide waveguide facet is included, the beam will span 72 μm at 

the  point where the beam crosses the sample stream (the sample plane in Figure 

2-18). 

 This can be problematic for detection due to an uneven beam profile that 

occurs as the intensity spreads.  A wide intensity profile also drastically increases 

the rate of double detections due to the larger area covered by the beam.  The 

intensity of such an injection scheme will be poor for performance as such a small 

portion of the beam is used for excitation at any given moment leading to much 

smaller detection intensity.  One could limit the divergence or beam width by 

employing a single-mode beam for excitation.  A single-mode beam will still 

diverge but allows a smaller core waveguide.  Use of the single-mode beam for 

exication is desireable to avoid for reasons stated in section 1.3.  Essentially, 

devices for LOC and POC application need to use a lower quality source. 

 Using a device that employs a narrow wall and channel width can limit the 

amount of beam divergence, however these widths are constrained.  The 

minimum requirement for a channel wall width exists in order to allow for 

sufficient material to form a channel wall to allow for fluid confinement and 

sealing.  The mimimum requirement for a channel width is needed to allow for a 
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sufficient channel cross-section to prevent clogging due to particles being jammed 

in the sample flow. 

2.2.3 Lens Systems 

Conventional cytometry uses a single mode beam and narrow hydrodynamic 

focusing to ensure that optical excitation of particles is uniform.  As explained in 

2.2.2.2, the input from a waveguide allows almost no control over the geometry of 

the beam.  Therefore, design of the microfluidic chips must have an integrated 

method that will increase the uniformity of optical geometry for excitation.  

Furthermore, the goal of these devices is to ensure functional device operation 

with a simple and inexpensive low quality source.  A complex lens system of 2D 

lenses can be integrated with the waveguide at the channel wall to ensure optimal 

delivery and beam control in the channel, as shown via the substituted red shaded 

region in Figure 2-19. 

 

Figure 2-19:  Cartoon showing the intergration of a lens system with the waveguide to 

control the beam in the channel. 

These designs were accomplished using ZEMAX - software that is used to 

simulate and design complex lens systems that can use many different materials 

and structures.  The simulation of rays through the lens design relies on geometric 

optics but does not make the paraxial approximations discussed in section 2.1.2.1 

that are used to form lens equations in Equation 2-6.  This means that the 

aberrations discussed in section 2.1.2.3 appear and ZEMAX allows the user to 

alter the lens designs to correct or control these aberrations.  The ZEMAX 

simulations can deviate slightly from actual results due to diffraction, and, at the 
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length scales typical in microfluidics, the diffraction limit can become an issue 

that ZEMAX will have to account for. 

2.2.3.1 Particle-Beam Interaction 

The importance of beam shaping has been stated many times so far in this work.  

While a waveguide can precisely deliver the light to the channel, a lens system 

can shape it to a geometry within the channel that can improve the detection 

reliability. 

 When shaping the beam it is necessary to form a region of intensity that will 

provide uniform excitation to particles regardless of position in the channel.  

Furthermore, the goal of beam shaping is to form a region of uniform width to 

ensure that the detected pulses from the particles have a uniform width.  With a 

reliable pulse duration, a second parameter is available to be measured; the area 

under the pulse.  Pulse area is a more reliable parameter to measure than the 

intensity, though it requires much more computation capability to perform 

analysis. 

 Lens designs should strive to form an area of illumination that has equal 

intensity and width spanning the entire channel width – ideally forming a table 

top profile.  Of course, this is not possible with a Super Gaussian input and 

refractive optics, as discussed in section 2.1.2.4 and described by Equation 2-10.  

As divergence is a necessary outcome from focusing the beam it is pertinent to 

control the depth of focus to stretch the uniform region across the channel. 

 Uniform intensity across the sample stream will ensure that any variation in 

fluorescent intensity is from the specimen and not from the device.  Scatter 

detection will also become a more reliable parameter as it will homogenize the 

interaction of the light and the specimen. 

2.2.3.2 Beam Geometry 

A range of beam geometries will be designed to be deployed via the integrated 

on-chip lens systems.  This is done to test several things.  The first is to see if 
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there is a dependence on beam geometry and specimen size.  The second is to 

determine how the formed region of intensity is affected by the different 

magnifications of the lens systems.  Third, how much flexibility is there in the 

depth of focus and beam waist for a given lens system magnification.  The last 

feature to explore is how small of an image can the lens systems produce before 

they are impeded by diffraction effects and fabrication limitations. 

 Figure 2-20 shows two simulations from two designs to fabricate 3.6 μm and 

10 μm beam waists.  As seen from the ray trace and lens detail on the left of the 

figure, the 3.6 μm has a much smaller input NA than the 10 μm lens system.  This 

means less light is collected overall and results in less light to use for excitation.  

However, as the lens system focuses the light to a smaller point, so there is also a 

greater power density.  Furthermore, the depth of focus appears smaller for the 

smaller beam waist.  Careful control to the depth of focus was possible by tuning 

the non-paraxial beam redirection through warping the lens at its extreme edges 

via the conic constant presented in Equation 2-8. 

 

Figure 2-20:  Simulations for 3.6 μm lens system (top) and 10 μm lens system (bottom) with 

details of the formed spot (right).  Source:  Reprinted from reference 121.
*
 

 There are a couple constraints in the design of the lens system that will limit 

performance.  First, there is a minimum distance which must separate the lenses 

                                                 
*
 This figure is from the author’s published work in reference 121. 



Ph.D. Dissertation | Benjamin R. Watts | McMaster University | Engineering Physics 

83 

in order to remove all the material from between the lenses.  This means that 

normal conventional designs where lenses of different materials touch are no 

longer feasible.  A second constraint is that there is a minimum thickness of 

lenses that can be made.  This is to ensure that there is enough lens material 

present to allow the structures to adhere to the substrate.  These minimum 

parameters are 15 μm and 10 μm for the clearance and thickness, respectively.  

These parameters were determined from experience working with various 

preliminary designs done in conjunction with work published by Thomas 

Kowpak.
116

 

2.2.3.3 Simulated Beams 

By changing the lens parameters slightly, it was possible to change the beam 

waist.  The most significant change between each lens design was the collection 

ability of the lens system via the input NA.  As smaller beam waists have a 

smaller magnification, this would demand a lower divergent input beam.  As 

Equation 2-9c) predicts, the divergence of the image is inversely proportional to 

the input.  With a small magnification, the divergence in the image will be much 

larger and this means that the image of the beam will be formed very close to the 

injection surface side of the channel.  To form the beam image at a larger distance 

from the channel wall, the divergence of the image formed must be kept small – 

meaning that the divergence of the input beam must be kept small if the 

magnification stays constant.  To do this, the distance between the lens system 

and the wavguide facet is increased to allow the more divergent light to miss the 

lens system.  As discussed earlier, this means that smaller lens designs will miss 

more input light from the waveguide and result in larger inefficiency. 

 Figure 2-21 shows the simulation results for designs that form five different 

beam waists.  It is easy to see that as the designs progress from the smallest beam 

width to large widths, the object NA of the lens system is increased.  Input of the 

1.5 μm lens system in Figure 2-21a) is nearly collimated, while the largest beam 

width, 12 μm in Figure 2-21e) has the ability to collect nearly all of the full cone 



Ph.D. Dissertation | Benjamin R. Watts | McMaster University | Engineering Physics 

84 

of rays ejected from the waveguide (with a half angle of ~8º).  The last two 

designs have a large enough magnification of the image that the lens systems 

retain the ability to collect enough light that they are placed in relatively close 

enough proximity to the lenses that they can be seen in the simulations from 

Figure 2-21 d) and e).  The collection efficiency of the waveguide light is above 

80% for each lens system. 

 

Figure 2-21:  ZEMAX simulation results for lens systems producing a) 1.5-, b) 3.6- c) 6.0- d) 

10.0- and e) 12 μm spot sizes.  The object NA of the systems decreases with the designed spot 

size. 

 

Figure 2-22:  ZEMAX simulation results for lens systems producing a) 25-, b) 30-, and c) 50 

μm spot sizes. 

 Larger spot sizes were created, as shown in Figure 2-22, and the lens systems 

were designed to form 25-, 30- and 50 μm beam waists.  The designs were able to 
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collect all of the light from the waveguide facet.  As will be dicussed in detail 

later in section 4.2.1, for smaller small particles, the interaction with these larger 

beam geometries will be quite poor as the regions of intensity are too big.  The 

large width will cause double detection of the small particles that are typical in 

flow cytometric functions and the formed intensity region will subject the paricles 

to varying levels of excitation intensity. 

2.2.3.4 Lens Parameters 

Parameters to create the lens systems from the simulation results shown in Figure 

2-22 are listed in table, Table 2-2.  Each parameter controls a specific feature 

from the input requirements in the ZEMAX simulation software.  The parameters 

listed are broken up by each surface that they form.  The radius is the underlaying 

basic spherical radius of the surface, the thickness is the distance between 

surfaces from the points on the optical axis, the semi-diameter is the radius of the 

lens or the clear aperture of the lens (in this work it can be interpreted as the 

radius of the beam), and the conic constant is the warping factor of the lens radius 

of curvature given by Equation 2-8. 

Table 2-2:  Parameters from ZEMAX simulations used to create lens systems to form 25-, 

30-, and 50 um beam widths. 

 Surface Radius Thickness 
Semi-

Diameter Conic Const. 

Lens Object Infinity 440 25 0 

50 μm 1 -275 50 144.0 0 
  2 325 100 160.5 -1.5 
  3 Infinity 250 154.8 0 
  4 200 100 126.7 -0.75 
  5 -750 100 114.9 -50 
  6 Infinity 115 64.8 0 
  Channel Infinity 25.3 33.0 0 

 Sample   24.6  

       

 Object Infinity 470 25 0 

30 μm 1 -310 75 156.5 -1.50 
 2 320 125 192.2 -1.2 
 3 -325 220 190.1 -4 
 4 70 100 73.1 -0.2 
 Channel Infinity 20 96.0 0 

 Sample   14.0  

      

   Object Infinity  470 25  0 

25 μm 1 -320 80 156.8 -1.5 
  2 315 135 195.0 -1.2 
  3 -325 200 192.3 -4 
  4 68 100 74.6 -0.2 
  Channel Infinity 20 43.2 0 

 Sample   12.0  



Ph.D. Dissertation | Benjamin R. Watts | McMaster University | Engineering Physics 

86 

 The designs used to form the smaller beam waists designed in Figure 2-21 

from the ZEMAX simulation software have the surface parameters listed in Table 

2-3.  These parameters are for the same features described in table Table 2-2. 

Table 2-3:  Parameters from ZEMAX simulations used to create lens systems to form 1.5-, 

3.6-, 6.0-, 10-, and 12 μm beam waists. 

 Surface Radius Thickness 
Semi-

Diameter Conic Const. 

Lens Object Infinity  2500 25 0  

1.5 μm 1 -160 15 46.8 -16 

 2 150 25 44.1 -13 
 3 -68 15 42.9 -4.1 
 4 120 25 25.2 -0.8 
 Channel Infinity 27 15.2 0 

 Sample   0.8  

      

 Object Infinity 1100 25 0 

3.6 μm 1 -290 25 44.1 0 
  2 Infinity 25 42.3 0 
  3 -40 15 42.0 -3 
  4 60 27 22.7 -0.6 
  Channel Infinity 25.2 11.7 0 

 Sample   1.8  

       

 Object Infinity 600 25 0 

6um 1 -210 20 56.0 0 
  2 Infinity 30 53.8 0 
  3 -43 15 53.4 -3.11 
  4 70 32 27.5 -1.5 
  Channel Infinity 25 13.6 0 

 Sample   3.1  

      

 Object Infinity 470 25  

10um 1 -210 40 65.3 -6 
  2 Infinity 50 64.8 0 
  3 -60 20 64.6 -2.5 
  4 40 34 32.2 -0.4 
 Channel Infinity 25.6 18.7 0 

  Sample   5.1  

      

   Object  Infinity 400 25  0 

12um 1 -150 50 59.1 -5 
  2 2200 60 56.5 0 
  3 -65 22 55.0 -4 
  4 60 42 34.7 -0.8 
  Channel Infinity 25 18.3 0 

 Sample   6.5  

 In the two tables of parameters, the input beam is from the surface labeled 

‘Object’ while the beam images is formed on the surface labeled ‘Sample’.  

Values in the ‘Semi-Diameter’ column are interpreted as the beam waist and show 

how the beam is altered through each surface. 

2.2.4 Waveguides for Signal Collection 

To fully alleviate the dependence on free-space optics, the collection should be 

integrated onto the chip as well.  Figure 2-23 shows the addition of a waveguide – 
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shaded in red - that has been integrated with the previous optical features and will 

allow efficient collection due to close proximity to the sample. 

 

Figure 2-23:  Cartoon depicting the addition of a waveguide to collect light from the channel 

after on-chip optical interrogation. 

 As explained earlier, placing a waveguide next to the channel can increase the 

collection sensitivity due to the close proximity of the collection facet to the 

interrogation region.  However, care must be taken to consider the solid angle of 

collection and the NA of the waveguide as outlined in section 2.1.1.2.  If the 

waveguide is placed too far away, it will collect less light due to a decreasing 

solid angle – as long as the facet remains the same size.  Often the facet is 

recessed from the particle by just the distance of the channel and channel wall.  

Simulations were undertaken to determine the effect of the channel wall thickness 

and channel thickness on collection efficiency.  Simulations were specifically 

constructed to determine the effect of the solid angle of collection of a waveguide 

through various channel and wall widths. 

2.2.4.1 Wall width 

Using wave propagation software, BeamPROP by RSoft, the wall width was 

varied with a channel half-width of 20 μm.  A varied wall width effectively moves 

the waveguide further away from the source point.  By varying the divergence of 

a source point located in the middle of the channel, the waveguide’s collection 

efficiency was measured based on the amount of beam diverged as it propagated 

through the channel and wall width.  A combination of the channel and wall width 

will eventually be reached where the maximum distance is surpassed for full 
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collection – as demonstrated by point A in figure Figure 2-5 - and enter the 

regime described by point B in Figure 2-5.  Results from the simulation are shown 

in Figure 2-24.  The collecton efficiency refers to the amount of light emitted 

from the point source that is collected by the waveguide. 

 

Figure 2-24:  Plot from simulation of the collection efficiency of a waveguide vs. varying wall 

widths.  These results plot the efficiency of the waveguide collection (Monitor Output) from 

a cone of rays.  An adhesive material is used as cladding. 

 During this simulation, a cladding material of adhesive is assumed.  The 

simulation propagates a 1 μm wide source to approximate the point source.  By 

varying the divergence of the source the simulations can record how well each 

device’s architecture collects the light.  The simulation is run repeatedly to scan a 

range of the two parameters:  first it is run multiple times to scan the complete 

range of divergence angle in the cone of rays, then the wall width is changed and 

the divergence is scanned again. 

 As seen from the results, several wall widths have the same collection 

efficiencies.  A channel width of 20 μm in combination with wall widths from 35- 

to 55 μm has the same performance recorded.  These architectures efficiently 

collect a cone of rays with up to approximately a 20° half angle.  This is as 

predicted as the maximum cone of rays collectable from a waveguide with a 
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cladding layer – as given by calculating the NA using Equation 2-4 with a 

cladding index of 1.52 – yields an NA with an angle of 20.53°.  Increasing the 

wall width further puts the source further away and decreases collection 

efficiency as evident by the maximum cone of collectable rays from the different 

device architectures shifting to smaller angles. 

 The simulation was repeated for a waveguide with an air cladding material.  A 

similar plot of the results was generated and is shown in Figure 2-25. 

 

Figure 2-25:  Plot from simulation of the collection efficiency of a waveguide vs. varying wall 

widths.  These results plot the efficiency of the collection (Monitor Output) from a cone of 

rays.  Air is used as the cladding material. 

 The NA for an SU-8 waveguide with air cladding is 1.24 and thus the 

angle of collection in water is approximately 68°.  The smallest combination of 

channel and wall width used in the simulation could not even simulate this 

maximum as a wall width smaller than 10 μm is not feasible for fabrication.  

There is an obvious advantage to an air cladding due to the collection ability. 

2.2.4.2 Channel width 

Simulation from the previous section were repeated but instead varied the channel 

half-width to determine its effect on collection.  The simulations assumed a wall 
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width of 25 μm as it is a value that will provide enough surface area to facilitate 

strong bonding to hold fluid pressures and provide effective sealing.  Figure 2-26 

shows the simulation results from a configuration where the channel half-width 

(labelled channelwidth in the simulation) was varied.  The collection waveguide 

employed an adhesive for cladding, and again, the obvious maximum collection 

collection efficiency at a divergence half angle of 20° was observed.  Several 

channel half-widths from 25- to 50 μm put the waveguide facet within the 

maximal distance for efficient collection defined in Figure 2-5. 

 

Figure 2-26:  Plot from simulation of the collection efficiency of a waveguide vs. varying 

channel half-widths.  These results plot the efficiency of the collection (Monitor Output) 

from a cone of rays.  An adhesive material is used as cladding. 

 Figure 2-27 shows results from the same simulation except where air was used 

as the cladding material.  A much smaller channel half-width was explored as the 

waveguide has a much larger NA.  Still, the theoretical maximum collection angle 

of 68º was not observed as the wall width was too thick to facilitate this. 

 It should be immediately obvious from the previous four simulations that an 

air cladding waveguide has a better confinement and larger collection abilities.  

For this reason the adhesive idea was dropped from further consideration.  

Furthermore, it was observed that it would complicate device fabrication and was 
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not necessary to enhance device sealing.  The inclusion of the adhesive material 

was done to prove the usefulness of the design method with any combination of 

materials, as mentioned earlier. 

 

Figure 2-27:  Plot from simulation of the collection efficiency of a waveguide vs. varying 

channel half-widths.  These results plot the efficiency of the collection (Monitor Output) 

from a cone of rays.  Air is used as the cladding material. 

2.2.4.3 Optimal Wall and Channel Combinations 

To fully understand the collection ability of the waveguides, calculations were 

performed to determine the collection efficiency using solid angle considerations.  

The collection ability of the waveguide was divided into its two components:  

lateral collection in plane of the chip, and transverse collection in the plane 

perpendicular to the chip.  The simulations performed in the previous section only 

considered the lateral collection ability as the devices were assumed to have equal 

dimension and architecture in each direction.  However, in practical devices, the 

transverse collection will have less confinement due to the substrate and sealing 

layers having a lower index. 

 The first step in the calculations was to project the facet of the waveguide onto 

the channel wall.  This is shown in Figure 2-28 by assuming a point source in the 

middle of the channel.  The extreme rays that refract to through the channel wall 
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and are incident at the extreme edges of the waveguide are the only rays 

considered – again, as this work is only concerned with the confinement of the 

beam.  These rays are depicted by the red rays in Figure 2-28.  To calculate where 

these rays intersect the channel wall is not a straight forward calculation – an 

iterative solver must be run to simulataneously find the cone of rays that will 

connect the source with the facet corners while intersecting the channel wall at an 

angle so that Snell’s law in Equation 2-1 holds.  With this projected geometry one 

can then calculate the solid angle of collection of the waveguide by interpreting 

this cone of rays and comparing the solid angle of the cone to that of the 

waveguide given by the NA.  Ideally, the designs should be selected that will have 

the calculated solid angle from the projected geometry greater than the solid angle 

dictated by the waveguide NA.  This will ensure maximal collection efficiency as 

explained in the situation depicted in Figure 2-5. 

 

Figure 2-28:  Picture showing the collection of light by a waveguide.  The collected light can 

be determined by the projection of the waveguide facet on the channel wall. 

 These calculations simulated waveguides 25 μm thick with air and adhesive 

claddings.  The results of all these calculations can be found in Appendix A and 
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Appendix B for both the air and adhesive cladding cases, resectively.  A 

summation of the results is shown in Figure 2-29.  This plot shows the percentage 

of light collected from a point source that emits light in a perfect sphere; ie. it is 

the percentage of the sphere that is collected. Each line represents a different wall 

width and cladding material plotted vs. the channel width.  It is easy to see the 

maximum collection available from the two cladding materials:  air cladding has 

much better collection for many different configurations. 
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Figure 2-29:  Plot showing the percent collection capability from a solid sphere of excitation 

for different device channel half-width (x-axis) and wall width (different curves) for both 

adhesve and air cladded waveguides. 

 Figure 2-29 shows the results of the calculations except expressing the total 

percentage of collection from an entire sphere of isotropic radiation.  A more 

useful visual of the efficiency of the device architecture is shown in Figure 2-30.  

This shows the collection efficiency for various channel half-widths and wall 

widths but instead, plots the efficiency of the waveguide to collect the amount of 

light that is collectable by the waveguide NA.  The calculations assumed NAs of 

1.24 in the lateral direction and 0.60 in the transverse direction (using an index of 

1.474).  This is a more useable interpretation as it indicates if the device 
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architecture is being used to its full potential to collect the maximum amount of 

light possible given the waveguide properties.  Efficient use of device architecture 

would be employing channel and wall thicknesses that enable collection 

efficiency of 100% at the point where the efficiency just reaches 100%. 

Total collection efficiency vs. Collection Waveguide geometry
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Figure 2-30:  Plot of the collection efficiency of waveguides of varying architecture with an 

air cladding. 

2.2.4.4 Angled waveguides 

Signals collected from a waveguide directly across from the lens system will 

obviously suffer from large noise as light from the input will be coupled directly 

to the collection waveguide.  By simply angling the collection waveguide, as 

demonstrated via the addition depicted by the red shaded region in Figure 2-31, 

one could reduce the amount of noise seen on the output. 

 These designs must be carefully deployed as they must take into account the 

refraction at the interface between the channel and channel wall.  Tilting the 

waveguide requires that designs not just align the centre line of the waveguide 

with the interrogation point, but account for refraction using Snell’s law.  The 

cone of collectable rays will be altered – some more than others as one extreme 
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ray will be closer to normal incidence while the other will have a much more 

extreme angle and will also have a longer distance to travel in the water medium 

within the channel.  This is depicted pictographically in Figure 2-32a) showing 

the introduced kink in the centre line of the configuration due to refraction at the 

wall/channel interface. 

 

Figure 2-31:  Cartoon showing the addition of an angled waveguide for collection to limit the 

amount of noise coupled from the input. 

 

Figure 2-32:  Schematic showing how a waveguide can be tilted to collect rays and the affect 

at the interface that refraction has on the cone of collected rays. 

 A simulation was run to show the amount of light that is coupled into an 

angled waveguide.  The simulation was done in BeamPROP and was setup to 

have the light input injected from a 50 μm waveguide with an NA of 0.22.  The 

channel width was set to be 50 μm wide while a wall width of 50 μm was used.  

The power was measured in the collection waveguide, as well a measurement was 

conducted to detect the power in the channel in a 50 μm wide region; this 

measurement to shows how much power stays concentrated in the channel as the 

angle will increase the propagation distance and therefore will allow the beam to 

diverge more. 
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 An array of collection waveguides, spaced on-centre 125 μm apart, was placed 

across the channel to determine the coupling to many waveguides in potential 

parallel detection schemes.  Simulation results indicate that as the collection 

waveguides are angled, the collection from the input beam decreases.  The angle 

used in the simulations is the angle measured between the channel and 

waveguide; 90° is a perpendicular collection waveguide.  Decreasing the 

waveguide angle with respect to the channel increases the angle between the 

waveguide and injection light. 
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Figure 2-33:  Plot showing the simulation results where the angle of the collection waveguide 

is varied. 

 Figure 2-33 shows the results from this simulation.  A plot is constructed that 

depicts the power in the channel in a 50 μm wide region along with the collection 

from waveguide 1 – the waveguide directly across from the input – and shows the 

expected decreasing power collection as the angle of the collection waveguide 

decreases.  Furthermore, the power in the 50 μm wide region in the channel shows 

decreasing power as the increased propagation distance allows spreading of the 

light – but only slightly.  As the waveguide approaches 90° coupling across the 

channel will be maximized at a value close to 1.0 due to losses sustained because 
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of the divergence of the beam as it traverses both channel walls and the channel.  

At any angle below 70° there is no significant coupling observed between the 

input and collection waveguides.  This is ideal and will not be repeated in 

application due to scattering and other effects – however, these sources of noise 

should remain low enough that they won’t cause large detrimental effects to 

detection.  The further neighbouring channels do not collect any significant 

amount of light and thus an angled waveguide should not interfere with any 

parallel detection schemes. 

2.2.4.5 Multiple Outputs 

Multiple waveguides can easily be added to the chip without affecting the other 

collection waveguides.  Figure 2-34 shows the addition of one more waveguide – 

again, shaded in red - to allow a chip with the possibilities for multi-parameter 

simultaneous detection. 

 

Figure 2-34:  Cartoon depicting multiple collection waveguides at a single point of 

interrogation. 

 When designing such devices, all the parameters discussed thus far must be 

taken into account:  the NA, channel width, wall width, and to make sure that all 

rays are accounted for.  The addition of a lens system does complicate matters as 

it makes the rays divergent and thus the angled waveguides may be able to pick 

some up excess light.  Figure 2-35 contains a simple illustration where multiple 

waveguide have been designed into the device. 

 Carefully using the design principles laid out earlier, the designs can be 

expand to incorporate multiparameter detection.  The placement of waveguide 
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will have different amounts of light associated with them that are based on the 

scatter properties associated with the particle.  With this work, microspheres are 

used, so the particles are uniform and thus, side scattering will be quite uniform.  

The side scatter waveguide will be aligned from 30º to 90º.  The forward scatter 

picked up by the aligned waveguide is a more difficult parameter to discriminate 

from the background noise as it needs to be nearly in-line with the injection 

waveguide.  Fluorescence detection only has proximity dependence as it has an 

isotropic radiation field.  When placing the waveguides so close to one another, 

the size of the facet can be a problem as they can interfere with each other’s 

functions.  However, a large facet is needed to maximize collection and it is also 

necessary to have close proximity to the source.  This is problematic as outlined 

in 2.2.4.3. 

 

Figure 2-35:  Using Figure 2-32 as a base unit, a complicated architecture can be constructed 

using repeating units.  This specific design collects two angles while allowing transmitted 

light to escape for low noise detection. 

 Using Figure 2-32 as a building block, more complex units are built.  The 

device was mirrored about the interrogation point to show two angle collections 

while the transmitted light is mostly allowed to propagate straight through and not 

show up on either collection waveguide – so long as the image beam is not too 

divergent.  The presence of the input light is reduced on both collection 

waveguides and results in a higher SNR.  Placing a waveguide in the gap between 

the two waveguides is also possible as there is plenty of room to fit an additional 
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waveguide facet.  Transmitted light is a useful property to measure through the 

extinction of the light. 

2.2.4.5.1 Advanced Architecture 

Just angling the collection waveguides is not the only option to improve the 

designs.  As side scatter is very sensitive to the excitation signal due to the fact 

they are the same wavelength, this can lead to direct noise on the collection 

signal.  Device configuration of the lens system can limit the background signal 

on the scatter collection waveguides.  The input lens systems can be angled in 

much the same way the collection waveguides were angled in previous sections.  

A picture of this idea is depicted in Figure 2-36 by the red region.  This angled 

input will reduce the noise on the perpendicular waveguide and thus create a very 

low background signal for upper waveguide.  Now there is an optimal orientation 

of 90º between the collection waveguide and the input waveguide axis. 

 

Figure 2-36:  Cartoon depicting the angling of the lens system to allow more complex 

interrogation and lower SNR on collection. 

 With an angled input, there is room to fit another collection waveguide on the 

same side as the channel as the input system.  This is shown by the added red 

region in Figure 2-37.  A waveguide at an angle of 30 degrees from the channel 

combined with an input lens system aligned at 60º to the channel means a 90º 

collection angle.  This allows a very low SNR possibility.  This waveguide can be 

used to collect a large side scatter parameter or weak fluorescence detection. 
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Figure 2-37:  Cartoon depicting a collection waveguide on the same side of the channel as the 

input made possible by the angling of the input. 

2.2.5 Device Integration 

These simulations have served to determine the performance of the optical 

components necessary to perform a cytometric function.  All of these optical 

components will be seamlessly integrated into a single layer with the 

microchannel to form a portable and inexpensive cytometer.  With all the devices 

in a single layer it is necessary to consider the substrate, sealing, and 

interconnection of the device with external components.  The resulting 

sandwiched device shown in Figure 2-38 should allow seamless and efficient 

function of the optical and fluidic components.  The device has transparent 

sealing, device, and substrate layers. 

 

Figure 2-38:  Cartoon depicting the assembly and integration of the device in planar fashion.  

The top sealing layer is transparent, hence the device layer is visible through it. 
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2.2.5.1 Waveguide and Microchannel Integration 

Using SU-8 as the device layer is for design, fabrication, and functional purposes.  

SU-8 allows one layer designs via a one-shot processing procedure.
44

  Integrating 

the waveguide and the channel together does necessitate the need to take into 

consideration the waveguide/channel wall and the effect on the beam spreading 

discussed earlier in this chapter.  Voids are easily formed in the layer to fabricate 

the channel can also to define the waveguide region via an air cladding.  SU-8 

forms a transparent layer in the same spectrum as that used for many biological 

detection schemes.  SU-8 forms rigid structures so that it will not deform once 

fabricated.  Deformation during operation is due to fluid pressure warping the 

optical structures and the optical devices and will cause incorrect optical function.  

The index of SU-8 is also sufficiently high to allow confinement between 

substrate and sealing layers. 

2.2.5.2 Upper and Under Layer 

A Pyrex substrate serves a dual purpose of sealing and providing optical 

confinement from the top.  The substrate provides good bonding to the device and 

is transparent in the spectrum of interest for biological detection. 

 A PDMS cover slip can provide a completely conforming seal and allows easy 

interface of the fluidic components via punching holes in the soft elastomer layer.  

The chemical reaction between the PDMS and SU-8 allows a very strong bonding 

mechanism to provide strong bonding and good sealing of devices.  PDMS is also 

transparent in the same optical spectrum as many biological assays require.  The 

index of PDMS has a lower index than the SU-8 to allow optical confinement 

from the top. 

2.2.5.3 Fluidic and Optical Interconnections 

The fluidic sealing of devices must be simple, rugged, and reusable if possible.  

This is done through the top PDMS layer as it is very flexible and allows for holes 

to be made through simply punching the elastomer.  A glass substrate would 
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require drilling and complicate fabrication.  The elasticity of the PDMS will allow 

some sealing though pressure between the PDMS and the inserted metal 

interconnecting pins.  The interconnection must be able to handle high fluid 

pressures common in microfluidics.  A new method was developed to handle this, 

and will be discussed later. 

 The final device design structure is shown in Figure 2-39.  The picture has the 

construction of the device exploded and separated layer by layer.  This clearly 

shows the device layer sealed via the substrate and PDMS sealing layer.  The 

waveguide facets are formed via the photolithographically defined vertical edge.  

The sealing of the device is done by bonding glass pads, with adhered metal pins, 

to the PDMS surface – as will be discussed in detail in chapter 3. 

 

Figure 2-39:  Explosion of the device showing the individual layers used to construct the 

device.  Details (zoom region) of the device layer where the waveguide facet is formed. 

2.2.6 Integrated System for Forward Scatter 

So far, the designs have considered multiple collection angles for fluorescence 

and scatter, and no focus has been on the forward scatter.  The forward scatter is 

very susceptible to background noise due to the fact that the forward signal and 

transmitted excitation signal are very nearly coincident.  When a divergent beam 

is used, as is with beam shaping, the divergence of the transmitted light 

compounds this problem. 
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 It is necessary to have as much functionality on-chip to mimic the 

functionality of a flow cytometer.  Forward scatter adds a layer of complexity due 

to the need to distinguish between transmitted light and the forward scatter light.  

A method must be deployed that would allow on-chip collection and cause no 

detriment to the function achieved by beam shaping.  Figure 2-40 depicts this 

simple change to the device by the shaded red area.  This device modification 

must eliminate the transmitted portion of the beam while allowing the slightly 

deviated light to propagate through to the detection waveguide. 

 

Figure 2-40:  Cartoon depicting minor changes that can be made to the lens system and 

collection waveguide to allow a large SNR on forward scatter collection. 

2.2.6.1 Motivation 

If a divergent beam is used, much of the forward scattered rays will overlap with 

other transmitted rays.  The more divergent the beam, the more noise can 

potentially appear as the side scatter signals will eventually overlap with the 

forward scatter light.  This is shown in Figure 2-41a).  The light from ray 1 

produces some forward scattered light – given by the green rays.  The transmitted 

portion of 1 is distinguishable from the forward scattered rays.  However, in a 

divergent beam another ray, 2 in this case, has a transmitted portion that will be 

coincident with the forward rays from 1.  This will constitute as noise on the 

forward scatter signal.  In a heavily divergent beam the side scatter from 2 will 

overlap with forward scatter from one.  A large enough intensity will completely 

obscure the forward scatter signal.  To get a clear signal, many designs forgo the 

use of a largely divergent beam. 

 Conventional cytometery typically focuses the input beam to a very fine beam 

stop on the opposite side of the channel as depicated in Figure 1-11b) and c).  
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This is a tricky design to accomplish in a planar configuration as it will 

complicate fabrication.  Conventional cytometry also uses a beam stop in the 

input side, as shown in Figure 2-41b).  This forms a dark spot in the image.  As 

the image of the beam and the image of the beam stop are not coplanar, the beam 

shape is not affected by the beam stop.  This allows the device to form a bright 

spot at the interrogation and a dark region at the detection waveguide.  

Conventional cytometery blocks enough of this light to open a window that will 

allow a large amount of forward scattered light to be detected. 

 

Figure 2-41:  a) A particle in a focused beam causes forward scattered light to be obscured 

by transmitted light and large scattered light.  b) Conventional techniques use an 

obstruction on the input to create a shadow in the image plane.  Source:  a) reprinted from 

reference 124
†
, b) reprinted from reference 3. 

2.2.6.2 Notched Design 

The conventional method shown in Figure 2-41b) can be adapted to a planar 

design.  It is only a matter of inserting a dark field stop, or “obscuration” in the 

lens design.  The planar design limits the ability to manufacture many solutions, 

such as some that insert ink, that also require a complex fabrication procedure to 

produce the multilayer design. 

 Designs here use a notch in the first surface of the lens system.  The notch is 

shown in Figure 2-42 on the second surface of the simulation – on the first curved 

surface in the lens design.  Figure 2-42a) shows a detailed image showing how the 

                                                 
†
 This is from the author’s work in reference 124. 
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axial rays from the simulation are deflected via the notch.  They are eliminated 

from the ray trace and manifest themselves as a dark spot in the formed image.  

The removed rays don’t affect the formed beam geometry in the channel - as 

shown in Figure 2-42b).  The image plane of the first surface has a large gap 

formed by the notch.  A waveguide can be placed in the dark spot formed and any 

rays collected by the waveguide are refracted to this spot scattered by a small 

angle compared to the input light.  Rays scattered here are only deflected by a 

small angle – only 1 to 5º. 

 

Figure 2-42:  a) Simulations showing the proposed lens modification where a notch is 

inserted into surface 2 of the lens system that will b) generate a hole in the formed image 

where the collection waveguide will be located.  Source:  Reprinted from reference 124.
‡
 

 This design allows an all planar solution that allows beam shaping.  The shape 

of the beam is not affected by the missing segment of rays.  The ZEMAX 

simulation allows a spot analysis in the channel, shown in Figure 2-43.  As 

ZEMAX performs these simulations in 3D, the lenses are spherical in nature and 

the focused light fields are circular due to the focusing in both the x and y axes.  

                                                 
‡
 This figure is from the author’s work in reference 124. 
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The obscuration is a circle in the simulation, as noticed via the obscuration in the 

formed spots in Figure 2-43.  For a microchip-based design, designs must assume 

focusing only in the plane of chip – the y axis.  Spot images would then have the 

obscuration form a slot that extends the entire spot width in the x-direction.  The 

spot diagram in Figure 2-43 shows different formed images based on the angle of 

rays entering lens system.  Spot shapes clearly show that the missing rays from 

the hole are spread out over the formed image.  The missing rays won’t have a 

cumulative affect in any one spot in the beam. 

 

Figure 2-43:  Spot diagram of the beam at the point of particle interrogation with 

obscuration on lens surface 2.  The missing intensity is spread out over the lateral direction. 

 With an adequate solution, designs were made for each of the previous beam 

width designs from Figure 2-21.  Three samples of the simulations are shown in 

Figure 2-44 - for spot sizes of 3-, 6-, and 12 μm beam widths. 



Ph.D. Dissertation | Benjamin R. Watts | McMaster University | Engineering Physics 

107 

 

Figure 2-44:  Simulations for three lens designs that incorporate the notch for forward 

scatter capabilities:  3, 6, and 12 μm. 
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2.2.7 Photomask Designs 

With all the simulations and theory in mind, several devices exploring various 

designs were fabricated.  In total, 4 masks were made – all designed by the author 

of this work.  The first – shown in Figure 2-45 - was a very simple mask that was 

used solely in Thomas Kowpak’s thesis work to determine the limits of 

fabrication with SU-8.  It consisted of various waveguide thicknesses and spacing, 

various channel widths, wall widths, waveguides angles, and even simple lenses. 

 The second mask – shown in Figure 2-46 - employed the lens systems to form 

the larger beam shapes designed in Figure 2-22 as well as some simple waveguide 

architectures.  Smaller beam waists were designed in the next iteration of devices, 

shown in Figure 2-47, as well as some geometries that explored the waveguide 

configuration and general device architecture.  These designs even included some 

trial designs that integrated lenses on the collection waveguide to try to increase 

the collection angle. 

 Figure 2-48 shows the last photomask design.  It includes revisions to lens 

designs to improve the performance of the beam shapes, the new forward scatter 

designs, angled lens input designs, and multiple collection waveguides.  

Furthermore, this design tried to make the fabrication process more efficient by 

manufacturing multiple devices on a single microchannel to increase the yield of 

fabrication.  Lastly, this design has the waveguide facets spaced so that they align 

with the spacing from a fibre array block that contains 8 50 μm core diameter 

fibres space 125 μm on-centre.  This allows quick integration of multiple 

source/collection fibres. 
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Figure 2-45:  1st Photomask.  Designs explored waveguide angle, channel width, wall width, 

waveguides width and spacing, and simple lens structures. 

 

Figure 2-46:  2nd Photomask.  Device on the bottom are 25-, 30- and 50 μm beam shapes.  

Devices in the middle explore different waveguide architecture.  Top two structures are not 

related to this work. 
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Figure 2-47:  3rd Photomask.  Designs included 1.5-, 3.6-, 6.0-, 10.0-, and 12 μm lens designs 

(middle four devices and bottom right device). Also includes several designs using multiple 

angles and collection optics to increase the angle of collection. 

 

Figure 2-48:  4th Photomask.  Multiple devices per channel.  Revised lens designs are used.  

Forward scatter and multiparamter and device operation are incorporated to the designs. 
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2.2.7.1 Microchannels 

Microchannels are a simple 3-branched structure common in microchip-based 

flow cytometers that allow simple 2D hydrodynamic focusing between two 

sheathing fluids.  Channels are 50 μm wide to facilitate a range of particle sizes 

from 1 μm to 10 μm to eliminate the chances of clogging and to facilitate 

hydrodynamic focusing within a feasible pressure range. 

2.2.7.2 Excitation Waveguides 

Excitation waveguides are 50 μm wide to match the core diameter of the input 

waveguide.  The wide core width allows a very heavily multimodal nature of 

propagation within the waveguide as shown in Figure 2-3.  This will relax the 

coupling condition between the source and the waveguide as noted in the 

simulations results shown in Figure 2-16, and facilitate easy alignment of the fibre 

to the device. 

2.2.7.3 Lens Systems 

Devices based on the simulations in Figure 2-21 are incorporated to a photomask.  

Parameters used in ZEMAX were used to create very precise curved surfaces in 

the photomask.  The end of the waveguide facet was placed where the ZEMAX 

source was specified in simulations.  The lenses are shown in Figure 2-49 and are 

a sample from the 4
th

 photomask design.  By tilting the waveguide and lens, and 

by taking into account the refraction due to non-normal incidence and the 

adjustment to the length of the optical axis, several designs for an angled input 

were created, as shown later.  

 These lenses shown in Figure 2-49 also incorporate a light blocking structure 

that blocked the stray light missed between the waveguide and the lens system.  

This is a design revision applied from results from testing initial lens designs and 

will be discussed later in 4.2.1.4. 
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Figure 2-49:  Designs for multiple simple devices on a single microchannel.  Devices have an 

input, lens system, and single collection waveguide. 

2.2.7.4 Collection Waveguides 

Single, multiple, and opposite side collection schemes for 2, 3, and 4 parameter 

detection capabilities are designed according to simulation results from section 

2.2.4.5.  The waveguides are designed with regular spacing to ease integration to 

a fibre array block to allow easy multiple coupling capabilities to the multiple 

parameters collected by the waveguide.  The mulitple waveguides are integrated 

with the lens systems, angled input and multiple inputs – each carefully placed to 

limit the cross-coupling from the input side to the output in order to reduce the 

noise on the outputs.  In the case of any fluorescence parameter, the reduction of 

noise on the output waveguide is not necessary as an optical filter is already 

necessary to remove the scattered light. 

 Figure 2-50a) shows a sample of the series of devices designed from the 4
th

 

photomask.  These devices integrate a lens system (10 μm lens system in this 

case) while the opposite side of the channel has collection from three waveguide 

angled to different degrees:  5º, 30º and 70º to the beam axis.  These specific 

devices could be used to perform to simultaneously detect 2 different fluorescent 

signals plus a large angle side scatter parameter.  These designs are only feasible 

with a single input – unless two light sources are coupled to the same waveguide 

to form overlapping excitation regions. 
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 Figure 2-50b) shows the same device as in a) but with the input angled at 20º 

from the normal to the channel.  The output waveguides are now at angles of 0º, 

45º, and 90º to the input beam axis.  This architecture will allow transmission or 

fluorescence measurement along with another waveguide that could allow 

measurement of another fluorescence or side scatter parameter.  The side scatter 

will have very low background noise as collection is at 90 º to the input beam and 

thus, a very low amount of light will be coupled into the waveguide. 

 

Figure 2-50:  a) Design for a 10 μm input lens system and three collection waveguides for two 

fluorescence collections (FL) and one side scatter collection.  b) Design for an angled 10 μm 

lens system input and three collection options. 

 Expanding design architecture further, the next logical step would be to try to 

incorporate two excitation sources into the same interrogation point.  This would 

allow multiple colour inspection or two simultaneous beam widths in the same 

interrogation point.  Figure 2-51a) shows a device whose design included two 

inputs, one from each side of the channel.  Due to the angled input from each side 

of the channel there is only enough room to efficiently integrate a single 

waveguide on each side.  This waveguide’s large angle allows for either a large 

angle side scatter collection or low angle scatter or fluorescence detection – 

depending on if the collection waveguide is on the same side as input, or the 

opposide side, respectively.  This device architecture has the same lens system on 

each input – the 10 μm in this case. 
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 Figure 2-51b) shows the same design except different lens designs on each 

side.  This would expand the flexibility of the device by allowing different 

excitation spot sizes with different colours.  Specific detection of two specimens 

or two different features from a specimen via simultaneous excitation from two 

different wavelengths would be possible. 

 

Figure 2-51:  a) Designs for a device with dual inputs from two angled lens systems and one 

in-line or 90º collection option.  b) Design for a device with dual angled different lens system 

(10 μm and 6 μm shown here) with in-line or 90º collection options. 

2.2.7.5 Forward Scatter Collection On-chiph 

Designs to reduce the noise on the forward scatter colletion in an integrated on-

chip fashion with beam shaping capabilities with the on-chip were incorporated 

into designs with multiple collection waveguides.  The designs of these devices 

are shown in Figure 2-52a), using the same architecture as the straight input 

design from Figure 2-50a).  The narrow waveguide for forward scatter collection 

is the only addition outside of the notch in the lens surface.  Placement of the 

waveguide does not interfere with the collection waveguides already in place due 

to the very narrow facets.  Figure 2-52b) angles the input waveguide and lens 

system similar to the design presented in Figure 2-50b).  In this design, the 

forward scatter collection uses one of the collection waveguides already in use in 

the design from Figure 2-50b).  The only modification – other than the notch – is 

that the one waveguide was narrowed to perment selective coupling necessary by 

the waveguide facet. 
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Figure 2-52:  a) Designs for a device with a 10 μm focused beam with notch design to block 

stray light for forward scatter collection on the narrow waveguide; also with capability for 

three other collection parameters.  b) Design for an angled input 10 μm lens system with 

notch design to block stray light for forward scatter collection on the narrow waveguide; 

also with capability for three other collection parameters. 
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3 Device Fabrication and Testing 
Devices designed with various beam shapes and optical components for collection 

of forward scatter need to be realized and the operation of which has to be 

evaluated and confirmed in order to validate designs and the design method.  

Fabrication of the designs must ensure device construction is realistic and that the 

designs are functionally feasible and workable.  With physical devices, rigorous 

testing can confirm the accuracy of simulations and confirm the expected 

operation of the designs.  Analysis of data obtained in actual experiment 

situations will allow testing to confirm the level of performance, the adequacy of 

the results, and allow improvements to be made to new designs. 

3.1 Fabrication 

3.1.1 Materials 

The rational for the choice of materials used to construct the designed devices is 

given in section 2.2.5.  The materials’ properties will be summarized here so as to 

confirm the criteria. 

 The chosen material for a substrate is a Borosilicate wafer.  Early work 

referred to this wafer by the brand name ‘Pyrex’; the two work are synonymous 

and will be used interchangeably in this work.  The wafers were purchased from 

Plan Optik.  These wafers have an index of refraction of 1.471, and a low surface 

roughness of <1.5nm – ideal for the fabrication of devices as this smooth interface 

will provide less scattering during optical function.  The borosilicate glass has a 

low coefficient of thermal expansion (CTE) ~ 3x10
-6

/°C) which will make the 

wafer less susceptible to thermal shock – a benefit given the large temperatures 

used in processing.  

 The device layer is fabricated from SU-8 2025, a positive epoxy-based 

photoresist developed by and purchased from MicroChem Inc..  SU-8 has an 

index of refraction of 1.582 at 635nm, 1.59 at 660nm.  The material’s dispersion 

is negligible over this range so an index of 1.59 was used throughout this work. 
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 The intermediate layer between the SU-8 device layer and Pyrex substrate was 

developed primarily to facilitate bonding between the two materials.  Another 

positive epoxy-based photoresists was used; SU-8 3015 from Microchem Inc.  

This particular series of SU-8 was specially formulated to adhere to glass 

substrates.  The index of this material was deemed irrelevant in this work as the 

layer used was kept very thin; enough so that it was unable to support any 

propagating optical modes – lossy or not. 

 To formed the devices in the photoresist layer a developer was purchase to 

remove the regions of unwanted SU-8 2025 from the device layer.  This developer 

was purchased from MicroChem Inc.  NOTE: other manufacturers’ developers 

will not produce satisfactory devices, as noted later in section 3.1.3.1. 

 To seal the devices a layer of Poly(dimethylsiloxane) was used.  PDMS was 

purchased from Dow Corning as a Sylgard 184 elastomer kit that contains the 

monomer and curing agent.  The index of refraction of the PDMS is 1.4 for the 

wavelengths of interest in this work. 

 The glass pads used for interconnection are generic soda lime glass that can be 

found in large quantities around a typical lab.  The only conditions for correct 

device manufacturing is that the glass is a silicon based material. 

 Metal pins that served as fluid interconnects were purchased from Instech 

Laboratories Inc.  The pins were 22 gauge stainless steel (model No. SC22/15) 

and had an original function as catheter interconnects. 

 During device manufacturing, several chemicals are used.  Analytical grade 

isopropyl alcohol (IPA) from Sigma Aldrich and analytical grade Acetone, again, 

from Sigma Aldrich, were purchased for use in the various device manufacturing 

steps.  A common photoresist, 1813 photoresist from Shipley, is used for the 

encapsulant during device dicing.  The bonding step during device fabrication 

requires nitrogen gas (N2) from Praxiar, to ensure proper PDMS activation.  This 
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gas was of very high purity (greater than 99.9995%) as to ensure excellent 

bonding, as will be discussed later in section 3.1.3.4. 

3.1.2 Equipment 

Various equipment is used during the fabrication – much of which is standard for 

any photolithography-based fabrication.  Furthermore, due to the micro-scale 

nature of the device features, as much of the fabrication as possible should be 

done in a cleanroom at all steps until the devices are packaged.  This is to 

eliminate contamination issues – as will be discussed in 4.1.1.2.3.  In this work, a 

class ISO 5 or ISO 6 cleanroom was used to for substrate work to form the device 

layer, while a class ISO 7 or ISO 8 cleanroom was used during the bonding and 

packaging steps. 

 A model WS-400A-6NPP/LITE spinner from Laurell Technologies was used 

for applying the SU-8 (and 1813) photoresist layers to the substrate.  This spinner 

unit allows many programmable steps that allowed custom spin speeds and 

durations during each step.  Very uniform and repeatable layers can be produces 

from this spinner.  A hotplate with a controlled rate for cooling and heating was 

used in this work.  The capacity of the hotplate to reach 265ºC was necessary for 

the first step of the device fabrication procedure.  An exposure machine from 

ABM Inc. with a 365nm exposure wavelength was used to transfer the photomask 

pattern to the device.  A sonicator mixer with low-speed capabilities was used and 

is highly recommended to agitate the devices and developer solution during the 

development step. 

 A nitrogen vacuum oven from Diamed (SHL 1407) with a 0.6 cubic feet 

capacity was used during the pre-bonding steps.  To free the waveguide facets, a 

dicing saw, the MicroAce Series 3 from Loadpoint Ltd., was used to precisely cut 

the substrate with little chipping. 

 A custom-made hole punch for creating holes to facilitate fluid interfacing 

through the PDMS was fabricated from a blunt tipped syringe.  The inside of the 
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syringe tip was filed down very slightly to help form a sharpened outer edge and 

ease the cutting of the PDMS.  A generic oven for heating devices and curing the 

PDMS was used with the capability of achieving temperatures of up to 150ºC.  

The PDMS mold used to manufacture covers slips was fabricated in-house from 

extra silicon and glass substrates to ensure that the bonding surface of the PDMS 

(to the SU-8) was extremely flat and free of structural defects.  To bond the 

devices, a nitrogen/oxygen capable plasma bonder from Harrick plasma was used. 

3.1.3 Procedure 

In order to realize the new device designs it is necessary to follow a 5 part 

fabrication procedure that breaks the manufacturing of the devices down to the 

major processes.  The five segments are as follows: SU-8 device fabrication, 

PDMS cover slip fabrication, device dicing, device sealing, and device packaging.  

Fabrication consists of pattering device structures in a layer of photoresist though 

selectively removing material.  These devices are then sealed via bonding a 

prepared PDMS cover slip to the patterned devices after they have been diced to 

free waveguides.  After bonding, interfacial connections for fluidic control are 

made and completes the packaging of the device.  The groundwork for this 

fabrication procedure was done in conjunction with Thomas Kowpak and can be 

found in his publication in reference 117 and in his thesis work in reference 116. 

The fabrication process contained within this work is an adaptation of the process 

in references 117 and 116 to optimize for the designs within this work.  

Furthermore, the bonding procedure was developed jointly with Thomas and is 

summarized in reference 118 while a simplified bonding procedure was 

developed in conjunction with Zhiyi Zhang, found in reference119. 

 Figure 3-1 shows a flow chart depicting the five main segments of fabrication, 

and how they relate to each other sequentially.  Each segment contains a sequence 

of steps to create a major part or accomplish a major change to the device; 

bringing these fabricated or modified parts together forms the fully functioning 

unit.  Details of the steps for each major fabrication segment have been optimized 
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through a trial and error process based on the inspection of the quality of the 

resulting devices.  The following sections contain the exact recipe for the 

fabrication of each segment of the device and the process to integrate them 

together. 

 

Figure 3-1:  Flow chart showing the 5 main segments of the fabrication procedure. 

3.1.3.1 SU-8 Device Layer Fabrication 

A flow chart of the process to develop the SU-8 devices on a Pyrex substrate is 

shown below in Figure 3-2.  Basic photolithography techniques are used and it is 

most important that this segment of fabrication is done in a cleanroom.  This 

ensures proper quality and formation of devices free from debris and chemical 

contamination.  Again, this work was based off preliminary done in conjunction 

with T. Kowpak.
116,117,118

 

 

Figure 3-2:  Flow chart depicting the steps necessary to form the SU-8 based devices on a 

Pyrex substrate. 

 The following is a very detailed description of the steps necessary to form the 

SU-8 device on the Pyrex substrates. 

- Wafer clean/Piranha etch: devices are cleaned via a combined solution of 

sulphuric acid and peroxide.  This step removes any organic substances 

that may be on the substrate surface that would interfere with bonding or 

device formation. 
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- Wafer Pre-bake: devices are baked at 265
O
C for 3 hours in order to ensure 

that all water molecules are removed from the wafer surface as any water 

present will interfere with bonding and device formation. 

- Intermediate Layer Spin:  A 30% weight solution of SU-8 3015 in the 

corresponding developer is poured onto the wafer and then spun in a 

stepwise sequence using the following conditions: 

  - 500rpm for 7 seconds 

  - 1500rpm for 5 seconds 

  - 3000rpm for 30 seconds 

  - 1000rpm for 3 seconds 

  - 500rpm for 3 seconds 

 These conditions result in a layer approximately 600nm thick as per 

 Thomas Kowpak’s work revealed.
116,117

  A solution containing 10% 

 weight SU-8 3015 can also be used and results in a much thinner layer – 

 approximately 133nm thick. 

- Soft Bake - Intermediate: immediately after spinning, the wafer is placed 

onto a hot plate set at 95
O
C for 5 minutes to drive out the developer 

solvent. 

- Blank Exposure: The wafer is placed in the exposure machine and is 

exposed for 5 seconds under a full-field exposure at any intensity. 

- PEB – Intermediate: The exposed device is placed on a hotplate set at 

95
O
C for 5 minutes to initiate cross-linking in the layer. 

- Device Layer Spin: The wafer is then coated with SU-8 2025.  A portion 

of SU-8 about an inch in diameter is carefully poured onto the centre of 

the wafer in order to avoid any bubble formation.  The wafer is tilted and 

rotated to ensure that the entire surface - save for the outer ~2mm of the 

wafer - is coated before spinning.  The wafer is spun in a stepwise fashion 

using the following conditions 

  - 100rpm for 5 seconds 

  - 500rpm for 15 seconds 

  - 750rpm for 10 seconds 

  - 1000rpm for 15 seconds 

  - 1250rpm for 15 seconds 

  - 1500rpm for 15 seconds 

  - 1750rpm for 90 seconds 

  - 1500rpm for 10 seconds 
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  - 1000rpm for 10 seconds 

  - 500rpm for 10 seconds 

  - 300rpm for 10 seconds 

 The resulting layer should be ~28µm thick.  During the 5
th

 and 6
th

 steps in 

 the spin, a syringe should be introduced to the spinner.  The tip should 

 hover over the wafer by about 2-3 mm.  The syringe slowly dispenses 

 developer to the outer 2-3 mm of the wafer for the duration of the 5
th

 and 

 6
th

 steps and for half of the 7
th

 step.  This will remove the thick bead that is 

 present on the wafer. 

- Soft Bake – Device: the coated wafer is placed onto a room temperature 

hotplate (20
O
C) and is set to ramp up to 95

O
C at 100

O
C/hour.  Once the 

hotplate reaches 95
O
C, it is immediately set to ramp down to 20

O
C at 

25
O
C/hour.  This step drives out any solvent in the SU-8.  Heating and 

especially cooling must be done slowly to ensure that the bonding is 

maintained otherwise the SU-8 layer will result in delaminating, as will be 

discussed in 4.1.1.1. 

- Mask Exposure – Pattern Transfer: the mask aligner’s intensity is set to 

3.5mW/cm
2
.  The application of optically dense filter sheets may be 

necessary in order to get the intensity this low.  The device is then placed 

into the mask aligner and the mask is aligned to be centred over the wafer.  

Gentle contact is then made between the mask and wafer with a 

completely conforming contact the ideal results of contact.  With the filter 

sheets in place, the exposure is cycled on an off; typically in 9 seconds 

on/5 seconds off intervals.  This is to ensure a relaxation of the Lewis acid 

production and avoid results similar to over exposure – as discussed in 

Thomas Kowpak’s work.
116,117

  A total value of exposure of 190mJ/cm
2
 is 

done.  It is found that the machines intensity and the total number of 

intervals are parameters that provide some flexibility to fabrication 

without serious detriment to the device quality - as long as total exposure 

is constant. 

  Eg. 9 seconds on * 6 cycles * 3.5mW/cm
2
 = 189mJ/cm

2 

  
OR 9 seconds on * 10 cycles * 2.1mW/cm

2
 = 190mJ/cm

2
 

 These two exposure conditions will produce no noticeable difference in 

 device quality. 

- PEB – Device:  The exposed wafer is placed onto a room temperature 

hotplate (20
O
C) and is set to ramp up to 90

O
C at 100

O
C/hour.  Once the 

hotplate reaches 90
O
C, it is immediately set to ramp down to 20

O
C at 

25
O
C/hour.  This step drives the cross-linking of the SU-8 epoxy 

molecules and will form the rigid structures required.  Heating and 
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especially cooling must be done slowly to ensure that the bonding is 

maintained otherwise the SU-8 layer will results in delaminating. 

- This step is one of two (along with the exposure step) that can be 

adjusted depending on the final device quality.  Too many cracks 

and poor resolution are both affected by these steps.  It is VERY 

important that these two steps be optimized. 

- Development: Immediately after the PEB the wafers must be submersed in 

the appropriate developer.  As mentioned earlier in section 3.1.1, the 

MUST be from Microchem as other manufacturers’ developes do not 

work as well and will leave a white film that will ruin the device.  The 

wafer should be agitated for 5 minutes via the vortex mixer on a low 

setting – or by hand if a mixer is not available.  After sitting in the 

developer, the wafer must be removed and rinsed with a stream of clean 

IPA (Isopropyl-alcohol), and then dried under a nitrogen stream. Some 

pointers for development are as follows: 

- If any material remains (usually will turn white after IPA rinse) the 

wafer can be re-submersed in the developer and agitated for another 5 

minutes.  This is not advisable as the device quality at this point will 

be poor. 

- Remaining material can be removed with acetone (it is a very powerful 

SU-8 developer), however this can cause lots of cracking in the cross-

linked sections due to material swelling (via uncross-linked SU-8) in 

the middle of the formed regions and destroy the device’s quality. 

- The device must be developed very soon after the PEB as leaving them 

too long (eg. Overnight) will serious degrade device resolution. 

- Inspection (QC):  With formed devices on a wafer, they can be inspected 

to determine the quality of formed structures.  Notes are made about any 

point defects in any of the optical structures or where a complete and 

conforming seal will be difficult and a decision can be made whether to 

continue with fabrication or to scrap the device. 

3.1.3.2 PDMS Cover Slip Fabrication 

PDMS cover slips must be prepared separately and in parallel with the SU-8 

devices.  These cover slips must be formed and have holes punched in them prior 

to bonding to the SU-8 devices.  Figure 3-3 shows a flow chart of the relatively 

short and simple process to prepare the cover slips.  The most important step in 

this process is the inspection step as the quality of the punched holes can affect 
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the bonding and thus, the sealing of the devices.  Work was adapted from 

preliminary work done with T. Kowpak.
116,117,118

 

 

Figure 3-3:  Flow chart of the PDMS cover slip fabrication process. 

 Steps to prepare the PDMS coves slips are described below. 

- Mold Creation:  Suitably sized cover slips are created via a mold.  The 

mold should consist of a very clean and flat surface that will insure a 

bonding surface that is clean and free from defects.  Molds can be reused 

but should be cleaned before each use. 

- PDMS Pouring and Setting:  PDMS is mixed from the suitable kit in a 

ratio of 10:1 for monomer and curing agent solutions.  Once mixed the 

solution is poured into the mold and left to set for 24 hours.  Enough 

mixture should be poured into the mold to form a layer ~2-5 mm thick.  

This ensures enough material exists to form a press-seal on the pins that 

are inserted later in fabrication. 

- PDMS Cure Bake:  After sitting, the mold containing the PDMS is placed 

into an oven and baked at 110
O
C for 1 hour.  The mold is promptly 

removed and, when cool, the cover slip can be removed by carefully 

cutting around the mold’s edge and carefully peeling from the surface of 

the mold. 

- PDMS Hole Punching:  Cover slips are placed onto a dummy device.  This 

dummy device is created via the procedure outlined in section 3.1.3.1 

except with a thicker layer and on a silicon substrate.  A pre-drilled glass 

cover plate - drilled with holes matching the reservoir placement on the 

device - is aligned overtop of the reservoirs as viewed through the PDMS 

cover slip.  Once aligned, holes are carefully punched through holes in the 

glass plate over channel reservoirs.  Care must be taken to ensure that 

material is completely removed from the punched hole as any particles or 

‘flakes’ can drop into the reservoir and become clogs later when fluid 

connections are made. 

- Inspection (QC):  With punched cover slips, the PDMS can be inspected 

to ensure a clean and defect free surface with cleanly punched holes. 

3.1.3.3 Device Dicing 

Dicing the devices is performed solely to provide access to the waveguides for 

optical coupling.  As such, it is important to cut as close to the facet as possible to 
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allow butt-coupling without destroying the fine quality of the 

photolithographically formed the facet surface.  As the dicing is performed 

outside of a clean room an encapsulation procedure was developed to protect the 

SU-8 layer from damage and contamination.  Washing away this encapsulant 

washes away any contamination picked up while outside of the clean room and 

during the dicing procedure. A process flow is shown in Figure 3-4 while a 

picture depicting where to cut is shown in Figure 3-5. 

 

Figure 3-4:  Flow chart of the steps necessary to dice the device for waveguide facet 

formation. 

Steps describing the dicing procedure are as follows: 

- Device Encapsulation:  To protect the devices from debris during the 

dicing of the wafer, the wafer is encapsulated with a sacrificial layer that 

will prevent debris from contacting the SU-8 devices.  Shipley Photoresist 

1813 is applied to the entire surface of the device and spun at 250rpm for 

20 seconds.  The wafer is then immediately placed onto a hotplate set at 

95
O
C for 5 minutes. 

- Dicing - Facet Forming:  Devices are diced using the precision dicing saw 

mentioned in 3.1.2.  Cuts are made as close to the formed waveguide 

facets as possible without touching them.  This ensures a facet smoothness 

defined by the photolithography procedure.  Dicing instruction details with 

figures illustrating the cut locations are found in Figure 3-5 below. 

- Device Cleaning – Remove Encapsulant:  Devices have the encapsulant 

removed by placing them under a stream of acetone.  Debris is washed off 

with the photoresist.  Do not submerge the devices in acetone as it will 

cause more cracking of the SU-8 layer.  Once all photoresist is removed 

rinse the devices in developer and then with IPA.  Dry the device under a 

nitrogen stream.  Further clean devices by placing under a stream of 

highly filtered de-ionized water.  Rub gently with a gloved finger in order 

to dislodge any further material.  Dry under a nitrogen stream. 

- Inspection (QC):  Devices can be inspected again to ensure that waveguide 

facets are clean, intact, and that the devices are clean of debris.  Any 

issues that may affect device quality can be address or the device can be 

scrapped at this point. 
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Figure 3-5:  Picture describing on the photomask exactly where the dicing is to take place. 

3.1.3.4 Device Bonding with PDMS 

A flow chart of the bonding procedure is shown in Figure 3-6.  Bonding of the 

devices originally was performed with an APTMS coated surface of oxygen 

plasma activated PDMS developed by Thomas Kowpak.
116,117,118

  Although a 

suitable method for bonding microfluidic devices, a simpler procedure for 

achieving the exact same bonding was developed by Zhiyi Zhang and tested on 

numerous devices – including those described in this work.
119

  The bonding is 

achieved by aminizing the silanol groups on the PDMS surface via a nitrogen 

plasma.  These amine groups can then react with the residual epoxy groups on the 

SU-8 surface.  This process is shown schematically in Figure 3-7a) while the 

details of the chemical reaction are shown in Figure 3-7b). 

 

Figure 3-6:  Flow chart showing the steps necessary to bond the SU-8 device to the PDMS 

cover slip. 

 Steps to complete the bonding are described below.  Note: the next two steps 

must be performed in parallel with the two steps following them as the timing of 

the final steps of the bonding procedure depends on the components. 
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- Cover Slip Pre-bake:  PDMS cover slips are placed in an oven and baked 

at 150 
O
C for 24 hours.  The devices must not be more than 30 minutes 

removed from the heat source before the next step. 

- Nitrogen Plasma Treatment:  The baked cover slip is put into the plasma 

bonder and the chamber is closed.  Air is removed from the chamber and 

flooded with the very pure (>99.9995%) nitrogen.  This purge and flood 

step is repeated ten times to ensure a very pure nitrogen atmosphere inside 

the chamber.  Purge steps should achieve pressures of 150mTorr at first, 

with the final few purges reaching pressures of 30-50mTorr.  After ten 

purging steps, the pressure within the chamber  is set at 200 mTorr and the 

bonder is turned to the ‘high’ setting.  The plasma treatment is left to run 

for four minutes.  After four minutes the device is removed and brought to 

the prepared SU-8 device. 

 

Figure 3-7:  Diagram showing the chemical bonding procedure between the SU-8 and PDMS 

interface and the chemical reaction details.  Source:  Reprinted from reference 119. 

 Again, the next two steps must be performed in parallel with the previous two 

steps to ensure proper timing for the bonding procedure. 

- Device Preparation – Nitrogen/Vacuum Oven:  Cleaned SU-8 devices are 

put in the nitrogen/vacuum oven.  This maintains a negative pressure with 

a constant supply of nitrogen entering the chamber.  The devices must 

remain in this environment for 21 hours. 

- Device Pre-bake:  Heat is then applied to the devices for 5 hours.  The 

temperature is set at 65
O
C.  After 5 hours, devices are removed and await 

a PDMS cover slip.  Devices are stable for a couple hours after removal 

from the nitrogen vacuum oven. 

- Cover Slip/Device Layer Bonding:  Plasma treated PDMS cover slips are 

immediately brought into contact with the SU-8 devices.  Care must be 
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taken to properly align punched holes with the reservoirs on the devices.  

Contact between the PDMS and SU-8 can be made, broken, and reapplied 

several times without detriment to the bonding.  Application of PDMS to 

SU-8 should be done within 2 minutes of the PDMS plasma treatment 

otherwise the activated amine groups on the PDMS surface are passivated 

and bonding is no longer possible. 

- Heating Process:  Once satisfactory alignment and contact are made, 

devices are put into an oven at 100
O
C to activate and drive the bond.  

Pressure may be applied to the device to force a conforming contact 

between the PDMS and SU-8. 

- Inspection (QC):  The sealed devices can be inspected to ensure that there 

is a complete and conforming contact across the entire area of the device. 

3.1.3.5 Device Packaging – Fluidic Connection 

Due to the tiny size of the channel and the surface tension of the liquids in the 

channel, the sealing of the devices needs to be able to withstand very large fluidic 

pressures.  Simple press-punch sealing can handle large pressures but was found 

to be susceptible to fracturing if there were any small tears formed during the 

punching process.  A new method to seal the devices was subsequently developed 

in conjunction with C. Mu that would handle large pressures.
§,120

  Figure 3-8 

show a flow chart of the steps necessary to complete the interconnection method. 

 

Figure 3-8:  Flow chart showing the process steps to form the fluidic interconnects and 

complete the device packaging process. 

 The packaging procedure steps are preformed as follows: 

- Glass pad drilling:  Glass pads are drilled with holes precisely placed so 

that they align with the punched holes in the PDMS and the reservoirs on 

the SU-8 devices.  The diameter of the hole is large enough to accept a 22-

guage pin. 

- Glass Pad Bonding:  Glass pads with drilled holes are bonded to the top 

surface of the PDMS of the sealed device via an oxygen plasma treatment.  

                                                 
§
 My contribution consisted of taking the developed bonding method and expanding it to handle 

multiple inputs in a single glass pad to allow device integrated to be scaled up.  Many devices 

were created and demonstrated that the alignment with multiple inputs is not an issue.   

Demonstration of a functioning device was also reported. 
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Glass pads and PDMS are exposed to an oxygen plasma for two minutes 

under a pressure of 150mTorr.  Within one minute of the conclusion of the 

plasma treatment, the pads and PDMS are forced into contact to ensure the 

holes in the glass pad are aligned with the punched holes.  Metal pins may 

be inserted into the punched holes prior to the device entering the plasma 

bonder to guide the placement of the glass pads on the device and ensure 

exact alignment.  Devices are then place in an oven at 100
O
C for one hour 

to drive the bonding.  Pressure can be applied to force a complete and 

conforming contact. 

- Pin Insertion and Epoxy Application:  Metal 22 guage blunt pins are 

inserted into the punched holes.  Care must be taken to ensure that no 

debris is pushed into the SU-8 reservoir during pin insertion.  Devices are 

then placed in an oven at 120
O
C and left to heat for 30 minutes.  Epoxy is 

applied to the hot pins - just a tiny drop will suffice - and is allowed to run 

down the pin to fill the void between PDSM, glass hole, and pin. 

- Heat Treatment – Epoxy Curing:  Devices are left in the oven at 110
O
C for 

one hour to react the epoxy. 

 

 

Figure 3-9:  Interconnection method developed that increased the bonding area to increase 

fluidic pressure capabilities.  Source:  Reprinted from reference 120. 

3.1.3.6 Fabrication Flow Chart 

The entire fabrication process can is summed up below in Figure 3-10 as a 

detailed flow chart showing each step necessary to fabricate the device and the 

major segmentations and the steps involved with them. 
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Figure 3-10:  Flow chart of the fabrication process showing the five main segments of 

fabrication and each step necessary within that segment. 

3.2 Testing 

To validate the performance of the created designs, the following sections 

describe the apparatus and materials used to do such testing and generate 

acceptable data.  Two types of testing had to be performed outside of the general 

qualitative quality control inspection of devices.  The first procedure was taking 

an image of the beam in the device through the excitation of a fluorescent dye in 

the channel.  This image was then analyzed to determine the beam properties and 

conclusions about the formed lens system and designs could then be made based 

on the analysis.  The second testing procedure was a standard bead counting test 
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used in standard conventional cytometric machine calibration.  Microbeads – 

blank and fluorescent – were flown through the microchannels and gave off a 

specific optical signature based on the interaction with the formed beam in the 

channel. Analysis of device performance allowed comparisons of device designs.  

Testing procedures have been briefly described in publications produced from this 

work,
91,98,118,121,122,123,124

 but are presented in detail here. 

3.2.1 Materials 

To produce an beam in the channel that is capable of having its image captured, 

the beam’s wavelength is converted using fluorescent dye from Exciton Inc.  This 

is a high efficiency laser dye - Nile Blue 690 Perchlorate that has an excitation 

max of 630 nm and an emission max of 660 nm.  The dye, normally in a solid 

form, is dissolved in ethanol at a concentration of 0.1 Mol. 

 Tests to perform a cytometric counting application used microspheres as the 

interrogated specimens to provide a uniform source to quantify the performance 

of the device.  The fluorescent beads were purchased from Invitrogen.  Two 

different bead sizes were purchased in order to test the device’s performance 

dependence on specimen size.  AlignFlow 2.5μm diameter microspheres with a 

630 nm excitation peak, and a 660 nm fluorescence peak were purchased.  These 

beads had a manufacturer calibrated CV of 3%.  The larger bead used was the 

AlignFlow Plus 6.0 μm diameter microspheres, also with a 630 nm excitation 

peak,  and a 660 nm fluorescence peak.  The manufacturer calibrated CV for these 

beads was 5% 

 To perform scatter detection tests, blank microspheres from Polyscience Inc. 

were purchased.  Three different sizes were used to determine any dependence of 

the device’s performance based on the bead size:  Polybead 1μm diameter blank 

polystyrene spheres, with a calibrated size CV of 3%; Polybead 2μm diameter 

blank polystyrene spheres, with a calibrated size CV of 5%; and Polybead 5μm 

diameter blank polystyrene spheres, with a calibrated size CV of 8%.  All bead 
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suspensions were prepared by mixing the beads into filtered de-ionized (DI) 

water.  DI water also doubled as a sheath fluid to hydrodynamically focus the 

sample bead suspension. 

3.2.2 Equipment 

The excitation sources for both the beam geometry imaging and bead 

interrogation and counting experiments was done with a 50 μm core diameter 

fibre pigtailed 250mW variable power 635 nm laser diode from Meshtel; model 

MFS-635-50M.  Early prototyping work done to image formed beams was done 

with a 8mW HeNe laser from SpectraPhysics.  This source was abandoned early 

once the Meshtel unit arrive for reasons discussed earlier in section 1.3. 

 To image the beam in the channel a camera and accompanying software were 

purchased from Lumenera Inc.  The camera used was an Infinity 2-3C, a CCD-

based sensor with 3.3 megapixels with colour capabilities.  The software used to 

run the camera and perform some analysis was Lumenera Infinity Capture and 

Analyze, also from Lumenera Inc.  For beam geometry imaging an objective lens 

from Mitutoyo, with a magnification of 10 and a long working distance was used 

in series with a Navitar 12x zoom lens.  This configuration allowed flexible 

imaging of the beam. 

 Bead experiments used PMTs for photon detection purchased from Newport.  

Two separate units manufactured by Oriel were used – one for each wavelength – 

model 77343 for 635 nm detection and model 77341 for 660 nm detection - due to 

the different sensitivity range of each unit.  The power supply to both units was 

provided from a dual PMT power supply from Newport capable of supplying up 

to 2000V.  Coupling fibres to provide the excitation and collection of optics 

signals to the device was accomplished using multimodal fibres with a core of 50 

μm.  These fibres have large losses around the range of spectrum of interest, 635 

nm, and therefore, very short length were used to minimize these loses.  For 
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accurate positioning of coupling fibres, miscellaneous 3- and 5 axis micro-

positioning stages for precise optical alignment were used. 

 Signals obtained from the PMTs were converted to voltages using an I-V 

amplifier from Keithley, model 428.  A DAQ-card from National Insturments, NI-

USB-6211, that allowed up to 8 voltage-based analogue inputs was used to 

digitize the signals to be further analyzed.  A computer with LabView software 

from National Insturments with a custom written program was used to further 

analyze signals and to perform the necessary criteria for peak detection. 

 To force beads into suspension, a Sonicator Mixer was used to put the mixture 

into a vigorous vortex.  The solutions were prepared through the accurate 

measurement of bead and diluting solutions to create the desired concentrations 

via a MicroPipet from VWR International.  These pipettes provided a range of 

volumes – from 0.5-10μm and 20- 200μm volumes. 

 Optical detection was aided through wavelength selection optics.  Band pass 

filters to select only the light from the excitation band were purchased from 

Newport, model number 10BPF10-630, which had a 10 nm wide pass band 

centred on 630 nm to ensure the removal of any fluorescent or extraneous light.  

The band pass filter for light within the fluorescent band was purchased from 

Omega Optical, model number 660DF20, which had a 20 nm wide band pass with 

very sharp cut-on/cut-off edges of over OD6 in magnitude to ensure that 

excitation light is reduced by over six orders of magnitude. 

3.2.3 Setup 

Two very similar setups were used for both the beam imaging and bead detection 

experiments.  For beam imaging, the device was set on a stage with the area of 

interest hanging in free-space.  This allows for a clear window for imaging, one 

that is free from artefacts or noise.  Furthermore, this configuration allows for a 

light to be placed above the device to enhance the contrast of the image.  A mirror 

placed blow the device allows the deflected image to be collected by the objective 
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and zoom lens to be focused on the camera sensor.  A colour filter placed between 

the mirror and the objective to filter out all but the fluorescent light during beam 

imaging.  The configuration of the camera connected to the large working 

distance objective and zoom lens allows an easy working distance and provides a 

range of magnifications and imaging options.  Formed images on the camera 

sensor were digitized and sent to the computer to be analyzed.  A 5-axis stage 

next to the device on the input side allowed for precise alignment of the excitation 

fibre.  Precise alignment was accomplished through the control of the x, y, and z 

coordinate positions, plus the angular alignments from yaw and pitch control.  

Roll control was obviously not necessary due to symmetry of the fibre.  A 

schematic of the beam imaging setup is shown in Figure 3-11a). 

 

Figure 3-11:  Schematic showing the testing setups for a) beam image acquisition, and b) 

bead detection and collection; both showing input fibre coupling to the device.  In b) the 

output collection fibre may be substituted for a fibre array block when necessary.  Source:  

Reprinted from reference 123. 

 For bead testing, the experimental setup again requires the device is set on the 

same stage with the area of interest hanging in free-space.  This allows camera to 

be used again for alignment purposes.  The source light is coupled into the device 

in the same manner as for the beam imaging  process, from a carefully aligned 

fibre to the device’s edge.  For experiments that require the free-space optical 

collection scheme, a mirror deflects light to the collection objective where the 

image is formed on the input of a PMT after passing through a colour filter 
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(selected for either fluorescent or excitation band pass depending on fluorescent 

or scatter detection) and a spatial filter.  For alignment purposes, the PMT could 

be replaced by the camera until satisfactory alignment of the waveguides are 

obtained.  For experiments that test the device’s on-chip collection waveguides, 

another 5-axis stage is placed near the output side of the device to allow for 

precise alignment of a single fibre - or a fibre array block if multiparameters are 

to be measured.  Signals from the fibres are directed onto PMTs to amplify and 

convert the photons to an electrical signal.  A schematic of the bead detection 

setup is shown in Figure 3-11b). 

 

Figure 3-12:  Picture showing the testing setup for image acquisition.  This setup will allow 

both imaging and bead setup via swapping the camera with a PMT at the end of the 

objective.  Source:  Reprinted from reference 123. 

 A picture of the setup is shown in Figure 3-12.  This clearly shows the input 

and output fibre array blocks and the stages they sit upon.  It also shows the 

device above the deflection mirror and the objective lens directed at the mirror for 

image acquisition.  At the end of the objective are the zoom lens and the mounting 
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for the camera or the filter and PMT combo to allow switching between beam 

imaging and bead detection (free-space.) 

3.2.4 Procedure 

3.2.4.1 Beam Imaging 

The entire procedure for capturing beam images for analysis is summarized in the 

flow chart in Figure 3-13.  A detailed description follows. 

- Device Seating:  the device is placed on the stage and positioned so that 

the objective lens can be positioned to obtain an image from anywhere on 

the device – from the channel to the waveguide facets. 

- Attach Fluidic Tubing:  capillary tubes containing the fluorescent dye are 

slid overtop of the metal fluid interface tubes. 

- Set Field of View – Beam Location:  The position of the lens is adjusted 

and the magnification is altered so that enough of the channel and lens 

system are present.  The focus is adjusted until the image is sharp.  Adjust 

the exposure time, gain, and brightness setting in the camera capture 

software until good image contrast is obtained. 

- Set Field of View – Input Waveguide Facet:  Move the lens so that the 

field of view is on the end of the device and the waveguide facet is visible. 

- Align Fibre:  Adjust the position of the input fibre so that it is visibly 

aligned with the waveguide and almost touching the waveguide facet. 

- LASER ON:  Connect the laser fibre to the fibre being aligned.  Turn on 

the laser.  At this point, the reflection from the facet may be visible and 

the fibre can be repositioned to ensure better alignment. 

- Set Field of View – Beam Location:  Move the lens so that the field of 

view is back on the microchannel where the lens system injects the beam.  

One should be able to see scattering from the channel walls, lens system 

walls, and scattering from other defects in the device layer. 

- Align Fibre – Fine Positioning:  Using the scatter from the input light that 

is visible adjust the fibre so that the brightest amount of scatter is visible 

off the lens system walls and as little is observed in the channel. 

- Inject Fluorescent Dye:  Inject dye into the microchannel until it is filled. 

- Align Fibre – Best Intensity:  The beam should be visible in the channel.  

Adjust focus, gain, exposure time, and brightness until good contrast is 

obtained.  Reposition the fibre until the brightest possible beam is visible 

in the channel.  This is the best coupling obtained with the fibre.  Moving 



Ph.D. Dissertation | Benjamin R. Watts | McMaster University | Engineering Physics 

137 

the fibre back and forth horizontally, one should be able to see the 

intensity of the beam shift back and forth from one extreme side of the 

beam to the other. 

- Set Region of Interest:  Adjust the magnification until the beam takes up a 

significant amount of the field of view without sacrificing clear contrast.  

Readjust focus and camera parameters for best contrast. 

- Acquire image:  Take several images to ensure that at least one is obtained 

where vibrations are minimized and not obscuring image clarity. 

 

Figure 3-13:  Flow chart depicting the procedure to acquire beam shape images. 

3.2.4.2 Bead Detection 

The experimental procedure to test the bead detection is a process that is very 

similar to the beam imaging process, but with a passivation step added before the 

device is seated and many steps added on instead of injecting a fluorescent dye.  

The passivation step changes the surface chemistry of the SU-8 and the PDMS in 

the channel.  Normally, PDMS has CH3 groups terminating the surface making it 

hydrophobic.
48

  It was found that exposure to air plasma for 1 minute will oxidize 

the  surface to Si-OH groups.  This surface is hydrophilic and the surface will hold 

this surface chemistry as long as it is in contact with water.
48

  The surface 

chemistry of SU-8 is normally hydrophobic as well, however, this can be changed 

via an oxygen plasma as well.  Treatment for 2-8 minutes was found to effectively 

passivate the SU-8 to a hydrophilic nature – though this oxygen plasma treatment 

does have detrimental effects to the surface roughness after  repeated 

treatments.
125

 

 This passivation step is necessary as hydrophobic channels can trap air, 

causing sticky side walls and create very strong back pressure forces due to 
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capillary forces; sometimes they are strong enough to cause the bulk PDMS 

material to fracture. 

 

Figure 3-14:  Flow chart depicting the steps to perform the bead flow testing for both free-

space and on-chip collection schemes. 

 The entire procedure to perform the bead testing is given in the flow chart 

presented in Figure 3-14.  Details of the procedure are described below. 

- Oxygen Plasma Treatment – Hydrophobic to Hydrophilic:  the device is 

placed inside the plasma bonder and the chamber is evacuated to a 

pressure of 150mTorr.  The chamber is turned onto high and left for 6 

minutes.  The plasma bonder is switched off and the chamber is returned 

to atmospheric pressure and the device is removed from the chamber.  

This changes the surface of the PDMS and SU-8 to a hydrophilic state. 

- De-Ionized Water Injection:  To keep this hydrophilic state, the channel is 

filled with water.  At the same time the device is inspected under a 

microscope to ensure there are no leaks that flood the voids forming the 

lens systems and thus will render the devices faulty. 

- Device Seating:  the device is placed on the stage and positioned so that 

the objective lens can be positioned to obtain an image from anywhere on 

the device – from the channel to the waveguide facet 
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- Attach Fluidic Tubing:  capillary tubes containing the sample and sheath 

fluids are slid overtop of the metal fluid interface tubes. A tube to collect 

waste is also fitted.  Just prior to attaching the sample tubing, the liquid 

should be thoroughly agitated via the sonicator to ensure good suspension 

of beads. 

- Set Field of View – Beam Location:  Adjust the position of the lens and 

adjust the magnification so that enough of the channel and lens system are 

present and adjust the focus until the image is sharp.  Adjust the exposure 

time, gain, and brightness setting in the camera capture software until 

good image contrast is obtained. 

- Set Field of View – Input Waveguide Facet:  Move the lens so that the 

field of view is on the end of the device and the waveguide facet is visible 

- Align Fibre:  Adjust the position of the input fibre so that it is visibly 

aligned with the waveguide and almost touching the waveguide facet. 

- LASER ON:  Connect the laser fibre to the fibre being aligned.  Turn on 

the laser.  At this point, the reflection from the facet may be visible and 

the fibre can be repositioned to ensure better alignment. 

- Set Field of View – Beam Location:  Move the lens so that the field of 

view is back on the microchannel where the lens system injects the beam.  

One should be able to see scattering from the channel walls, lens system 

walls, and scattering from other defects in the device layer. 

- Align Fibre – Fine Positioning:  Using the scatter from the input light that 

is visible to adjust the fibre so that the brightest amount of scatter is visible 

off the lens system walls and as little is observed in the channel. 

 At this point, if the experiment is to test the on-chip collection of signal, then 

the next few steps should be performed.  If no on-chip collection is being used, 

then the procedure skips over the next five steps to the free-space collection 

procedure. 

- Set Field of View – Output Waveguide Facet:  Move the lens so that the 

camera captures the output waveguide facet. 

- Align Output Fibre:  Adjust the position of the fibre (or array block) so 

that the fibre is visibly aligned with the waveguide facet. 

- LASER ON:  Connect the laser fibre to the fibre being aligned.  Turn on 

the laser.  At this point, the reflection from the facet may be visible and 

the fibre can be repositioned to ensure better alignment. 

- Set Field of View – Beam Location:  Move the lens so that the field of 

view is back on the microchannel where the lens system injects the beam.  
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One should be able to see scattering from the channel walls, lens system 

walls, and scattering from other defects in the device layer. 

- Align Fibre – Fine Positioning:  Using the scatter from the input light that 

is visible adjust the fibre so that the brightest amount of scatter is visible 

off the lens system walls and as little is observed in the channel. 

 Repeat the previous five steps for each fibre in the array block or for each 

parameter that is being measured for the on-chip collection scheme.  One can 

reconnect the laser to each fibre to ensure that alignment is preserved for previous 

fibres. 

 If the experiment demands the collection of a parameter via a free-space 

collection scheme, the sequence picks up at the next step.  Otherwise, the next 

two steps can be skipped. 

- Set Region of Interest:  Move the lens so that the camera captures the 

interrogation region.  Remove the camera and place a white surface in the 

project light to form image. 

- Align Interrogation Point on Spatial filter:  Adjust the position of the PMT 

and spatial filter/bandpass filter so that the point of interrogation is 

incident on the hole in the spatial filter.  The hole should be sufficiently 

small so as not to collect stray light from the channel was but large enough 

to not block any light from the specimens.  Adjust focus to sharpest image 

contrast possible. 

- Establish Bead and Sheath Flow:  Turn on the syringe pumps so that the 

correct flow conditions are achieved.  One may have to wait a few 

minutes.  Do not push on syringe plungers manually, this creates large 

pressures that take a long time to dissipate in the device and will create 

incorrect flow conditions until the pressure does relax. 

- Connect Oscilloscope to Desired Output: Connect the leads to the output 

from the I-V amplifier to monitor the signal quality.  Flow conditions can 

be adjusted  until bursts are visible or occur at the desired frequency. 

- Adjust Input Fibre for Best Burst Intensity:  Adjust the input beam fibre 

until the bursts are of maximum intensity and of best quality. 

- Adjust Output Fibres for Best Burst Intensity: Adjust the output fibre 

(array) until the bursts are of maximum intensity and of best quality. 

- Run Program and Collect Data:  Start the LabView program and perform 

multiple runs.  The oscilloscope can be used for real-time monitoring to 
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check quality of signals and flow within the channel (indirectly through 

the quality of the signal). 

 The testing setup contains many devices that can allow for tuning so as to fine 

the best quality signal.  After much trial and error the basic settings that are 

typically used for all the equipment are:  a PMT voltage of between -500 V and -

900 V, and I-V amplifier gain of 1e4 to 1e7, and I-V amplifier filter of 30 μs to 

100 μs, and a sampling rate in LabView of 50 μs.  Slight deviations from these 

values can allow best signal quality to be achieved. 

 Signal detection and peak recognition in LabView software should be adjusted 

on a run by run basis.  In LabView, the baseline signal should be set at the signal 

intensity observed where laser is on in the absence of bead flow.  The threshold 

for a signal should be set to 2x the baseline value to ensure the minimum SNR. 

 Flow conditions during testing are kept low enough so that the flow rate of the 

sample solution could be kept constant at 20 μL/hr to ensure constant throughput 

for all tests.  To alter the sample flow width the sheath flow was varied according 

the empirical relation in Equation 1-1.
52

  The flow conditions used and the 

calculated sample stream widths are summed up in Table 3-1. 

Table 3-1:  List of sample stream widths and the flow conditions necessary to achieve them. 

Sample Stream 

Width (μm) 

Sample Flow 

Rate (μL/hr) 

Stream Flow 

Rate (μL/hr) 

1 20 646 

2 20 313 

3 20 202 

5 20 113 

6 20 91 

10 20 46 

 When monitoring the signal quality, it should be noted that clogs will cause 

very messy bursts with very long burst durations of over 1 ms.  If a messy burst is 

noted then the device should be backwashed by forcing a surge of sheath fluid.  If 

that does not return flow to normal, the device should be removed and 

backwashed from the waste port.  If that doesn’t fix the clog, then the device is 

deemed scrap.  A diminished signal intensity likely means misalignment of the 
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input or output fibres and thus a quick adjustment of fibres will usually work even 

while the experiment is being run – though the LabVIEW program should be 

restarted to ensure uniform intensity throughout the entire run. 

3.2.4.2.1 Reproducibility 

Multiple devices are tested to ensure that the batch-to-batch processing is 

produces uniform devices that can function exactly the same.  This is also done to 

eliminate the possibility that an individual result isn’t an outlier and that the 

observed performance is indicative the actual designed devices.  The same 

devices are also tested day-to-day and run back-to-back to ensure the repeatability 

of the testing procedure. 

3.3 Data Analysis 

The method for analyzing the performance of the devices was created especially 

for this work.  The criteria for specifying the beam geometry was developed based 

on predictions about ideal beam/bead interaction.  Performance of devices had 

standards set for bead flow detection that are similar to that used in conventional 

cytometry and which are applicable for different POC and LOC geared assays.  

These methods have been disclosed in publications generated from this 

work,
91,98,118,121,122,123,124

 however, details are provided here. 

3.3.1 Beam Profiling 

The first step in analyzing the beam geometry is to convert the acquired images to 

a 2D matrix of integer values based on pixel intensity.  To facilitate this, a vision 

analysis software, ATS SmartVision from ATS Automation Inc., was used to run 

a simple procedure to convert a region of interest (ROI) in the direct vicinity of 

the beam to a matrix of integer values.  The program is a sequence of tools that 

each perform a specific function that allow some flexibility based on user input.  

A C-code based script was written to integrate the tools together to perform the 

desired function.  The code to operate the tools is shown in Appendix C  A 

description of the code’s function is given below. 
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 First, a calibration factor is determined to give a pixel size that relates to a 

real-world distance.  This value, a distance/pixel will allow accurate distances to 

be lifted from the analyzed image.  To get the calibration factor, the script first 

locates the microchannel edges from the formed beam.  This is a fairly tricky 

procedure due to the blurring of the edge from the long depth of field necessary to 

image through the entire depth of the channel.  The script finds the length 

between channel edges in pixels.  As the channel was designed to be 50 μm wide, 

therefore conversion factor is calculated from 50 μm / # of pixels between channel 

edges.  Using this distance between channel walls, the script then sets a region of 

interest (ROI) around the beam with the extreme top and bottom of the ROI 

aligned with channel wall at the top and bottom of the beam.  The width – the 

distance along the channel – of the tool is set to be approximately 50 μm wide.  

This is a suitable value for the width of the ROI as the beams are typically longer 

then they are wide.  The script then moves through the image pixel-by-pixel and 

takes the pixel intensity, converts it to an integer value and then stores the value to 

a text file.  Each text file the particular conversion factor attached to it.  The 

intensity values ranged between 0 – for fully dark – and 255 – for fully saturated. 

 With the converted values the analysis is then performed row by row in the 

matrix.  One row is considered a slice across the beam in the direction of bead 

flow.  These slices are beam profiles and are therefore the change in intensity that 

a particle would experience as it traverses the beam.  Obviously a specimen has a 

much larger size the a single slice so the entire intensity profile that a particle 

experiences would actually be a collection of these narrow slices.  Each row 

should have an intensity profile of a specific formed shape that is approximately 

Gaussian in nature.  A fit curve to this profile allows analysis of the profile to be 

assessed from the curve parameters. 

 A Gaussian curve is fit to the data through a simple reduced chi-squared 

analysis.  This method tries to find a solution that will minimize the chi-squared 

parameter, and a sample of analyzed data is given in Figure 3-15.  To do this 
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analysis, an error for the measured pixel value is determined by taking the square 

root of the measured value.  A guess of the Gaussian curve that would fit this 

specific row is determined through the basic parameters shown in Figure 3-15; the 

mean value (sigma), the standard deviation (mu), the amplitude (A), and the 

vertical offset or baseline (B).  The difference between the value of the Gaussian 

fit value and the measured value is then recorded.  This is called the residual.  The 

chi-squared value is found by dividing the square of the residual by the square of 

the measured error.  A sum of all these values is then recorded, as shown in 

Figure 3-15.  The solver command is then executed in the spreadsheet and values 

for the fit Gaussian are changed until the sum of the chi-squared values are 

minimized.  A sample of a single row with the fit Gaussian is shown in Figure 

3-16.  From this fit curve, the FWHM is calculated from the values of the 

standard deviation by multiplying it by 2.354.  The FWHM is taken to be the 

width of the beam. 

 

Figure 3-15:  Sample of the data to perform a Gaussian fit through a Chi-squared analysis. 

 As discussed in section 2.1.2.5, the depth of focus determines the area of near 

uniform intensity in the direction perpendicular to flow in the plane of the chip.  

Again, this is the distance over which the bead could deviate in the stream flow 

and still receive same excitation.  Section 2.1.2.5 noted that for this work the 

depth of focus would be defined as the distance over which the intensity of the 

beam varies by less than 5% of the maximum intensity.  The maximum intensity 

is determined by using an averaging filter of a 3x3 pixel area to ensure that any 

outliers are removed. 



Ph.D. Dissertation | Benjamin R. Watts | McMaster University | Engineering Physics 

145 

Pixel Intensity vs. Horizontal Position
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Figure 3-16:  Sample of a fit curve to a sample of a row of matrix data.  the data shows a 

slice of the beam intensity in the direction of fluid flow. 

 With the maximum intensity determined, horizontal slices of the matrix are 

then analyzed using a 3x1 wide filter again to average the profile and remove any 

outliers.  The filter scans across the region and determines the positions in the 

beam perpendicular to fluid flow where intensity is above 95% of max.  There 

should be two of these positions; where the beam intensity initially increases past 

this value on the injection side, and where the beam decreases past this value on 

the collection side.  These two points determine the depth of focus.  Within these 

two points, the matrix is further scanned to collect the two positions laterally in 

the flow where the beam crosses this 95% threshold.  This is a sort of width that is 

defined by the 95% criteria.  One last scan is performed through all the rows and 

collects the points on the beam that are defined by the FWHM.  The code to 

perform this scan is given in 0 

 With points collected by the 95% definition, a contour plot of the beam can be 

overlaid with these points.  An elliptically-shaped area will be traced out with the 

major axis coincident with the beam axis and the minor axis parallel to bead flow.  

An example of this is shown in Figure 3-17.  The overlay in green shows the 
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FWHM of the beam while the near-uniform region defined by the 95% criteria is 

overlaid in red. 

 

Figure 3-17:  Contour map of a formed beam shape with an overlay of the FWHM (green) 

and the area of near-uniform illumination (red). 

3.3.2 Bead Detection 

Data logging is done by a custom LabVIEW program that determines if a peak 

occurred.  A peak is deemed an event if the intensity of the peak is above a 

threshold level, and if the value from the previous peak has returned below the 

baseline.  This program was originally written by Feiling Zhang for work by 

Canjun Mu, but was adapted to suit this work.  A text file that logged all the raw 

data and the histogram points (without a time-stamp) were created at the 

conclusion of the program.  Two channels could be logged with this program 

allowing for simultaneous two parameter detection. 

 This LabVIEW program had a bug that couldn’t be fixed within the program.  

In some tests it was noticed that a secondary peak was detected; possibly due to 

slight misalignment or diffraction effects from the free-space optical setup - the 
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spatial filter to be exact – or from saturation effects on the dye.  This secondary 

peak artefact can be seen in the sample of raw data plotted in Figure 3-18a).  

Some peaks have the artefact; some do not, though the artefacts seem to occur 

with peaks of larger intensity.  This would support the saturation explanation.  A 

secondary peak artefact caused the LabVIEW program to detect two peaks - 

despite a direct violation of the peak detection criteria.  Furthermore, data files did 

not contain any timestamp for any of the data points – raw data and histogram.  

Lastly, the histogram file only recorded the peak intensity; no log of the data 

points forming the peak was done completely eliminating any possible analysis by 

pulse shape. 

 

Figure 3-18:  The secondary peak artefact and the effect on detection and analysis.  a) Plot of 

the raw data (with intermediate data removed) showing many pulses with and without the 

secondary peak artifact, b) histogram of a run without the secondary peaks removed, and c) 

the same histogram with the secondary peaks removed. 
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 The problem with secondary peak detection is easily shown in Figure 3-18b) 

and c).  The histogram of the data inFigure 3-18b) has a large tail on the lower 

intensity side due to these smaller peaks.  The fitted Gaussian is a poor fit and 

analysis of this Gaussian would indicate poor performance based on the large CV 

that would be calculated from the curve.  Removal of these secondary peak 

artifacts shows the true performance of the device, as shown in Figure 3-18c).  

This histogram has the small bump on the lower intensty side removed and the 

fitted Gaussian is much better and would yield a much better CV more indicative 

of the actual device performance. 

 To remedy this, a C-code script was written to run after the fact to re-analyze 

the raw data files to remove the secondary peak artifact and collect all data points 

above threshold so that the full burst shape is recorded.  Furthermore, the script 

would add a times stamp to all data.  This script is shown in Appendix E  

Essentially, the script opens the data file and reads through the raw data point-by-

point to detect peaks and record entire burst.  The entire burst shape is needed to 

make conclusion about particle velocity and the area under the burst can be used 

instead of peak intensity to give a more reliable measurement. 

 With the processed and corrected files, the data was then analyzed in Origin 

data analysis software.  The intensity values are binned and a histogram is 

formed.  This histogram has a Gaussian curve fit to it using the in-house fitting 

tool in Origin.  Using this fit Gaussian’s parameters, the CV can be calculated 

from the centre value and the standard deviation and the SNR of the test can be 

calculated from the centre value and the baseline used in the test. 

 Double detections are events that will typically have twice the intensity of a 

single event.  Therefore, there should be a small number of events on the 

histogram at approximately double the main histogram peak value.  To log these 

events, the the centre value of the histogram is multiplied by 1.5 and any events 

above this value are logged as double (or multiple) detections. 
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 When analyzing multiparamters, the data files should be combined as separate 

files are cumbersome to deal with.  As the LabVIEW program was not written to 

do this, a custom script was written to perform this off-line after the data files had 

been obtained.  This script is an expansion of the script to record the entire pulse 

shape given in Appendix E with the modification that the script opened two raw 

data files and ran through both data files simultaneously searching for peaks.  This 

modified and greatly expanded script is given in Appendix F  The script writes a 

new file that contains the pulses for both parameters; if one pulse is missing for 

one of the paramters, zeros are inserted.  With the new files analysis can be 

performed in Origin where the histograms are analyzed and raw data can be 

correllated. 

 A custom script was written to provide a quick analysis tool to determine the 

reliability of the on-chip detection technique by comparing it to the simultaneous 

free-space collection data.  This script is given in Appendix G and a sample of the 

printed data analysis is shown in Figure 3-19.  This readout shows that the on-

chip events coincided with the free-space events 99.4% of the time, while the 

free-space events were accompanied by on-chip events 89.6% of the time. 

 

Figure 3-19:  Screen shot of the readout of completed data analysis to determine the 

coincidence rate of the on-chip collection. 
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4 Devices and Device Performance 
Fabrication methods outlined in the previous chapter allowed feasible device 

fabrication.  The procedure described is the result of fine-tuning to produce the 

best quality possible.  Quality of devices was monitored and problems outlined in 

this chapter allowed changes to be made until the recipe allows fabrication of 

excellent quality devices.  Testing high quality devices in a cytometric function is 

demonstrated and the performance is evaluated.  Device designs are confirmed 

through quantifying uniformity of the formed ideal beam geometries to ensure 

that they accurately replicated the intended beam geometries.  With confirmed 

beam geometry the operation of the devices in a flow cytometric function – both 

in fluorescence and scatter detections - is compared to other state of the art 

devices.  Most of the results within this chapter have been disclosed in various 

publications (references 98, 118, 121, 122, 123, and 124) with extra data inserted 

to provide a more comprehensive presentation of the performance measured by 

devices. 

4.1 Devices and Quality Control 

4.1.1 Device Quality Control 

Proper device fabrication is essential to efficient and optimal performance, 

therefore, periodic inspections of the quality of the devices was done to ensure 

good device formation while proper changes were made to the fabrication process 

to correct for any poor performance or poor quality devices.  Several fabrication 

issues were identified as solutions were developed for each. 

4.1.1.1 Intermediate Layer 

As mentioned earlier in section 3.1.3.1 bonding SU-8 to glass is extremely 

difficult due to the large difference in the CTEs.  The CTE for SU-8 is 52ppm/K 

while the Pyrex substrate has a CTE of 3.25ppm/K.  After the PEB step the device 

is cooled from 95°C and this temperature change causes features to not adhere to 

the substrate.  This delaminating of the device layer is clearly shown in Figure 



Ph.D. Dissertation | Benjamin R. Watts | McMaster University | Engineering Physics 

151 

4-1a) where the waveguides are warped due the broken bond to the substrate.
116

  

In extreme cases, this can result in the entire layer of SU-8 delaminating from the 

substrate even though the features are properly formed, as shown Figure 4-1b).
116

  

This problem was solved though that application of a very thin (~600nm) layer of 

SU-8 photoresist.  As mentioned earlier, SU-8 3015 is a special blend that is 

specially designed for better adhesion to glass.  What was found out from this 

work in conjunction with Thomas Kowpak’s work was that this intermediate layer 

serves as a sacrificial layer that will ease the stresses generated between thermal 

expansion differences.  The layer is kept thin enough that it would not affect the 

guided waves in the devices above.  This work was published in reference 117. 

 

Figure 4-1:  The thin intermediate has a dramatic affect on the SU-8 bonding.  a) A device 

with a the absence of the intermediate shows SU-8 structures that are not fixed to the 

substrate, b) the entire SU-8 layer can be easily peeled from the Pyrex substrate. c) A device 

with the intermediate layer shows good bonding with poor resolution, d) a device with 

proper bonding and resolution.  Source:  a) and b) reprinted from reference 116. 

 With the addition of the intermediate layer, the proposed conditions for 

fabrication had to be changed.  Initially, the procedure used followed the 
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manufacturer’s suggestions.  Figure 4-1c) shows a device manufactured under the 

suppliers suggested instructions and the poor resolution and improper removal of 

material.  There is obvious material still in the lens areas and the microchannel is 

partly filled with SU-8.  Excess material was due to improper exposure conditions 

and had to b changed to reflect the extra surface that was now applied underneath.  

Also, there are extra chemistry considerations to remove all the material.  The 

fabrication procedure was modified until satisfactory devices were manufactured 

and the recipe listed in section 3.1.3.1 resulted.  Figure 4-1d) shows a device 

where the intermediate layer was deployed on the device with the tuned 

manufacturing conditions to allow proper formation of devices. 

4.1.1.2 Device Resolution 

Resolution of the devices is one of the most important defects to control in the 

manufacturing of devices.  It involves the correct transfer of the designs to the 

devices and proper formation of all the features with few flaws that could affect 

performance.  These include cracking, pattern transfer, and cleanliness. 

4.1.1.2.1 SU-8 Cracking 

Cracking of the SU-8 device layer is a persistent issue in the fabrication of 

devices; evidence of cracking can be seen in all SEM images presented in this 

work, and is especially prevalent at very corners of devices.  Cracking is caused 

by one of two things.  The first is a low exposure dose that does not properly form 

the Lewis acids necessary for polymerization throughout the entire layer, the 

result is a layer with a larger degree of polymerization at the surface – where light 

is preferentially formed.  Developing of the layer will cause the inside under-

polymerized material to swell and thus crack the surface.  The second cause is 

from a high exposure dose that forms a large amount of Lewis acids.  This creates 

a large degree of polymerization and large amounts of cracking in the baking step 

follows due to the large thermal expansion in the now rigid and brittle device 

layer.  The solution to solve one issue leads to problems with the other.  Raising 

the exposure dose to reduce cracking due to swelling causes more cracks to form 
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due to layer brittleness.  This work found that one can play with the PEB 

temperature to help control the cracking, however, this again presents a trade-off 

between the two issues causing cracking.  The solution is to find a combination of 

exposure dose and PEB temperature that yields the lowest amount of cracking. 

 As mentioned earlier, the cracking generally starts only at the corners of the 

formed devices.  Some formed devices have eliminated cracks that spontaneously 

appear in the middle of the bulk surface, however to eliminate cracks in future 

devices, designs should have rounded corners to eliminate this nucleus for crack 

formation. 

4.1.1.2.2 SU-8 Pattern Transfer Resolution 

Transferring the pattern to the device layer accurately is accomplished through 

careful exposure.  As mentioned in section 3.1.3.1, the contact of the device layer 

with the mask if of paramount importance.  During fabrication it was noticed that 

if the mask made good contact on one side, the resolution of devices was 

excellent, while the other side had a very poor pattern transfer resolution.  Figure 

4-2 show such a device where it is obvious that all material has not been removed.  

It is especially obvious as the intended pattern transfer is visible as a faint outline.  

This will be an obvious detriment to performance due to different lens curvature 

and poor surface quality.  The poor pattern transfer is specifically due to the fact 

that poor contact causes light to diffract and expose areas that are supposed to 

remain dark and visa versa.  This results in a partly exposed region that has low 

level of cross-linking and is therefore difficult to develop away completely.  This 

explains the film of material left around device edges in Figure 4-2. 

 Using a 4 inch wafer, it is difficult to achieve complete conforming contact 

throughout the entire wafer.  The bead of thicker amounts of SU-8 that 

accumulates at the layer edges during the spinning step make resolution poor in 

the middle as it creates a gap between mask and layer.  The bead removal 

procedure mentioned in section 3.1.3.1 was developed to remove this thicker 
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material to allow for better contact throughout the entire device.  Even with the 

edge bead of thicker SU-8 removed it was found it necessary to place dark tape on 

the underside of the exposure machine in the middle of the device to force the 

middle to make contact.  Furthermore, careful levelling of the substrate with 

respect to the mask was done to ensure conforming contact across the entire 

surface.  Figure 4-3a) and b) show properly formed devices where good mask 

contact was established and the correct areas were exclusively exposed. 

 

Figure 4-2  SEM of a device with a 3.6 μm lens system showing poor resolution from poor 

device-photomask contact.  The intended pattern can be seen as a ‘film’ outline of un-

removed material. 

 Figure 4-4 shows two devices that both include the new design that 

incorporates the notch to reject noise on the forward scatter waveguide, as 

discussed in section 2.2.6.  The notch in Figure 4-4a) is poorly formed as residual 

material blocks most of the notch.  It was noticed that in some cases it was a skin 

of material on the top of the notch; this would still have limited functionality.  

After tuning the fabrication procedure the resolution of the notch in Figure 4-4b) 

was drastically improve and is of excellent quality.  A very well defined notch 

will allow very good removal of the paraxial light that is crucial to the proper 

performance of these designs.  It should be noted that a ‘perfect’ notch is 

impossible as an infinitely sharp point is impossible to form, however, this notch 

is the smallest feature of all the designs in this work and is a fine example of the 

resolution abilities of the formed fabrication procedure. 
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Figure 4-3:  SEM images showing a) device and b) high magnification of interrogation area 

where the side walls are smooth, voids are clear, and there is limited cracking.  Source:  

Reprinted from reference 121.
**

 

 The resolution discussed above focused on the quality of the surface edges 

formed during the exposure step of photolithography in the lens system areas.  It 

is obvious that there is little room for error with the optical components in these 

designs.  The affect of poor contact resolution on waveguide facets is less severe.  

As shown in Figure 4-5a), a waveguide of poor quality has obvious extraneous 

material at the corners of the waveguide and the sidewalls are not as vertical as is 

formed in an optimal fabrication.  A higher magnification SEM image in Figure 

4-5b) with a different viewing angle shows the poorly formed facet.  This 

waveguide would still be useable; however, the coupling losses would be larger. 

 

Figure 4-4:  The effect the pattern transfer resolution has: a) the notch is poorly resolved 

and thus filled with material, b) the notch's resolution is excellent as all material is removed. 

                                                 
**

 This figure was from the author’s work published in reference 121. 
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Figure 4-5:  a) SEM image of a poorly defined waveguide.  b) High magnification SEM 

shows the poorly defined edges and non-vertical walls on the waveguide. 

4.1.1.2.3 Cleanliness 

The cleanliness of the devices is one of the hardest sources of defects to control.  

Contamination on a device is largely rather innocuous, however, particles in the 

device layer – if situated properly – can cause defects.  Figure 4-6 shows a 

particle that just happened to coincide with the edge of a device.  The particle 

causes an obvious rippling on the formed surface and would cause scattering of 

light and degrade the optical function of the device.  This is an extremely rare 

occurrence if proper clean room procedures are followed. 

 

Figure 4-6  SEM image showing a contamination particle and the effect it has on the transfer 

of the photomask to the SU-8. 
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 A more salient concern about contamination is effect it will have on the bond 

and subsequent sealing of the device and thus, problems with containing fluids.  

Such a device with a large amount of contamination is shown in Figure 4-7 with 

the obvious debris near the branched structure of the microchannel.  None of these 

particles happen to lie on an optical feature, and thus the optical performance of 

the device would not suffer.  However, when bonding the PDMS to the SU-8, this 

debris will prevent complete and conforming contact.  Voids in the immediate 

proximity of the contamination will appear and the size of the void is proportional 

to the height. and more generally the size, of the particle.  If the location of the 

contamination, and thus the void, are spatially coincident with the channel and a 

device structure, the void can overlap both features.  This will allow a direct leak 

to ruin the performance optically and can also ruin hydrodynamic focusing within 

the channel. 

 

Figure 4-7:  Large contamination issue on the surface of the device in the upper left of the 

SEM image will cause leaking problems around the first device next to the branched 

channel. 
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4.1.1.3 SU-8/PDMS Bonding 

Early devices produced incorporated an oxygen plasma bonding method 

developed by T. Kowpak.
116,117

  This process involved coating an oxygen plasma 

activated PDMS surface with APTMS.  This aminized the PDMS surface and 

allowed strong bonding with the residual epoxy groups on the SU-8 surface.  The 

performance is summarized as Thomas’ contribution to the author’s publication in 

reference 118. 

 More recent devices switched to a nitrogen plasma bonding method developed 

by Z. Zhang et al.
119

  As mentioned in section 3.1.3.4, this is a much simpler 

procedure and produces the same resulting bond as the previous method 

developed by Thomas Kowpak.  This was briefly discussed previously in section 

3.1.3.4 while the chemical bonding was shown in Figure 3-7.  The results and 

performance from devices formed using this bonding method are summarized in 

the publication in reference 119.  The authors contribution to this work showed 

excellent bonding and completely conforming seals despite complex device 

design and a very strong bonding as the bulk material fractures before the bond 

yields. 

4.1.1.4 Packaging 

Early devices using press-fit seals allowed feasible devices to be fabricated, as 

shown in Figure 4-8a).  The press-fit sealing method – although sufficient in some 

testing - was abandoned shortly after the first few batches of devices were 

fabricated as seals were found to be inconsistent and often could not hold a 

sufficiently high fluidic pressure common in these microfluidic devices.  The 

seals were found to be prone to leaking and furthermore, slight defects in 

manufacturing – tears from the hole punching, for example – were found to easily 

fracture under modest fluid pressure and permanently ruin the seal and devices for 

further testing.  Repeated insertion and removal of interconnection pins was found 

to also cause seals to rapidly fail and was therefore deemed a sealing method that 

was inconsistent with the requirement of a feasible device.  The press-fit seals are 
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visible in Figure 4-8a) as a simple hole punched in the centre of the thickened 

PDMS areas. 

 

Figure 4-8: a) Early device fabrication with PDMS glued on top to form a press seal.  b) 

Picture of the fabricated device with strong interfluidic connection method.  Source:  a) 

Reprinted from reference 119
††

 and b) reprinted from reference 118
‡‡

.  

 A new sealing method developed by C. Mu et al. – as outlined in section 

3.1.3.5 - was applied to devices and found to allow fabrication of excellent quality 

devices and, through this work, was shown to be able to be expanded to a multiple 

port-per-pad format as shown in Figure 4-8b).  Contrasted to the press-fit seal 

method, this method has metal pins permanently fixed to the device so that the 

only wear from repeated use occurred on the capillary tubing – a component that 

is cheap and easily replaced, sparing the devices from ruin. 

4.1.2 Quality Devices 

With the fabrication issues solved as discussed above, quality devices were 

regularly fabricated.  Proper fabrication conditions yielded devices of excellent 

quality; Figure 4-9 shows several SEM images of a device that has a lens system 

to focus a multimodal input to a 10μm beam waist in the channel with 

perpendicular views, a) and a close-up in b), and 30º tilted angle view, c) and a 

close-up in d).  Excellent resolution of the device’s features and good transfer of 

designs from photomask to the device layer is evident as seen in Figure 4-9a).  

The complete removal of unexposed areas can be seen in Figure 4-9b).  Clear, 

                                                 
††

 This figure represents the author’s contribution to the published work in reference 120. 
‡‡

 From the authors published work in reference 118. 
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smooth, and defect free side walls that allow for low scattering losses during 

optical function are evident, as shown in Figure 4-9c) and d). 

 

Figure 4-9  SEM images of a device with a 10um lens system.  a) normal view and b) close up 

of the lens system.  c) 30 degree skewed angle and d) a close-up view of the lens system 

revealing surface quality. 

 Waveguide facets were replicated very well and the excellent quality will 

allow relatively low propagation losses.  The sidewall and facet quality are 

confirmed by the SEM image in Figure 4-10.  Figure 4-10a) shows the waveguide 

next to some bulk material showing a clean cladding area on either side of the 

core, as well as excellent defined edges.  The magnified SEM image of the 

waveguide end in Figure 4-10b) shows excellent facet resolution that is smooth 

and defect free.  Again, the device has well defined vertical edges and excellent 

replication of the 50 μm designed width. 

 The optical coupling ability of the device is shown in shown in Figure 4-11.  

The waveguide is clearly visible through light that escapes along the length of the 

waveguide vial the leaky modes.  A fair bit of excess light is evident at structures 
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light the channel and the opposite end primarily due to the physical mismatch 

between the 50 μm core cylindrical fibre geometry and the 30 μm by 50 μm 

rectangular waveguide geometry.  There is a very intense spot is the interrogation 

region indicating that much of the light propagates to the interrogation region.  

The brightness of this spot is provided by scattering from the lens surfaces and 

channel walls. 

 

Figure 4-10  a) SEM image of a waveguide facet and adjacent bulk material and b) a close-

up of the waveguide facet showing excellent facet quality. 

 Propagation losses were not measured for these devices, instead the well 

established and reported value of 1.3dB/cm @ 630nm was assumed.
44

  The 

scattering that is visible along the fibre is due to leaky modes escaping from the 

uneven removal of protective polymer sheathing.  Note that the amount of light 

that is coupled across the channel into the collection waveguide and the slightly 

less amount of light that is coupled into the angled collection waveguide.  Also of 

note in this image are the bright defects and artifacts in the SU-8 and PDMS layer.  

The scattering from artifacts in the PDMS layer are because of light that is 

coupled into the top PDMS layer from the core fibre as it is larger than the 30 μm 

waveguide height.  The scattering in SU-8 layer is because of light that is coupled 

into the bulk material from either the top PDMS layer or from leaky light that 

escaped from the waveguide.  Most of the errant light along the channel is from 

stray light due to the mismatch of waveguide NA and lens NA as discussed will 

be discussed later in section 4.2.1.4. 



Ph.D. Dissertation | Benjamin R. Watts | McMaster University | Engineering Physics 

162 

 

Figure 4-11  Picture showing the coupling to the device.  Note the amount of light that is 

cross-coupled into the straight output waveguide as opposed the angled waveguide. 

 An image of the device near the interrogation region is shown in Figure 

4-12a) showing quality of the formed structures and the conforming bond 

between the SU-8 and PDMS as evidenced by the lack of voids and bubbles 

where material has separated.  Figure 4-12b) shows a picture of the detailed cross-

section of the device shown in a) showing the excellent resolution, clean 

waveguide facet, voids that are completely removed of material, and a completely 

conforming bond between the SU-8 and PDMS – even in narrow regions such as 

the 50 µm wide waveguide.  Given that care was taken during the fabrication 

process, the bonding between the PDMS and SU-8 was found to be completely 

conforming even in the narrow regions between the lens system and channel.  

This small surface area of bonding – visible in Figure 4-12a) - was found to be 

strong enough to hold together even when the channel was under sufficient fluidic 

pressure. 

 New designs attempted to contain a much higher density of devices.  Figure 

4-13a) shows the replication of many devices on a single substrate from the 

designs shown in Figure 2-49.  No interference between devices with respect to 
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fabrication was observed.  The larger device density results in a higher yield as a 

single defect will still allow many functional devices per substrate.  The good 

resolution was able to remove all unwanted material as evidence by the high 

magnification SEM image of a device with a 12μm lens system shown in Figure 

4-13b). 

 

Figure 4-12:  a) image of the detailed area around the interrogation region. b) Image of the 

waveguide facet showing the layered structure and quality of the facet. 

 The sealing of these devices was observed to be completely conforming over 

the entire surface of the wafer.  The bonding was observed to hold the high fluidic 

pressure throughout the entire length of the channel, even along the sections that 

had a reduced wall width between the channel and the waveguide facets. 

 

Figure 4-13:  SEM image of a device that forms many devices on a single microchannel.  a) 

Shown are two sets of simple input, lens system, and straight collection waveguides for two 

sets of 1.5-, 3.6-, 6.0-, 10-, and 12μm lens systems.  b) high magnification of a 12μm lens 

system. 

Fabrication of designs that incorporated the multiple collection waveguides with a 

single input of a normally incident lens system is shown in Figure 4-14a) from the 

single device design shown in Figure 2-50a).  Again, each device has excellent 



Ph.D. Dissertation | Benjamin R. Watts | McMaster University | Engineering Physics 

164 

resolution and the complete removal of material will allow low-loss operation of 

optical components.  As shown by the high magnification SEM image in Figure 

4-14b) there is no interference due to the close proximity of devices and the 

resolution is very good as it produces very sharp features.  The sealing of the 

devices was observed to be sufficient and held pressures generated under normal 

operating conditions – even in the very narrow area between the channel and lens 

as observed in Figure 4-14b). 

 

Figure 4-14:  a) SEM image of many devices each with a different lens system and multiple 

(3) collection waveguides.  b) High magnification of a device with a 10μm lens system. 

 Realization of a device designs with multiple collection waveguides and a 

focused angled input designs from Figure 2-50b) is shown in Figure 4-15a).  This 

image shows just two devices of five that are formed along the length of the entire 

microchannel.  Again, quality of the devices is excellent and sharp edges are 

formed and all material is removed, as evident in the high magnification SEM 

image in Figure 4-15b). 

 Device designs from Figure 2-51 where dual angled inputs from two different 

lens systems were fabrication and are shown in the SEM image from Figure 4-16.  

As discussed in section 2.2.4.5.1, the collection waveguides can provide a large 

angle (~90º) collection if the waveguide is opposite the channel from the 

corresponding input or a low angle collection (~20º) if the waveguide is on the 

same side of the channel as the corresponding input.  These devices were easily 
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fabricated and the proximity of devices did not interfere, and device material was 

easily removed from all areas.  The bonding was observed to be sufficient to hold 

fluid in the channel even in the long narrow section along the channel where 

bonding surface is severely reduced. 

 

Figure 4-15: a) SEM image of two (of 5) devices on a single microchannel with an angled 

input and multiiple collection waveguides.  b) High magnification of a device that has a 

1.5μm lens system. 

Forward scatter designs from Figure 2-52a) and b) – showing straight and angled 

inputs, respectively – are shown via the SEM images in Figure 4-17 and Figure 

4-18, respectively.  Figure 4-17a) shows the 10.0 μm lens system with the 

modified notch system and the narrow waveguide that will limit the collection of 

light.  A modified 3.6μm lens system with the forward scatter notched design is 

shown in Figure 4-17b).  Devices have very good resolution and the notch quality 

(inset of Figure 4-17b) is good.  Figure 4-18a) shows the angled 10 μm lens 

design with the modified notch, while formation of the forward scatter design 

with a 6.0μm lens system is shown in Figure 4-18b)  The notch details in the inset 

of Figure 4-18b) indicates good reproduction of the design.  Notch resolution is 

not perfect in any of these devices; due to the limits of the fabrication procedure 

there will always be some difficulty removing material in the deepest part of the 
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notch.  The effect this has on device operation will be evaluated later in section 

4.2.2.4.  The notch is also a source of cracks as was discussed in 4.1.1.2.  Again, 

any limitation do the device performance will be discussed later in section 4.2.2.4. 

 

Figure 4-16:  SEM image of a device that has two different focused inputs from angled 1.5- 

and 12μm lens systems with an angled collection waveguide on each side. 

 

 

Figure 4-17:  SEM images of devices that form a) 10.0μm beam and b) 3.6μm beam with 

forward scatter design and high magnification of the notch (inset). 
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Figure 4-18:  SEM images of devices that form a) 10.0μm and b) 6.0μm angled beams with 

forward scatter design with a high magnification of the notch (inset). 

4.2 Device Performance 

With quality devices, the performance of the device is tested.  The beam shapes 

formed in the channel are analyzed to form a large region of near uniform 

intensity – a region large enough to cover the entire sample flow with a low 

variation of intensity.  This region of uniform intensity is defined to be where the 

intensity does not vary by more than 5% from the maximum intensity.  With such 

ideal regions of excitation, the performance of the devices in a cytometric 

function is confirmed through determining the CV of each designed device with 

different beads.  Device performance is found to have a dependence on the 

combination of the bead and beam sizes used – a straightforward one for 

fluorescence detection, but a vague one for scatter detection.  Low CV values are 

desirable, and the flexibility of devices if found to be quite large due to the large 

regions of uniform excitation. 

4.2.1 Excitation Beam Shaping 

The ability of the fabrication procedure to accurately transfer the designs to the 

device layer is confirmed through quality inspections – as discussed in section 

4.1.1 - and also through the testing of the devices. However, qualitative 

inspections cannot confirm the correct replication of device designs.  Careful 

analysis of the formed excitation beams and comparison with simulations allow 

for a quantitative confirmation of proper design realization. 
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Figure 4-19:  Pictures of the device in simple use.  a) Beam from a device with no lens system 

and b) a detailed image of the formed beam shape.  c) device forming a 3.6um beam waist 

and d) a detailed image of the formed beam shape.  Source:  Reprinted from reference 121.
§§

 

 An example of the fluorescence used to illuminate the beam is shown in 

Figure 4-19 highlighting the device’s capturing the beam in the microchannel.  To 

capture the beam, the channel is injected with the fluorescent dye and everything 

but the fluorescent light is filtered out to allow a clear beam image to be acquired.  

Figure 4-19a) shows the formation of a beam that does not pass through any lens 

system, with a backlight illumination to show the surrounding device structures.  

A detailed image with the backlight removed is shown in Figure 4-19b).  It is 

obvious that the intensity of the beam decreases as it traverses the channel due to 

the divergence of the beam as it traverses the channel.  Any particle that passes 

                                                 
§§

 This figure is from the author’s published work in reference 121. 
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through this beam will get a varying dose of intensity while more than one 

particle could easily fit in the beam.  These two features are very detrimental to 

detection capabilities of the device. 

 Applying a lens structure has a very dramatic effect on the beam, as shown in 

Figure 4-19c).  This image shows a device that was designed to form a 3.6 μm 

beam waist with a backfield light applied and the band-pass filter in place.  It was 

possible to use a filtered backlight with the 3.6 μm structure because the intensity 

of the focused beam is much greater than the device that did not employ any beam 

shaping .  Figure 4-19d) shows a magnified image of the beam filtered and in the 

absence of the back light.  The shape of the beam is an obvious ‘bowtie’ shape 

formed from the convergence of the beam in the centre of the channel.  The useful 

uniform portion of the beam is in a narrow region in the centre of the channel. 

4.2.1.1 Raw Images 

Images for all narrow designed beam waists whose simulations are shown in 

Figure 2-21 were obtained through the fluorescent imaging used to obtain Figure 

4-19.  An example of all these images is shown in Figure 4-20.  This is the first 

iteration of these device designs.  It is obvious that the increasing beam width 

corresponds to the intention of the designs.  Furthermore, an increasing depth of 

focus was achieved with increasing beam width that allows for a larger region of 

uniform illumination. 

 Images show that the 3.6-, 6.0-, and 10.0 μm formed beam all appear to form 

a region of uniform intensity in the middle of the channel – as predicted by 

simulations.  The 1.5- and 12.0 μm beams have the centre of the beam shifted 

quite significantly to the bottom of the channel – the injection side of the channel.  

This means that specimens in the flow stream will instead cut through the 

divergent portion of the beam and receive a varying intensity depending on the 

deviation in the sample stream.  This was an error that was deemed to be 

corrected in the next iteration of device designs.  Furthermore, there is a lot of 

extraneous light in the channel further up and downstream from the interrogation 
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beam.  As alluded to earlier in sections 2.1.2 and 4.1.2, this is due to the mismatch 

of NA from the waveguide and input NA of the lens system.  The smaller the 

formed beam, the larger the image NA and thus, the smaller the object NA - as 

given by Equation 2-9.  This means that a significant portion of the light ejected 

by the waveguide will misses the lens system entirely and end up propagating 

through the bulk material to the channel.  This issues is discussed later in section 

4.2.1.4 and design revisions to remove this light are shown in the schematics of 

Figure 4-39.  The distance between the stray light and the beam increases with 

increasing beam waist due to the larger collection angle of the lens systems that 

form larger beam waists.  The angle of the stray light also increases due to more 

extreme rays only being rejected.  As can be noticed Figure 4-19b), the no lens 

beam does not have any stray light from this source as all light is guided by the 

waveguide to the channel.  There is still some light evident but this is from 

scattering sources and imperfect coupling and is very dim. 

 Designs that formed larger beam waists, as shown via the simulation results in 

Figure 2-22, were created and sample images of the beams formed in the channel 

are shown in Figure 4-21.  These formed beams had waists of a) 25 μm, b) 30 μm, 

and c) 50 μm.  As mentioned earlier, these beams are much too wide to use with 

small particles, but were instead fabricated to demonstrate the flexibility of device 

designs.  Note the lack of stray light in the channel:  this is due to the designs 

being able to accept all light from the waveguide.  This is because the input NA of 

lens system was greater than 0.22 – the value of the output NA of the waveguide.  

These lens systems therefore have a high efficiency as all injected light is used to 

form the illumination beam geometry.  This is partly the reason why many other 

microchip device use single-mode beams for excitation: because very high 

efficiency of light makes it to the channel for illumination.  However, as the beam 

is much bigger than the proposed specimens that are to be detected, the energy 

density of the beam is low and thus the specimen will only be illuminated by a 

tiny portion of the beam’s energy. 
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Figure 4-20:  Fluorescent images of the beam shaped formed in the channel for a) 1.5-, b) 

3.6-, c) 6.0-, d) 10.0-, e) 12 μm and f) no lens system designs. 

 Aside from the reason just given above, through a qualitative inspection of the 

beams shown in Figure 4-21 the conclusion was made that these beam would not 

provide very good excitation of particles.  The uneven beam intensity in the 

direction of particle flow and the direction perpendicular to it will cause variation 

of excitation of specimens that will cloud the analysis of the detection signals.  

This variation is largely due to the multimodal nature of the beam; it has an 

uneven intensity profile.  As the magnification of these beams are high - 0.5 for 
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the 25 μm beam waist and 1 for the 50 μm beam waist - the uneven profile of the 

original beam is preserved.  The smaller beams have these uneven regions overlap 

and average out to a desirable even beam intensity. 

 

Figure 4-21:  Fluorescent images from designs to form larger beam waists.  a) 25-, b) 30-, 

and c) 50 μm beam waists. 

 For the purposes of this work these beams were deemed not relevant for bead 

detection for two reasons:  the performance of the devices with small particles 

would not be close enough to mimic conventional detection, and performance 

with larger beads (20-50 μm), though possible better, is not applicable in this 

work due to the small channel size not being large enough to accommodate larger 

particles.  Furthermore, biological applications are rarely concerned with particle 

sizes above 10 μm.  Therefore, the bead detection tests are only performed with 

the beams formed in Figure 4-20. 

4.2.1.1.1 Device Repeatability 

To test the ability of the fabrication process to produce devices that are identical, 

beam imaging was performed on many devices.  Figure 4-22 shows two images 

from each of the five main designs, 1.5-, 3.6-, 6.0-, 10.0-, and 12.0 μm beam 

waists.  Each image is from a different device made during a completely separate 

fabrication run.  The identical beams from each devices shows the reliability of 

the fabrication process to reproduce the intended designs repeatedly and with 

consistent quality.  One of the images, from a device that forms a 10.0 μm beam 

waist, has a very dim image.  This was found to be due to a poor waveguide facet 

quality from the dicing procedure.  The coupling efficiency was poor and thus the 

beam intensity was poor.  However, the formed beam geometry from both 10.0 
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μm devices are identical.  Beam geometry is still the same shape as predicted 

meaning that the lens systems and the channel replication is consistent. 

 

Figure 4-22:  Beam images of the five main designs from two different devices each. 
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4.2.1.2 Simulation Confirmation 

Devices will only function properly if they accurately replicate the simulated 

designs, therefore, tested devices must have confirmation that the formed beams 

exactly conform to simulated beam shapes.  Beams must form a well defined 

region of uniform intensity in the centre of the channel.  As can be seen in Figure 

4-23a), the simulated lens system for a 6μm lens system design closely fits the 

formed structures in the fabricated device.  This figures is simply an overlay of 

the formed lenses plus the ray trace, but the overlay closely fits the structures 

formed on the image of the actual device and places the focused beam and region 

of uniform intensity right in the middle of the channel - as predicted.  Figure 

4-23b) shows the fluorescent image from a 6 μm beam formed in the channel.  A 

qualitative inspection shows a region of uniform intensity in the middle of the 

channel stretching in the beam axis (perpendicular to flow) and a narrow beam 

waist over which the intensity is nearly uniform (in the direction of flow).  Figure 

4-23c) shows a coloured contour map of the beam in b).  The beam’s intensity is 

broken down into segments and the difference between baseline intensity and the 

maximum measured intensity is 73 (in arbitrary units) for this particular image.  

As the highest segment of intensity forms a region that is close to the definition of 

uniform intensity discussed in section 2.1.2.5, this region can be considered the 

formed region.  This region measures approximately 9 μm long by 4 μm wide.  

The width, 4 μm, is smaller than the designed width because it is the width at 95% 

intensity whereas the FWHM is closer to 9 μm. 

 A better comparison to simulations is shown in Figure 4-24.  The shape of the 

ray trace from the simulations corresponds very accurately to the formed beam in 

the  channel.  In this particular device the designed width is 10 μm, the FWHM 

was measured to be 10.5 μm.  Although this method is quite a qualitative method, 

it is still is valid to perform it before moving on to apply the more rigorous 

analysis approach that is discussed in section 3.3.1.  Any conclusions from the 

visual inspections need to be confirmed. 



Ph.D. Dissertation | Benjamin R. Watts | McMaster University | Engineering Physics 

175 

 

Figure 4-23:  Comparison of the formed device to the simulations.  (a) Picture of the device 

with an overlay of the simulated ray trace indicates good device reproduction.  (b) Image of 

a formed 6 um beam waist, and (c) a contour plot showing the uniform region in the middle 

where particle receive uniform optical excitation.  Source:  Reprinted from reference122.
***

 

 

Figure 4-24:  An image of a formed 10um beam with the ray trace from simulations overlaid 

next to it.  A good visual reproduction is obvious.  Source:  Reprinted from reference 121.
†††

 

                                                 
***

 This figure is from the author’s published work in reference 122. 
†††

 This figure is from the author’s published work in reference 121. 
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Figure 4-25:  False colour contour plots of a beams in the channel with a) no lens system, c) 

3.6um lens, and e) 10um lens along with 3D representations of the beam intensity profiles for 

devices incorporating b) no lens, d) 3.6um lens, and f) 10um lens.  Source:  Reprinted from 

reference 121. 

 Beam images from Figure 4-20 were converted to contour plots, two of which 

are shown in Figure 4-25 plus a contour plot for the no lens device.  Figure 

4-25a), c), and e) shows contour plots of beams formed by no lens system, a 3.6 

μm lens system, and a 10 μm lens system, respectively, at a normal viewing 
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angle.  Figure 4-25b), d), and f) show 3D relief plots of the beams to give a better 

representation of the intensity profile that the particles will traverse.  From these 

contour plots it is confirmed that the beam formed by no lens system in Figure 

4-25a) and b) has a decreasing intensity across the channel as well as a very wide 

beam width not suitable for single particle detection.  Comparing the contour 

plots of the formed 3.6- and 10.0 μm beams to the beam simulations in Figure 

2-20 shows that the images are closely replicated. 

4.2.1.3 Beam Geometry Parameters 

Each beam was characterized according to the method outlined in 3.3.1.  The row 

by row analysis of the beams - essentially planes parallel to the sample flow and 

perpendicular to the plane of the chip - is shown in the next series of figures.  The 

first, Figure 4-26, shows the measured FWHM of the beam as a function of the 

propagation distance through the channel (channel position).  As the curves 

indicate, each beam clearly narrows in the centre of the channel and some devices 

performed better than others.  This plot confirms the previously made observation 

from section 4.2.1.1 that the worst performance is from the 12.0 μm device where 

the narrowest point of the beam is shifted very close to the channel wall on the 

input side.  This means that particles will traverse the beam in the more divergent 

and wider area around the 25 μm mark in the channel position.  This is obvious 

from the images in Figure 4-20e) and Figure 4-22.  The plot also confirms that the 

1.5 μm beam is also shifted closer to the input channel wall – around the 17 μm 

mark.  Again, this was obvious from the images in Figure 4-20a) and Figure 4-22 

- though less so than the 12 μm device.   

 Of the devices shown in the plot in Figure 4-26, the 10 μm device performed 

the best showing the narrowest FWHM - approximately 11.5 μm - very near the 

centre of the channel at 25μm.  Furthermore, the narrow regions stretch over a 

significant portion of the channel; from the 20 to 30 μm positions across the 

channel the width varies by less than 5% of the minimum.  This is part of the 
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designed uniform region and ensures that specimens in the sample stream will be 

in the beam for equal amounts of time leading to uniform pulse generation. 

 

Figure 4-26:  Graph showing the measured FWHM for the 1.5-, 3.6-, 6.0-, 10.0-, 12.0 μm 

beams with input from the multimodal source. 

 The 6 μm device formed a narrow FWHM of 9.1 μm at the 23 μm point in the 

channel.  This beam covers positions 19 to 25 μm in the channel where the width 

varies 5%.  The 3.6 μm device covers positions 21 to 25 μm with a minimum 

FWHM of 7.3 μm.  This confirms the predicted performance from section 2.1.2:  

the narrower the beam, the narrower the region where the FWHM is controlled.  

With limited coverage this indicates that the beams must be properly deployed 

depending on the size of the specimen that the tests targets.  Ie. too small of a 

beam size will cause particles to traverse divergent areas of the beam where the 

excitation will not be uniform or ideal; too large of a beam may have some 

negative consequences, however, that will be determined by results from bead 

testing. 
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 The next plot further illustrates the beam geometry and allows comment on 

the usefulness of the beams.  The maximum amplitude of the beam as a function 

of the position across the channel is plotted in Figure 4-27.  The peaks of the 

curves coincide quite well with the minimums of the FWHM curves from Figure 

4-26.  There is a slight shift to the left towards the injection side of the devies as 

the absorption of the beam in the due to the dye will decrease the intensity of the 

beam as it propagates through the channel.  Correcting for this would entail 

adding a small value to each point proportional to the distance from the injection 

side.  The overall effect would slant the curve up on the right side. 

 

Figure 4-27:  Graph showing the measured amplitude relative to background intensity in the 

surrounding channel for the 1.5-, 3.6-, 6.0-, 10.0-, 12.0 μm beams with input from the 

multimodal source. 

 Inspection of the curves again confirms that the worst performance is from the 

1.5- and 12.0 μm designs.  This suggests a design flaw in the simulations.  Again, 

this was intuitively expected through the inspection of the beam images in Figure 

4-20a) and e) and Figure 4-22.  There is a trade-off that exists between the 

uniformity of the formed geometry and the beam waist: the smaller the beam 

waist, the smaller the formed region in the channel. 
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 For a better comparison of two devices, the 3.6 μm and 10 μm FWHM and 

intensity plots are shown below in Figure 4-28 along with a plot for a beam with 

no lens system.  The minimum beam width and maximum beam intensity both 

coincide very closely with the centre of the channel indicated good alignment.  A 

much wider region of controlled beam width and intensity from the 10 μm device 

is possible, as expected.  The comparison to the device with no lens is very 

dramatic.  With no lens, the beam has a very stable beam width, however, it is 

much to wide to be useful for practical application.  Furthermore, both the 3.6- 

and 10 μm device have much larger intensities at the point of interrogation due to 

the focusing of the beam.  As discussed earlier in section 2.2.3, the very low 

magnification makes up for the loss of light due to any missed light due to the 

mismatch between the lens system NA and waveguide NA. 

 

Figure 4-28:  Comparison of the 3.6- and 10.0 μm device with a device that utilizes no lens 

system. 

 Early on in the work, testing was done with a HeNe laser as a light source 

instead of the multimodal fibre coupled source.  Comparison between operation 

with a low quality multimodal source and a high quality laser source was possible 

by coupling this high quality beam into the device to test the lenses.  Again, 
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results are presented in the same form as in Figure 4-26 and Figure 4-27.  The plot 

of the FWHM is shown in Figure 4-29 while the amplitude plot is shown in 

Figure 4-30.  The results from the beam analysis with a single mode source 

closely match those with a multimodal beam.  The single mode beam has a 

smoother profile – as expected due to the better quality input beam from the HeNe 

laser resulting in the lens systems focusing a single-mode beam with a Gaussian 

profile.  This demonstration shows that the multimodal beam can be shaped into a 

profile that is of similar quality to that formed from a single-mode source. 

 

Figure 4-29:  Graph showing the measured FWHM for the 1.5-, 3.6-, 6.0-, 10.0-, 12.0 μm 

beams with a single mode input from a HeNe laser. 

 Now, armed with an intuitive knowledge of where the beam geometry is 

located in terms of the FHWM and amplitude, analysis can now define the regions 

of uniform intensity.  Figure 4-31 shows a contour plot similar to that in Figure 

4-25e) with the defined region of uniform intensity clearly marked in red for the 

10 μm design.  The dimensions of this area were found through the procedure 

outline in section 3.3.1 using the script from Appendix D   The area is defined 

where the intensity of the beam does not deviate by more than 5% of the 

maximum and forms an elliptical area with dimensions of 14.3 μm - in the beam 
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axis (major axis) direction perpendicular to specimen flow - by 5 μm in the flow 

direction (minor axis).  This creates a span across the sample flow that will ensure 

equal excitation of specimens and ensure equal signal for identical specimens.  

This will give the devices the ability to resolve tiny differences in specimen 

populations and increase the analytical ability.  The design do need slight 

modification to shift the region so that it is perfectly in the centre of the channel, 

however, this shift could be from absorption of the dye that artificially decreases 

intensity in the latter half of the of the channel.  Modifications to device designs 

would have to be very slight. 

 

Figure 4-30:  Graph showing the maximum amplitude of the beam as a function of position 

across the channel for 1.5-, 3.6-, 6.0-, 10.0-, and 12.0 μm beam designs with a single mode 

input from a HeNe laser. 

 Expanding the analysis from above to cover all the device designs results in 

Figure 4-32 which shows contour plots much the same as the plot presented in 

Figure 4-31 - except that it displays results from the four other device designs.  

Inspecting the contour plots from the smallest beam waist – 1.5 μm in Figure 

4-32a) – to the largest beam waist – 12.0 μm in Figure 4-32d) – demonstrates that 
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the dimensions of the uniform region grows with the beam waist size.  This is an 

expected result due to simple geometric optics predictions from section 2.1.2. 

 

Figure 4-31:  Contour plot showing the defined uniform region (in red) and the dimensions. 

 Table 4-1 contains a collection of the measured parameters from the beam 

data obtained from the contour plots in Figure 4-31 and Figure 4-32.  The table 

shows the minimum FWHM of the beam, the dimension of the uniform region 

(the width and the depth), and also lists the position of the centroid of the uniform 

region in the channel with respect to the beam penetration in the channel; ie. 25 

μm would be ideal as it is the centre of the channel.  The uniform regions are 

confirmed to be quite large - larger than the intended beam width.  This ensures 

that even large particles - close to the same size as the FWHM - will receive 

uniform excitation.  The 10 μm lens system was the most accurately replicated as 

the region was centred in the channel at 23.0 μm, the FWHM was measure to be 

10.9 μm - very close to the simulated width – and the depth of focus is very large 

so as to ensure very uniform excitation of specimens. 
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 The 3.6- and 6.0 μm devices closely replicated the intended design, but need 

slight adjustments to the designs.  Both need a smaller FWHM, while the 6 μm 

device needs to have the region be positioned closer to the channel centre.  Both 

devices still produced very large depths of focus relative to the intended design 

width. 

 

Figure 4-32:  Contour plots showing the defined region of uniform intensity for the a) 1.5-, b) 

3.6-, c) 6.0-, and d) 12 μm device designs. 

 The devices that formed 1.5- and 12 μm beam were way off the intended 

design and need major adjustments. 

Table 4-1:  Collection of measured beam widths and depth of focus values. 

Device FWHM (μm) Width (μm) Depth of Focus (μm) Position (μm) 

1.5 (μm) 6.7 1.0 3.9 16.3 

3.6 (μm) 7.4 2.1 8.3 22.3 

6.0 (μm) 10.2 2.6 10.2 19.7 

10 (μm) 10.9 5.0 14.3 23.0 

12 (μm) 10.1 2.3 9.5 13.5 
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 So far the demonstration of high quality devices has been shown.  Device 

designs are accurately replicated on-chip in a single layer.  These designs create 

devices that form well defined regions of intensity in the channel.  Furthermore, 

these designed regions of intensity fit the simulated beam very accurately.  The 

intended regions of uniform intensity are very large and should allow each beam 

width to enhance device performance through reliable results from specimens 

whose size is close to the same size as the FWHM of the beam.  There will be an 

upper limit and lower limit to the devices in terms of acceptable specimen size – 

which is confirmed by the cytometry tests described later in section 4.2.2.  A 

summary of the accomplishment and contribution of this work is shown in Figure 

4-33 and demonstrates a marked difference and improvement to other examples 

of the state-of-the-art in the literature originally shown Figure 1-24.  This figure 

has been expanded to show the contribution of this work, shaded in yellow.  The 

beam formed by the conventional method, shown in Figure 4-33i), is the ideal 

situation.  Injection from waveguide sees the beam spread and have an 

uncontrollable intensity region as shown in Figure 4-33ii), while early works have 

demonstrated some form of focusing, though with no effort towards beam 

shaping, Figure 4-33iii).  This work clearly demonstrates the improvement and 

gap in microchip devices by tailoring a custom beam geometry on-chip through 

the use of on-chip integrated optics.  This method allows the device to function 

with the input from a lower quality light source.  These designs have a larger 

efficiency as it uses a large amount of the input beam to form the excitation 

region for the specimen leading to a larger detection signal, as opposed to the 

conventional method that wastes a significant portion of the beam, as discussed in 

section 1.1.1.2.1. 

 Overall, the 10- and 6 μm devices should have excellent performance in bead 

flow as the region of uniform intensity is centred around the middle of the channel 

and they provide very large and even regions of intensity to provide uniform 

excitation to all specimens despite deviation in the sample flow stream.  A large 



Ph.D. Dissertation | Benjamin R. Watts | McMaster University | Engineering Physics 

186 

efficiency of these devices is due to the designs allowing a large amount of 

coupled light from the waveguide to actually form the excitation region. 

 The 1.5 μm device in the original design is predicted to have the worst 

performance.  Poor performance will be due to the formed geometry; it is so small 

that the slight miss-alignment is catastrophic to excitation.  Specimens in the 

sample flow will miss the intended illumination region and instead be excited by 

the divergent portion of the beam subjecting the specimen to uneven illumination. 

 

Figure 4-33:  New designs allow a new beam geometry in the channel iv) that closely mimics 

free-space methods i). 

 Performance from the 12 μm device – despite a serious misalignment of the 

beam geometry - should have adequate performance, especially with smaller bead 

sizes.  The designed uniform region is so large that it still overlaps the sample 

stream.  Smaller sized beads are still excited by the defined region – though 

through the extreme edge of the formed region.  Large sized specimens will suffer 

as a portion of them will traverse the divergent potion. 

 Design for the 3.6 μm device, despite good alignment in the channel, will still 

suffer some performance issues as beads will ‘clip’ the intended formed beam.  

The small size allows less room for error on the alignment of the beam in the 
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channel.  Essentially, specimens will traverse the beam half-in and half-out of the 

formed beam geometry. 

4.2.1.4 Revised Lens Designs 

Before presenting results of the bead flow experiments with new integrated-

photonic devices capable of beam shaping, work is first presented to show the 

iterative work done to take beam analysis results and apply them to fix designs.  

New device designs have modifications done to form a better beam shape in the 

channel based on the feedback obtained from beam analysis on the current 

devices.  The iterative design process based on the optimization of individual 

components was part of the goals specified at the onset to be accomplished by this 

work. 

 These devices’ short-comings in formed beam geometry are important to fix 

as they will lead to very uneven illumination and cause a severe degredation of 

the device performance.  Figure 4-34 demonstrates this very clearly.  This figure 

overlays the intensity profiles from Figure 4-27 onto beam images along with the 

the channel walls and an imagined sample flow 7 μm wide superimposed on the 

image.  The imposed flow includes two different particle sizes 2- and 4.5 μm  

Figure 4-34a) shows the 1.5 μm beam and the intensity profile along the channel 

– in yellow.  Any deviation of particles in the sample stream would mean that the 

particles receive a widely varying amount of excitation – up to almost 50% more.  

Smaller particles would have a greater variation in the stream and a greater 

variation in excitation and thus detection reliability.  The 10 μm beam in Figure 

4-34b) has the intensity profile centred over the middle of the channel and the 

sample stream.  As this excitation is more uniform the specimen excitation will be 

more uniform and thus, lead to more reliable detection. 

 The most glaring fixes that need to be made are from the 1.5- and 12 μm lens 

systems.  The 1.5 μm just needs adjustments so that the focused spot is shifted 

further into the channel to reduce the chance a particle traverses the divergent 
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portion of the beam.  This design error was due to the difficulty of moving the 

focused spot further into the channel while maintaining such a small spot 

diameter.  A focused spot with a larger image distance requires a larger 

magnification, due to the lens properties discussed in section 2.1.2.  Correction of 

this design was accomplished through a better understanding of the lens systems.  

Also, improvement to fabrication techniques allowed tighter tolerances leading to 

smaller lens spacing.  Figure 4-35 shows the old simulation results and image for 

the initial 1.5 μm design and the revised design resulting in an improved beam 

image of the fluorescently captured beam.  It is easy to see that the spot has 

shifted closer to the centre of the channel.  This image shows that the beam is of 

much better quality with a smoother profile and has a large area of uniform 

illumination.  The centre of the defined illumination regions still appears as if the 

image is off centre – but this is likely due to the absorption in the channel causing 

the beam to lose intensity from the injection to collection (bottom to top in the 

image) side of the channel.  This is discussed in detail later in this section. 

 

Figure 4-34  Picture of a) 1.5 μm and b) 10 μm excitation beams with overlays of channel 

walls, sample fluid flow, and intensity profile showing how misalignment will lead to uneven 

illumination. 

 Another important feature to note is the improvement to overall device quality 

and the effect it has on beam quality.  The beam intensity profile of the old beam 

in Figure 4-35 in the divergent areas is very uneven and it appears as though one 

can see individual rays.  The dark hole on the beam axis at the injection side 

(bottom of the image).  This is due to poor quality of the lenses – in particular the 
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surface quality.  Excess material exists between lenses on the optical axis where 

lens surfaces are closer together due to early iterations of the fabrication process 

not being able to remove all this material.  This material is on beam axis will 

block light in this central region.  This missing light is only noticeable at the 

edges of the channel where the beam is spread out.  The new beam has a full 

beam intensity in the divergent regions with a smooth beam profile indicating 

much better material removal in the lens structures. 

 

Figure 4-35:  Revised design of the 1.5-um lens design showing the old and new simulations 

and the resulting beam images. 

 Whereas the first iteration of the 1.5 μm lens system was finalized knowing 

that it would be shifted slightly, the 12 μm lens system was finalized with the idea 

that the formed image would be adequate.  Simulation of the old design in Figure 

4-36 shows a focused spot in the centre of the channel.  However, the different 

ray directions are focused near the injection side of the channel and diverge very 

quickly just before the intended beam waist.  The result is that the beam is more 

diffuse on the latter half of the channel than on the injection side’s half.  The 
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results is a dimmer more diffuse latter portion of the beam.  The beam image of 

the old design in Figure 4-36 confirms this; the new design fixes this issue.  As 

indicated in the new simulations in Figure 4-36, now each direction of ray is less 

divergent and the concentration of rays is fairly uniform on each side of the 

channel centre.  A fluorescent image from the new design is shown in Figure 4-36 

indicating that the new defined region is much improved as it is a more uniform 

region and the formation of the beam is closer to the centre of the channel. 

 

Figure 4-36:  Revised design of the 12-um lens design showing the old and new simulations 

and the resulting beam images. 

 Repeating the beam analysis outlined in section 3.3.1 and demonstrated in 

section 4.2.1.3 with the first iteration of device designs the improvement of the 

new designs is confirmed via comparison of the parameters.  New fluorescent 
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beam images are digitized and the results are used to form contour plots to define 

the region of uniform intensity.  The resulting contour plots from these new 

designs are shown in Figure 4-37.  Improvements to the defined regions of 

uniform intensity can be immediately seen through simple inspection of the 

contour plots for the new 1.5-, 6.0-, and 12 μm beams, as shown in Figure 4-32.  

Improvement to the uniform regions was achieved through a greatly increased 

depth of focus and narrow region width.  These three beams should have the most 

prominent changes as these three had the largest design revisions.  The 3.6 μm 

had very slight modifications to adjust the beam waist and the 10 μm design was 

not changed. 

 

Figure 4-37:  Contour plots for redesigns of a) 1.5-, b) 6.0-, and c) 12 μm devices with 

improved uniform regions of intensity. 

 Comparison of the new and old beams’ parameters is shown in Table 4-2.  

Immediately evident from the new device designs is the drastic improvements to 

depth of focus.  The 1.5- and 12.0 μm systems’ depths of focus improved from 

3.9 to 9.9 μm and 9.5 to 16.5 μm, respectively.  This ensures a very wide region 

where uniform excitation will occur and allow for much better detection 

techniques.  Improvement to the 6 μm device’s depth of focus is only slight as the 

only change to design was to shift the beam to a more central region in the 

channel.  The FWHM of all the beam didn’t changed as the width wasn’t altered 

in the simulations.  The width of the 1.5 μm beam is likely limited due to the 

diffraction limit. 
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 The biggest issue to correct was the position of the beam in the channel; 

shifting it so that it was more central in the channel to ensure particles traversed 

the designed beam and not the divergent parts.  The old device designs had a 

range of different beam position in the channel, however, all of the new designs 

have the same beam position; centred around 16 μm from the injection side of the 

channel.  As all the new designs are able to form geometries in the centre of the 

channel, the consistency of the device design between different beam widths is 

excellent.  The position of the region’s centre at 16 μm is a bit concerning, but the 

cause of this issue isn’t with the design, but with the fluorescent dye used in more 

recent tests done with the new designs. 

Table 4-2:  List of beam geometry parameters for old and revised lens designs. 

Device (μm) FWHM 

(μm) 

Width of defined 

uniform (μm) 

Depth of 

Focus (μm) 

Beam Position 

(μm) 

1.5 (old) 6.7 1.0 3.9 16.3 

1.5 (new) 6.5 1.5 9.9 16.6 

6.0 (old) 10.2 2.6 10.2 19.7 

6.0 (new) 10.2 3.4 11.1 15.8 

12 (old) 10.1 2.3 9.5 13.5 

12 (new) 13.3 3.5 16.5 16.0 

 Testing of the 3.6 μm lens system sheds some light on the beam position 

problem.  As the 3.6 μm design was not altered to change the position it is 

expected that the beam shape should be in the same position as in the previous 

design.  It is apparent from Figure 4-38 that the overall shape of the beam is the 

same.  Figure 4-38a) is the original beam image from early tests while Figure 

4-38b) is the results from a more recent test.  The peak intensity uniform region is 

larger and shifted in the new design.  Table 4-2 shows the beam parameters to 

make the effect more clear.  In the new design the entire beam is shifted towards 

the injection side of the channel.  The centre position of the new design has the 

beam position at 14.6 μm.  As this position is approximately the same as the other 

new designs of the 1.5-, 6.0-, and 12 μm beam designs, and the new design of the 

3.6 μm device did not have any alterations to the beam position, the position of 

the beam in the channel from the new designs is not a design issue.  It is instead 

caused by the fluorescent dye. 
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Figure 4-38:  Contour plots of the 3.6 μm device showing the defined uniform regions of 

intensity from a) an early run and b) a more decent run. 

 The fluorescent dye was dissolved in ethanol.  The time between when the 

original image and the new designed image spanned over a year and a half.  As 

the bottle that contained the fluorescent dye was frequently opened – and as it 

wasn’t perfectly sealed to eliminate the escape of vapours from the bottle – it is 

assumed that the concentration of the fluorescent dye within the bottle was much 

stronger when the second image was taken.  As much as half the fluid was 

missing leading a much stronger dye concentration.  This large dye concentration 

is the result of the shifting.  The more concentrated fluorescent dye has a very 

strong absorption in the channel and will cause the beam to significantly diminish 

in intensity as it traverses the channel.  This is obvious from comparison of equal 

intensity regions in Figure 4-38a) and b).  The older image has equal intensity 

distribution at the input and output sides, whereas the recent tests have a much 

larger intensity at the injection side than at the collection side.  A correction 

applied to the image in Figure 4-38b) would see the intensity profile shift further 

into the channel until it more closely matches the first image collected in Figure 

4-38a).  The dye concentration was tuned during initial testing to be concentrated 

enough to provide strong fluorescence while not disrupting the beam properties.  

Obviously, the more concentrated dye has a detrimental effect on imaging. 
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 Unfortunately, this problem was only identified after the laser used for 

excitation broke making reacquiring the images impossible.  However, from the 

trend noted between the two acquired images from the 3.6 μm device, with proper 

dye concentration, the uniform region should shift into the channel approximately 

8 μm making the measured 16 μm values from Table 4-2 a more acceptable 24 

μm.  This confirms that the new designs are approximately centred in the channel.  

Furthermore, simulations have been shown to be accurately replicated during 

fabrication and means that new designs will be sufficient for cytometric 

performance. 

Table 4-3:  Values for the uniform intensity region for the 3.6 μm device with a) early and b) 

recent results. 

Device 

(μm) 

FWHM 

(μm) 

Width of defined 

uniform (μm) 

Depth of 

Focus (μm) 

Beam Position 

(μm) 

3.6 (old) 7.4 2.1 8.3 22.3 

3.6 (recent) 9.3 3.9 14.0 14.6 

 Another effect of the dye is the change to the measured depth of focus 

parameter in Table 4-2.  The drastic increase from 8.3 μm to 14.0 μm is not all 

from the simulation.  From the best estimate of simulations the increase would 

have been to 12 μm, the remaining would be attributed to the absorption effect of 

the concentrated dye.  This would affect the measured values in Table 4-2, 

changing them to approximately 6/7s their reported value. 

 A potentially serious performance issues with the old designs was the rather 

large amount of stray light in the channel outside of the beam image.  As noted 

earlier in section 4.2.1.1, this stray light is from the low collection NA of the lens 

system.  A mismatch of the NA of the input lens system and the output NA of the 

waveguide means that the lens system missed the most divergent rays.  Small 

beam waists had lens systems that had smaller input NA and this resulted in more 

light in the channel and closer to the formed beam.  This stray light can degrade 

the performance of the device by serving as another excitation point for other 

particles in the stream causing events to have early or late artifacts.  To remedy 

this, a simple solution was instituted.  Light blocking structures were introduced 
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to eliminate this light, as shown via the photomask designs in Figure 4-39.  An 

overlay (in yellow) shows the light rays that are missed by the lens system that 

show up as stray light.  Through the introduction of voids in the device layer that 

form very large angles of incidence with these rays, the stray light can be 

deflected via total internal reflection.  The stray light may enter the channel after 

it is reflect, however it will be far enough from the interrogation point that no 

negative effect is reasonably possible. 

 

Figure 4-39:  Designs to eliminate stray light in the channel as determined by the input NA 

of the lens system. 

 Deployment and function of the devices is shown in Figure 4-40a) where a 

bright-field image of the device with the realized light blocking structures is 

shown with the coupled input laser beam.  Obvious scattering is seen off the 

structure.  A dark field image of the exact same field of view from Figure 4-40a) 

is shown in Figure 4-40b).  The absence of the backlight enhances the scattering 

and demonstrates that it is functioning at it is intended – however, there still 

appears to be a lot of scattering off the channel wall.  This scattering off the 

channel wall is though to be from the scattering off the lens system and will not 

amount to much in the channel.  Applying the fluorescent dye in the channel to 

visualize the stray light shows excellent blocking ability.  Figure 4-41 shows 

fluorescent images from the 1.5- and 10 μm devices both with and without light 
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blocking structures.  The devices that employed the light blocking structures 

demonstrate a complete removal of this stray light. 

 

Figure 4-40:  a) Light field and b) dark field images with and input beam showing the 

operation of the light blocking structures.  Scattering is still present at the channel wall from 

the lens surfaces. 

 

Figure 4-41:  Contrast of the effect of light blocking structures on the formed beams from 

1.5- and 10 μm devices: without the structures (left) and with structures (right). 
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4.2.2 Cytometric Function (Bead Flow) 

With beam shapes characterized, the performance of the devices with beam 

shaping capabilities can be determined in a practical flow cytometric function.  As 

the specimen size will have a different interaction with each beam geometry, it is 

necessary to test every beam with multiple bead diameters in both fluorescent and 

scatter detection situations.  Proper deployment of these designs on a chip will 

allow fabrication of devices with a specific application in mind.  Fabrication of 

multiple lens designs on chip in a parallel fashion would allow multiple detection 

analysis in a single run – however, the interaction with beam geometry must be 

characterized to ensure device designs suit device function. 

4.2.2.1 Fluorescence detection 

To get a comparison for the improvement of placing a lens system on the chip, the 

first step is to characterize the performance from a device that instituted no 

integrated lens system deployed on-chip.  This comparison will allow an 

immediate conclusion of whether the lens systems improves device performance. 

 The first experiment ran 6.0 μm fluorescent spheres through a device that had 

no beam shaping optics, the results of which are summarized in Figure 4-42
‡‡‡

  

The excitation in the interrogation region is from the injection of a multimodal 

beam from the on-chip integrated 50 μm core width waveguide.  A sample of the 

collected raw data, along with an inset of the fluorescent beam image, is shown in 

Figure 4-42a).  The bursts from the raw data have a rather uneven distribution of 

intensity.  This is expected as the beam as shown in the inset has a very large 

beam width (~75 μm) with a diminishing intensity across the channel along with a 

variable intensity along the channel.  This beam geometry, as has been mentioned 

several times within this work, is not ideal for flow cytometry application due to 

the large variation of specimen excitation.  Indeed, this poor performance is 

confirmed from the histogram formed from the entire 100 second long test in 

Figure 4-42b).  The shape of the histogram indicates how unacceptable the 

                                                 
‡‡‡

 This paragraph and analysis is from the author’s published work in reference 98. 
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performance is.  There appears to be a very large instance of double detections – 

nearly twice the amount of single detections – as evident by the very large 

collection of events on the histogram that are approximately twice the intensity of 

the smaller population at the left of the histogram.  Furthermore, as the 

populations are severely overlapping and partially indistinguishable, this would 

lead to an ambiguous conclusion or confusion when a sample population with 

non-uniform characteristics is analyzed, unlike the uniform microbeads used in 

this experiment. 

 

Figure 4-42:  a) Plot showing one second of raw runtime data from a counting test of 6 μm 

beads employing a device with no beam shaping and a sample image of the beam (inset).  b) 

the associated histogram plot from an entire 100 second run showing a confusing population.  

Source:  Reprinted from reference 98.
§§§

 

 There are examples of devices that use the injection from a fiber and achieve a 

better performance than what has been observed here, but in these cases the 

optical input is from a high-quality single mode beam light source. Such a source 

is avoided in this device as it would add complexity to coupling and substantially 

increase the cost of the device and limit feasibility in remote and POC 

applications. 

 Now, the performance from a device with a lens system is analyzed to show 

the immediate benefit.  A device with a 10.0 μm beam is used with the same 

fluorescent beads as in the previous experiment; the results are shown in Figure 

4-43.  A selection of two seconds of real time data is shown in Figure 4-43a) and 

                                                 
§§§

 This figure is from the author’s work published in reference 98. 
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clearly shows the fluorescence bursts are of a near uniform value with only a 

slight variation due to the uniform beam intensity formed across the interrogation 

region in the middle of the channel (inset).  The histogram from the run is shown 

in Figure 4-43b) and indicates the overall performance of the device.  All events 

are located around a central mean yielding a CV of 16.7% obtained from the fitted 

Gaussian curve (as outlined in the procedure given in section 3.3.2).  There is a 

small bump at approximately 2× the histogram mean, 3.0, indicating a very small 

amount of double detections.  The occurrence of these events is very small and 

represents less than 1% of total events and is negligible for most applications
****

 

 

Figure 4-43:  a) Plot showing two seconds of raw runtime data from a counting test using 6 

μm beads employing a device with a 10 μm beam waist and a sample image of the excitation 

beam (inset).  b) Associated histogram plot for the full 100 second test showing a clean 

obvious population.  Source:  Reprinted from reference 98.
††††

 

 A direct comparison of Figure 4-42 and Figure 4-43 clearly demonstrates the 

performance advantage gained from integration of the lens system on-chip.  

Performance is enhanced from the more uniform detection intensities from a 

population of uniform microspheres.  With an obvious advantage of enhancing the 

detection performance from the integrated lens system it is important to test to see 

how the performance of devices – specifically the CV - varies with changes in 

deploy beam geometry via the different lens designs. 

                                                 
****

 This paragraph and analysis has been adapted from the author’s published work in reference 

98. 
††††

 This figure is from the author’s work in reference 98. 
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 Previous tests we run once again, but this time with a smaller beam waist 

deployed on-chip.  Figure 4-44 show results from a 1.5 μm beam deployed with 6 

μm particles.  A three second span of raw data shown in Figure 4-44a) shows 

excellent control of the variation of burst intensity – though not as good as the 

control from the 10 μm design.  Degradation of the performance is mostly due to 

the bead being too large for the formed beam geometry.  The 6.0 μm particle is 

much larger than the uniform region, as indicated by the parameters in Table 4-1, 

and thus, a significant portion of the bead will be outside this region.  

Furthermore, the shifting of the uniform geometry in the device towards the 

injection side means that the beads traversed the beam in the more divergent 

section of the beam just outside of the uniform region leading to variation in 

excitation intensity.  Indeed, analysis from the histogram in Figure 4-44b) 

produces a CV of 21.7% for this device.  The incidence of double detections is 

very low as the beam is too narrow to allow two beads in the beam 

simultaneously.  The overall performance of the device is better than the 

performance from a device with no lens system, yet it is not as good as the 

performance from the design that deployed a 10 μm beam waist.  This indicates 

an optimum deployment where the beam must be tailored to the specimen’s size. 

 

Figure 4-44:  a) Plot showing three seconds of raw runtime data from a counting test using 6 

μm beads employing a device with a 1.5 μm beam waist and a sample image of the excitation 

beam (inset).  b) Associated histogram plot for the full 100 second test showing a clean 

population.  Source:  Reprinted from reference 98.
‡‡‡‡

 

                                                 
‡‡‡‡

 Figure from the author’s published work in reference 98. 
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 As changing the beam geometry in the channel affects the device 

performance, so too will the device performance change if the bead size in the 

sample stream is changed.  Figure 4-45 shows histogram plots from two different 

fluorescence tests performed with 2.5 μm beads in two different devices. The 

device in Figure 4-45a) employs a beam geometry with a 3.6 μm beam waist, 

while the device in Figure 4-45b) forms a 12 μm beam waist.  Both results are 

better than the performance from a device with no beam shaping as they form a 

distinct population, but it is obvious that the performance of the device with a 3.6 

μm beam geometry is superior due to the more tightly confined population of 

events. Therefore, when designing a lens system into the device to improve device 

performance, it is imperative that the beam geometry be tailored to the 

characteristic size of the specimen in the biological analysis.  This confirms the 

premise formed just above: that the device’s performance is dependent on the 

combination of bead size and the beam geometry. 

 

Figure 4-45:  Histograms from a 3.6 μm device (a) and a 12 μm device (b) using 2.5 μm beads 

showing much better performance from the 3.6 μm device.  Source:  Reprinted from 

reference 98. 

4.2.2.1.1 Performance Summary 

To determine the relationship between the beam geometry (specifically the beam 

waist) and the bead size, multiple devices with various beam waists were tested 

with both bead sizes while the CV was recoded.  Tight hydrodynamic focusing 

was employed so that the sample stream was only slightly larger than the particle 

size.  Table 4-4 contains the results from these tests.  Different detection 
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accuracies from employed beam configuration exist for each bead size:  the best 

configuration is 3.6- and 10 μm beam waists for 2.5 and 6.0 μm bead particles, 

respectively.  There is a range of acceptable beam geometries that exist for each 

specimen size, and given the analysis performance requirements, these could be 

within a deemed acceptable performance.  Performance deterioration outside this 

range exists as beams too small or too large yield the worsening results. Beams 

much smaller than the particle size will result in the specimen being excited by 

the divergent areas of the beam outside the designed beam geometry, while beams 

much larger than the specimen size cause larger variation in detection; possibly 

due to the overlap integral between the bead and beam being more sensitive to 

beam intensity variation (an increasing phenomena as the magnification increases 

to 1 and the multimode’s variation in intensity profile is preserved). Better CVs 

are obtained for the smaller beads, and this is expected as the manufacturer’s data 

holds a tighter tolerance on the fluorescence CV for the 2.5 μm beads than for the 

6.0 μm beads.
§§§§

 

 When designing the device with an integrated lens system, careful 

consideration must be made about the specimen(s) size and the lens system used 

to ensure reliable detection.  Table 4-4 indicates optimal beam/bead combination 

but can also, as noted earlier, indicates a range of appropriate beam shapes given 

the performance requirement of the specific analysis.  The SNR value of each 

fluorescent measurement was maintained at a high level for all the tests 

performed—ensuring accurate and obvious detection of fluorescent bursts. The 

6.0 μm beads show much less then a 2× deviation from the optimal CV value over 

all the beam geometries used, while the 2.5 μm beads show a narrow range where 

the CV deviates less then 2× from the optimal value. For example:  a 10 μm beam 

geometry could analyze both 2.5- and 6.0 μm beads despite the fact that better 

detection from the 2.5 μm beads could be obtained from a 3.6 μm beam geometry. 

If the slightly worse CV for the 2.5 μm beads is acceptable for the analysis being 
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performed, then both populations could be done with one device – saving cost and 

allowing multiplexing on a single platform.
*****

 

Table 4-4:  Collection of fluorescence performance parameters for different lens designs and 

bead sizes.  Source:  Reprinted from reference 98. 

Beam 2.5 um beads 6.0 um beads 

Waist (um) CV (%) DD (%) SNR CV (%) DD (%) SNR 

1.5 22.0 n/a 15.9 21.7 2.5 39 

3.6 8.5 1.0 384 17.7 0.2 518.9 

6.0 10.9 0.3 58.2 17.9 1.0 450 

10.0 10.5 n/a 404 14.6 1.8 87.8 

12.0 25.8 1.4 11.8 24.3 1.5 23.1 

 The very large SNR recorded for the tests are far above the ‘acceptable 

minimum’ for feasible deployment.  The optimal SNR are the devices that form 

3.6-, 6.0-, and 10 μm beams for both the 2.5- and 6 μm beads.  As the beam is 

very concentrated with the 3.6 μm design, it has a very large energy density at the 

specimen, and thus a very large SNR.  The SNR for the 6 μm bead is larger in this 

device as the entire bead is illuminated at once.  The SNR is larger for the 6 μm 

beads because they generate a larger signal due to the much larger size of the 

particle. 

 The misalignment of the 1.5- and 12 μm beams have an obvious disadvantage 

as both have poor performance and low SNR – though still within an acceptable 

limit.  The small SNR in the 1.5 μm device is because the beads traverse the lower 

intensity portion of the beam in the divergent region – the 6 μm have a larger 

signal partly because of the larger size (and therefore more fluorescent dye 

present) but also because the larger size means that part of the bead overlap with 

brighter section of the beam. 

 The values from Table 4-4 are from results with the original beam designs.  

The revised designs were tested – though only once.  A summary of the newer 

design’s performance parameters are tabulated in Table 4-5.  Not all devices were 

tested as the excitation laser used in testing malfunctioned before all the devices 

could be tested, most notably the 1.5 μm device with 2.5 μm beads. 

                                                 
*****

 This paragraph and analysis is from the author’s work in reference 98. 



Ph.D. Dissertation | Benjamin R. Watts | McMaster University | Engineering Physics 

204 

 Obviously, the CVs are improved for the 1.5- and 12 μm lens systems – 

confirmation the that improvements to beam design will improve the performance 

of the device - while the double detections and SNR is quite unchanged, also as 

expected as the intensity and beam widths were not significantly changed.  The 

CVs for the experiments with the 6 μm beads all improved slightly – this is likely 

due to the improved fabrication quality with the more recent devices.  The SNR 

for the 1.5- and 12 μm are still quite low, this is because the design for the 12 μm 

beam spreads the intensity out a little too far while the 1.5 μm design loses a 

significant amount of light at the input of the lens system. 

Table 4-5:  Collection of fluorescence performance parameters for revised lens designs. 

Beam 2.5 um beads 6.0 um beads 

Waist (um) CV (%) DD (%) SNR CV (%) DD (%) SNR 

1.5 n/a n/a n/a 8.9 n/a 37.8 

3.6 6.6 0.8 69 9.0 0.2 611 

6.0 9.0 0.5 41.5 13.9 1.3 554 

10.0 7.3 0.8 400 10.4 2.0 113 

12.0 12.6 1.6 11.6 10.8 1.4 56.7 

 Again, the best performance for the 2.5 μm beads is with the 3.6 μm beam 

design, though the highest SNR is with the 10 μm device due to large collection 

of input light.  The 6.0 μm beads have much better performance for all beam 

designs and seems to have best performance from the 1.5 μm beam – in terms of 

the CV.  Reasons for this are that the beam is focused to a very tight spot and has 

a much greater depth of focus allowing the 6 μm bead to have much better 

interaction with the beam - as noted in Table 4-2.  All performance parameters are 

increased due to the increased device quality to fabrication, but also could be 

receiving some added benefits from less noise due to the stray light blocking 

designs discussed at the end of section 4.2.1.4. 

4.2.2.1.2 Device Flexibility 

When trying to detect a population that contains two or more bead sizes careful 

deployment of device design must be taken.  If a device were to be used to detect 

multiple specimen sizes simultaneously, the smaller specimens would have to 

exhibit acceptable performance from the device with a relaxed condition on 
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hydrodynamic focusing as the larger specimen will determine the minimal sample 

stream width.  Figure 4-46 shows histograms from successive bead flow tests 

using 2.5 μm beads in a device that forms a 10 μm beam waist while the 

hydrodynamic flow is relaxed to allow successively larger sample stream widths. 

Sample stream widths of 2, 3, 5, and 10 μm are shown in Figure 4-46a) through 

d), respectively.  As can be seen, best detection accuracy occurs when a 3 μm 

sample stream is used, which is shown in Figure 4-46b).  Very tight focusing, 

Figure 4-46a), shows slight deterioration in performance, while a relaxed 

condition where the sample stream is 2×, the bead diameter shows slight 

deterioration as well (Figure 4-46c).  The large sample stream, 10 μm in Figure 

4-46d), shows a very wide histogram, yet still a distinctive population.
†††††

 

 

Figure 4-46:  Multiple histograms from fluorescence detection tests using 2.5 μm beads in a 

10-um device with varying hydrodynamic focusing with sample stream widths of a) 2 μm, b) 

3 μm, c) 5 μm, d) 10 μm.  Source:  Reprinted from reference 98. 
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 Table 4-6 summarizes the CVs from the histograms in Figure 4-46. 

Deviation of the CV from the optimal sample flow (3 μm stream) using tight flow 

focusing (2 μm stream) or relaxed flow focusing (5 μm stream) is slight, 

increasing less than 1.5×. The 10 μm sample flow—4× the beam diameter—

shows a CV of 21.5%, a poor performance compared to an optimal configuration, 

but still allows proper conclusions. The larger number of low-intensity detections 

(at the expense of detections at the peak), in the histogram of Figure 4-46d) 

compared with Figure 4-46b), is due to the increased number of beads interacting 

with edges in the depth of focus.  However, this beam has excellent designed 

uniform optical intensity along the beam as normally a relaxed flow condition is 

disastrous to the CV. The relaxed hydrodynamic flow condition increases sample 

throughput while allowing devices to be less complex. However, the increased 

sample stream width increases sample solution in the beam and increases the 

probability of double detections. A flow condition of 10 μm in this example 

would be a logical limit as the CV is increasing to a level that limits accurate 

conclusions while the double detections have started to increase significantly.
‡‡‡‡‡

 

Table 4-6:  Collection of data from 2.5 μm fluorescent beads tested with a 10 μm device 

where the sample stream width was varied to show performance of the uniform excitation 

area.  Source:  Reprinted from reference 98. 

Stream Width (um) CV (%) DD (%) 

2 11.6 1.24 

3 9.5 1.29 

5 13.9 1.18 

10 21.5 2.15 

 Though multiple particle analysis is possible with an adequately shaped beam 

and relaxed hydrodynamic focusing, our designs also permit side by side 

placement of multiple optical components next to the channel and therefore allow 

multiple interrogation regions with specifically formed beam geometries all on 

one device in one manufacturing process. To accommodate this design, it would 

require introducing split light with a fiber array or directly integrating a well-

know waveguide power splitter structure into the device.  Nevertheless, if one 
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optical interrogation can fulfill the analytical needs then there is no need to over-

engineer the device.
§§§§§

 

4.2.2.2 Free-Space Scatter Detection 

As noted in section 2.1.4.1, scattering is a much different phenomena than 

fluorescence.  Much as for the fluorescent detection just discussed, there is a need 

to determine the correct way to deploy lens systems on chip when scattered light 

is considered.  The main goal is to determine the performance of the device with 

on-chip integrated excitation optics and compare results to conventional methods.  

The devices were deployed in a single parameter free-space side (90°) scatter 

free-space collection.  The secondary goal is to determine the relationship (if any) 

of the beam geometry and bead size has on the device performance – also similar 

to the fluorescence detection just discussed. 

 Figure 4-47 shows results from an experiment that ran 2 μm beads through 

devices that deployed designs to form 6.0- and 12 μm beam waists in the channel.   

Figure 4-47a) and b) shows samples of the raw data from the tests with each 

device.  Histograms in Figure 4-47c) and d) confirm there is a difference in 

performance depending on the beam geometry used – the narrow population from 

the 6.0 μm device has better performance. 

 The burst intensities from the 6 µm device show much more uniform bursts 

than those from the 12 µm device.  Figures 4c) and d) show the histograms from 

the full 100 second runs shown in a) and b).  Much better performance was 

obtained from the 6 µm device based on the much narrower histogram.  The CV 

for the 6 µm device was calculated at 11.0% while the CV for the 12 µm device 

was calculated to be 19.1%.  There was also a low incidence of double detections 

recorded in each device as evident by a small number of events outside the main 

population.
******
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Figure 4-47:  Raw scatter data from (a) 6 μm device and (b) 12 μm device with 2 μm blank 

beads.  The histograms for the (c) 6 μm and (d) 12 μm devices indicate a relationship 

between bead size and beam width with respect to device performance.  Source:  Reprinted 

from reference 123. 

 The above tests were run again with the same devices, but instead with 5 µm 

beads.  The results are shown in Figure 4 47.  Figure 4 47a) and b) show samples 

of raw data from runs using 6 µm and 12µm devices, respectively.  The bursts are 

clear and easily identified from others.  There is noticeably better uniformity of 

burst intensity from the 6 µm device, though there is less of a difference in burst 

intensity between the two devices using the 5 µm beads than the 2 µm beads.  

Figure 4 47c) and d) are histograms obtained from the full 100 second tests which 

are represented in a) and b); again with adjusted horizontal intensity axes.  As 

noted before, better performance is obtained from the 6 µm device as evident by 

the narrower histogram.  The CV calculated for the 6 µm device was 12.5% while 
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the CV for the 12 µm device was 16.5%.  As with the 2 µm beads, a low 

incidence of double detections was observed.
††††††

 

 
Figure 4-48:  Raw scatter data from (a) 6-um device and (b) 12-um device with 5-um blank 

beads.  The histograms for the (c) 6-um and (d) 12-um devices indicate a relationship 

between bead size and beam width with respect to device performance.  Source:  Reprinted 

from reference 123. 

4.2.2.2.1 Performance Summary 

 Testing all the design beam shapes with the different bead sizes allows an 

accurate conclusion to be drawn about the deployment of devices on chip 

 Tests for several devices that formed different beam waists were performed 

with three different bead diameters in each: 1-, 2-, and 5 µm diameters.  Devices 

that formed 3.6-, 6-, 10-, and 12 µm beam waists were used.  Performance 

parameters collected from each device were the CV, the parameter to define the 

performance of a device; double detections (DD), to ascertain the device’s ability 
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to retain accuracy over single/aggregate particles; and the SNR, the ability of the 

device to distinguish bursts from background noise.
‡‡‡‡‡‡

 

 Data from all these tests is summarized in Table 4-7 showing the CV, SNR, 

and DD for all beam/bead size combinations 

Table 4-7:  Collection of free-space collection data for three different bead sizes in four 

different beam sizes.  Note a universal relationship does not exist for all bead/beam size 

combinations.  From B. Watts Scatter paper currently being written. 

Beam  1µm   2µm   5µm  

Waist (µm) CV (%) DD (%) SNR CV (%) DD (%) SNR CV (%) DD (%) SNR 

3.6 28.0 5.5 6.0 18.8 2.1 8.7 16.5 3.2 8.8 

6.0 22.7 5.5 2.4 11.0 2.4 5.4 12.5 3.15 11.7 

10.0 16.4 6.3 3.5 14.6 2.3 5.5 17.0 n/a 6.7 
12.0 17.5 13.4 9.7 19.1 2.0 13.9 16.5 2.4 32.3 

 Careful inspection of the table yields no obvious relationship that can be 

applied universally to bead diameter/beam size combinations, as was the case 

when the fluorescence parameter was investigated.  The 1 µm diameter beads 

seem to have had best performance with a 10 µm beam waist in terms of the 

calculated CV.  The 12 µm device yielded a larger SNR due to the larger 

collection of input light and thus, larger intensity at the point of interrogation.  So, 

one could sacrifice accuracy as DD’s increase due to the larger beam waist if it 

was necessary to have a strong signal. The 2 µm and 5 µm diameter beads have 

best performance with the 6 µm device.  There is more deterioration of 

performance with 2 µm beads as the beam sizes move away from 6 µm beam 

geometry than with the 5 µm beads.  The SNR increases with beam waist – as 

expected as larger beam waists collect more input light to focus at the 

interrogation point.  One reason for the 1 µm beads having such a different CV 

than the other bead sizes could be due to hydrodynamic flow conditions.  The 

sample flow rate was fixed with all bead sizes, however, tighter hydrodynamic 

focusing would force the sample fluid to move faster for smaller sample widths 

causing shorter interrogation times not compatible with the signal sampling 

rate.
§§§§§§
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 As no obvious trend exists, it is necessary to deploy the lens system that yields 

the best results by consulting a table of results similar to Table 4-7.  It is 

noteworthy that the scatter detection’s SNR is significantly lower than the SNR 

from the fluorescence detection tests.  This is contrary to normal reports in 

literature. 

4.2.2.2.2 Device Flexibility 

 As discussed in section 4.2.2.1.2, devices could be required to handle a 

population of more than one specific sample size.  In this case, the devices must 

be able to adequately resolve two or more populations clearly. 

 To test the versatility of devices and beam uniformity, a suspension containing 

different bead sizes was run through two different devices: the 6- and 12 µm 

devices.  The bead solution combined an equal concentration of 2 µm and 5 µm 

beads.  The devices were tested to determine whether performance was adequate 

enough to clearly resolve both bead sizes without the different populations 

interfering with each other.  This is a tricky problem as hydrodynamic focusing is 

changed to suit the larger bead size, thus the results in Table 4-7 aren’t the best 

choice.  This is due to the 2 µm particles having a much larger deviation in the 

beam because of the 6 µm stream width to accommodate 5 µm particles.
*******

 

 Figure 4-49 shows a comparison between the performances of two devices.  

Figure 4-49a) shows histograms from the 12 µm device indicating clearly 

resolvable populations.  Figure 4-49b) shows histograms from the 6 µm device 

and has slightly worse performance as the histograms are overlapping slightly.  

This would cloud further analysis of individual populations.  It is interesting to 

note that there is not much difference in performance from either device with 

respect to the 5µm beads.  This is expected as one can conclude from results in 

Table 4-7.  However, the difference is in the analysis of the 2 µm particle.  

According to Table 4-7, 2 µm beads have better performance within a 6µm beam 
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waist, however, that is for tight hydrodynamic focusing.  Relaxed flow conditions 

allow beads to traverse the edges of the intended illumination area in the beam 

and results in more variation of excitation.  Therefore, since the 12 µm device has 

a larger region of uniform illumination, it is large enough to cover the 6 µm 

sample stream width and ensure more uniform illumination of particles.
†††††††

 

 

Figure 4-49:  Histogram plots from tests using a mixture of 2 and 5-um beads in devices 

forming beam widths of a) 12-um, and b) 6-um.  Source:  Reprinted from reference 123. 

4.2.2.2.3 Reproducibility 

 

I have a couple tables to insert here that show device performance is repeatable 

from run-to-run, day-to-day, and device-to-device. 

 

4.2.2.3 On-Chip Side Scatter 

 Up until this point all tests have been done with on-chip optics to perform 

excitation beam shaping with a free-space detection scheme to prove the function 

of the excitation optics.  On-chip collection via a waveguide is the next step 

towards a fully integrated device and alleviates the dependence on free-space 

optics.  It offers compact size, low equipment cost, excellent portability, and easy 

operation. Calibration steps are eliminated in this detection as fabrication 

automatically aligns the optics and guarantees calibrated chips. 
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 Confirmation of the on-chip optical components was performed with a device 

that formed a 10 µm beam waist and used 5 µm beads as they would produce the 

largest signal from the beads used in previous tests.  Results from the test are 

shown in Figure 4-50. 

 

Figure 4-50:  Data from on-chip side scatter collection from a device deploying a 10-um 

beam waist showing a) 0.2 seconds of raw data and b) a detail of one of the pulses showing a 

clear negative burst before and after the positive burst.  Source:  Reprinted from reference 

123. 

 Raw data is shown in Figure 4-50a) with clear and distinguishable bursts, 

however, with varying intensity.  Figure 4-50b) shows detail of a single pulse of 

data with an obvious negative burst before and after the positive burst.  These 

artifacts are present in all bursts, though with varying intensity.  This is due to the 

movement of the bead into the excitation beam.  As the input and collection 

waveguides are directly across the channel from one another, the output will 

collect some stray light from the input beam.  As the particle comes into the beam 

it will first deflect the stray light from the input away from the output waveguide.  

As the particle moves to the centre of the beam, the scattered light from the 

particle is directed towards the collection waveguide creating a positive burst.  As 

the particle moves out of the beam the scattered light will disappear on the output 

waveguide as well as the stray light from the input as the particle blocks it.  As the 

particle exits the beam fully, the signal will return to up to the baseline level.  This 

is absent in free-space collection – as evident in Figure 3a - as the beam and the 
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collection axes are not collinear and therefore the excitation beam is not coupled 

into the detection aperture 

 

Figure 4-51:  Data from a 2-parameter collection of free-space scatter and on-chip scatter.  

a) a comparisson of raw data, b) a scatter plot showing an obvious population.  Histogram 

plots from c) free-space and d) on-chip collection show similar populations.  Source:  

Reprinted from reference 123. 

 To verify the validity of the on-chip detection, the on-chip collection was 

compared to free-space detection.  The free-space detection method is reliable….  

The two collection methods were performed simultaneously and events from both 

methods should correlate exactly.  Figure 4-51 shows the results from the test.  A 

sample of raw data from both methods is plotted on the same axes shown in 

Figure 4-51a).  Data shows simultaneous events from both methods and more 

intensity variation from bursts in the on-chip method.  Figure 4-51b) shows a 

scatter plot of each event’s free-space and on-chip scatter intensities.  A clear 
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population is visible with a slight double detection population visible - though 

controlled due to the beam width.
‡‡‡‡‡‡‡

 

 The histograms in Figure 4-51c) and d) are 1D populations depicting each one 

of the scatter plot’s axis, free-space and on-chip, respectively.  The calculated CV 

for the free-space collection was determined to be 18.4% while the on-chip 

collection CV was calculated to be 29%.  The free-space CV is exactly what was 

expected (from Table 4-7) however, the on-chip CV was a bit high.  This was 

most likely due to a large source of noise on the output waveguide due to a 

fibre/waveguide geometry mismatch allowing coupling into the substrate and 

sealing layer.  This leaked light could traverse the device and couple into the 

output fibre quite easily.  Furthermore, a lack of full 3D hydrodynamic focusing 

was thought to also be a large contributor to the increased CV as the particle 

could be found anywhere in the vertical dimension of the channel.
§§§§§§§

 

 To accurately quantify the performance of the on-chip detection scheme it is 

compared to the free-space scheme as there should be a perfect correlation 

between events from each detection arm.  The procedure outlined in section 3.3.2 

is used with the script from Appendix G to perform the analysis.  Assuming that 

the free-space scheme is ‘perfect’ we can assume that lone free-space events are 

the total missed events by the on-chip scheme while the lone on-chip events are 

interpreted as false positives.  The total number of free-space events totaled 27331 

while the number of on-chip events totaled 24618.  The total number of 

coincident events was 24475 meaning that 2856 lone free-space events occurred 

while 143 lone on-chip events occurred.  This yields missed event and false 

positive rates of 10.4% and 0.4%, respectively.  A coincident rate is calculated by 

dividing the total number of coincident events by the average of the free-space 

and on-chip events, expressed as a percent.  Using this definition, the coincident 
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rate was found to be 94.2% - a very high rate meaning that the on-chip method 

deployed here is very reliable.
********

 

 There are a fair number of missed events, 10.4%, due to a fairly low CV in the 

on-chip detection waveguide.  This means that lower intensity events are often 

missed.  Removal of noise sources at the collection waveguide (as discussed 

earlier) will increase the SNR and allow the lower intensity events to be detected 

and lead to a lower missed event rate.  There were very few false positives 

meaning that the device is quite insensitive to noise with respect to confused 

detections.  This is an excellent performance indicator, however, specific 

applications will determine the limits to performance in this case.  The large 

coincident rate should be interpreted as an overall accuracy – similar to a 

correlation coefficient - as it takes into account the likelihood of an event actually 

occurring.
††††††††

 

Table 4-8:  Comparison of the two detection methods shows that the on-chip method is very 

reliable.  Source:  Reprinted from reference 123. 

 Free-space detection On-chip detection 

Number of events 27331 24618 

Number of lone events 2856 143 

False positives (%) -- 0.4 

Missed events (%) -- 10.4 

Coincident events 24475 

Coincident rate (%) 94.2 

 Overall, the reliability of detection agrees to a very high degree with the 

conventional free-space technique.  The worst performance metric is from the 

missed events – this can be improved through a greater SNR achieved through 

improved device designs; specifically the coupling between the fibre and the 

waveguide mismatch. 

4.2.2.4 On-Chip Forward Scatter 

Analysis of the forward scatter is integral to the proper function of a flow 

cytometer, as discussed in section 1.1.2.2.1.  The detection from the devices 
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designed in this work are very similar to the on-chip side scatter detection 

performed in the previous section.  The only change to the device design is the 

form of the lens system and the position of a waveguide, along with a very narrow 

collection facet.  The simulations of the designs are shown in Figure 2-44 while 

final photomask design of the lens system is shown in Figure 2-52. 

 Similar to the results from the previous on-chip detection, the results from the 

forward scatter detection are shown in Figure 4-52.  Figure 4-52a) shows two 

seconds or raw data while Figure 4-52b) shows the histogram from the full 100 

second long test. 

 

Figure 4-52:  a) raw data from a device that formed a 10 μm beam waist with the forward 

scatter modification and b) the associated histogram showing a clear population of 5 μm 

beads.  Source:  Reprinted from reference 124. 

 The short run of raw data shown in Figure 4-52a) shows the forward scatter 

signal collected from the notch modified lens system.  The bursts are clear, 

distinct from others around it, and are well above the noise level.  Bursts are of a 

fairly uniform and regular intensity - a desirable feature as it is from a uniform 

population of spheres.  SNR of detection is approximately 3 which is the 

minimum requirement for reliable detection.  Sources of noise in detection are 

from diffraction of the notch image, scattering from channel walls and lens walls, 

and cross-coupling from the input side of the device via leaked modes to the 

PDMS cover and Pyrex substrate due to the 50 µm fibre and 30 µm waveguide 

geometry mismatch.  Figure 4-52a) shows the histogram from many events in the 
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full 100 second long scatter test.  The histogram shows a distinct population with 

few double detection events.  The CV is measured to be 29% - a decent result for 

a microchip-based device, though this is still far below the capabilities of 

conventional methods.
‡‡‡‡‡‡‡‡

 

 The same comparison technique for on-chip side scatter detection used in the 

previous chapter is deployed here.  The comparison of the on-chip forward scatter 

detection is compared to a simultaneous free-space side scatter collection.  It is 

impossible to do a free-space forward scatter with the on-chip excitation optics 

due to the architecture of the device; the forward scatter detection must be done 

on-chip.  The simultaneous raw data from the free-space and on-chip scheme and 

the scatter plots are given in Figure 4-53a) and b), respectively.  The comparison 

of the on-chip scheme to the free-space scheme can validate the on-chip scheme.  

The free-space scheme can be assumed to be perfect as many demonstrations have 

been shown to be a reliable means of detection in many publications. 

 

Figure 4-53:  a) raw data from simultaneous free-space and on-chip forward scatter 

detection showing good correlation between bursts and b) a scatter plot showing a celar 

population of 5 μm beads via the modified 10 μm device.  Source:  Reprinted from reference 

124. 

 Both sets of data show bursts that are clear, resolved, and coincide well with 

one-another.  One significant difference between free-space and on-chip raw 

signals are the negative pulses before (and after) the positive burst for on-chip 

signals.  As noted above, this is due to a bit of the input light making it to the 

                                                 
‡‡‡‡‡‡‡‡

 This paragraph and analysis is from the author’s work in reference 124. 
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collection waveguide.  As the particle moves into the interrogation region, it 

blocks the extreme edges of the beam and thus, some of the light from reaching 

the detection waveguide.  As the particle moves into the centre of the 

interrogation region this light is no longer blocked, while the forward scatter light 

is directed to the detection waveguide.  The negative burst on the latter end of the 

pulse is the same phenomena as the particle exits the beam.  This negative burst 

could be removed with subsequent design and improvements to the lens system.  

Free-space detection does not have this problem as it is side scatter and thus 

orientated 90 degrees to the chip and does not pick up any stray light from the 

beam and will not have any light blocked by the bead as it traversed the 

interrogation region.  Figure 4-53b) shows a scatter plot comparing the on-chip 

and free-space scatter detection techniques.  A clear population is resolved, while 

a sparse double detection population is visible, though kept under control due to 

the narrow beam waist used in the device, limiting the number of beads within the 

beam at one time.
§§§§§§§§

 

 A feature to note in Figure 4-52a) and Figure 4-53a) are the negative bursts 

that surround positive bursts on the forward scatter on-chip collection.  This is for 

the exact same reasons as discussed in the previous section and is due to noise on 

the collection waveguide being partially blocked as the specimen moves into the 

interrogation region. 

 One advantage of the on-chip scheme is the much larger collection efficiency 

due to the proximity of the collection waveguide to the channel.  The detection 

intensity is further improved due to the increase of excitation intensity from the 

beam shaping.  The closer proximity allows a larger NA of collection from the 

particle and as the notch only blocks light from a small segment of the beam, this 

missing light doesn’t affect overall intensity at the interrogation region much, less 

than 5% of the input intensity is lost.  After adjusting for different amplification 

                                                 
§§§§§§§§

 This paragraph and analysis is from the author’s work in reference 124. 
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settings between the on-chip and free-space intensity, the on-chip detection is 300 

times greater than pulses collected from the free-space scheme. 

 Applying the same comparison script from Appendix G a similar comparison 

to the free-space detection as discussed in the previous section is applied.  A 

summary of results is shown in Table 4-9.  These results summarize the 

quantitative reliability of the device. 

Table 4-9:  On-chip forward scatter detection compared to a simultaneous free-space 

detection scheme shows that the on-chip method is very reliable.  Source:  Data from 

reference 124. 

 Free-space side 

detection 

On-chip forward 

detection 

Number of events 2088 1953 

Number of lone events 143 8 

False positives (%) -- 0.4 

Missed events (%) -- 6.8 

Coincident events 1943 

Coincident rate (%) 96.3 

 Evaluation of the performance of the forward scatter detection with the new 

designs is done by assuming the free-space detection is perfect.  The total number 

of free-space events that occurred was 2088, while the total number of on-chip 

events that occurred was 1953.  1945 free-space and on-chip events happened 

simultaneously leaving 143 free-space and 8 on-chip events that happened in 

isolation.  Assuming that the side scatter free-space detection techniques is 

perfect, this allows false positives and missed events to be discerned from the 

isolation events.  Alone free-space events are missed events by the forward scatter 

method and are calculated to be 6.8%.  Alone on-chip events are false positive by 

the forward scatter method and are calculated to be 0.4%.  The coincidence 

coefficient (similar to a correlation) was 96.3% - a very good performance of the 

on-chip notched forward scatter design.
*********

 

                                                 
*********

 This paragraph and analysis is from the authors work in reference 124. 
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4.3 State of Devices 

Device performance is compared to other devices reported in the literature to 

provide a good basis of whether the work to improve devices has indeed 

accomplished the goal.  Comparing the device’s individual design aspects to the 

similar characteristics of other devices reported in the literature is necessary.  It 

allows justification of each step done in this work to design and optimize device 

function.  The main performance aspects are divided as:  free-space excitation and 

detection, on-chip optics, forward scatter detection, and comparison to 

conventional cytometry. 

4.3.1 Free-space Excitation and Detection 

The comparison of the device in this work must be compared to other devices of a 

similar microchip-based device based on the particular function of the waveguide, 

lens system, on-chip collection, or forward scatter function.  The first function of 

the devices to be compared are the integrated on-chip excitation optics.  

Comparisons should be to devices that employ free-space excitation and 

collection.  This allows the conclusion to be made that the process of integrated 

optics on chip is a step in the right direction. 

 The best demonstration of a free-space device to date has been from a PDMS-

based flow cell that incorporated a 3D hydrodynamic focusing method.
55

  The 

demonstrated CVs was measured to be 3% from 1.9- and 2.5 μm fluorescent 

beads.  This device achieved a very high throughput of over 1200 

particles/second. 

 Other demonstrations of miniaturized flow cells with 3D hydrodynamic 

focusing have demonstrated excellent results.  Methods of 3D hydrodynamic 

focusing via an inertial focusing technique via a spiral microchannel demonstrated 

CVs of 18-20% with 6 μm fluorescent beads.
126

 

 Another free-space optical device used a microfluidic drifting method to focus 

the specimens hydrodynamically in three-dimensions and demonstrated CV 
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values of 15.2% and 9.3% for 7.32- and 8.32 μm fluorescent beads, 

respectively.
127

  The microweir technique used to vertically hydrodynamically 

focus the sample flow showed fluorescent CVs of 25.5% and 14.6% for 7 and 15 

μm particles, respectively.
56

 

 The devices designed in this work have similar or better CVs than most of the 

devices listed here from the literature.  Furthermore, the devices in this work did 

not deploy 3D hydrodynamic focusing; the addition of such would only further 

improve the performance of devices through the limitation of the deviation of the 

specimens in the vertical direction.  The level of detection demonstrated by the 

device designed in this work is approaching the level of detection in the state-of-

the-art device discussed above.  Therefore, the on-chip optics are a viable solution 

and will produce reliable results. 

4.3.2 On-chip Optics 

Fully integrated devices are appearing more frequently in the literature.  The most 

common method to integrate optical functionality on the chip is through the 

insertion of fibres into the device to deliver light directly to the channel.  This 

method is popular because it is simple, quick, and reliable.  However, this method 

almost exclusively deploys single-mode fibres and us a high quality single-mode 

source and forgo the entire process of beam shaping. 

 One such device uses inserted fibres to deliver light to the channel and also to 

collect 3 different wavelengths of light; one for fluorescent detection, one for side 

scatter, and one for forward scatter (discussed later).
99

  The measured fluorescent 

CVs were 8.1% and 6.3% for 7.32- and 15.5 μm particles, respectively.  The side 

scatter CVs measured were 17.1% and 16.4% for 7.32- and 15.5 μm particles, 

respectively.  This device did require a high quality single-more source to operate 

properly.  The devices in this work also showed similar performance for particles 

around the same size as the 6.0 μm spheres used in this work. 
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 Another group used special geometry on waveguides to block most noise on 

the outputs.
130

  The measured side scatter CVs were found to be 37.5%, 34.2%, 

and 27.7% for 5-, 10-, and 15 μm particles, respectively.   

 As a last example, a device that employed micro-weirs to complete focusing 

the sample in 3-dimensions also demonstrated a device that inserted fibres to do 

two colour applications.
128

  The device demonstrated CV of 15% for 6 μm 

fluorescent spheres.  Again, a high quality single-mode source was required for 

proper operation. 

4.3.3 Forward Scatter Detection 

Forward scatter has been a more difficult method to deploy on chip due to the 

necessity to have the excitation and detection axis coplanar with the channel while 

eliminating the transmitted light on the detection fibre – the largest source of 

noise in forward scatter detection.  The common solution has been to use a nearly 

collimated beam from a high quality single-mode source for excitation while 

using a limited NA waveguide to collect the slightly off-axis light. 

 One device used fibres placed next to the top and bottom surfaces of the 

device to increase the proximity of the fibres to the channel to increase the 

collection efficiency.
129

  The device was demonstrated with 3-, 4.8-, 6-, and 10.2 

μm fluorescent beads.  The measured CVs for each bead were 30.2, 31.2, 25, and 

29.8%, respectively.  The work in this report demonstrated a CV of 29% for 5 μm 

microspheres – a very similar result to the work just reported above.  The reported 

device, however, is not a all on-chip integrated solution.  This device still requires 

careful alignment to the device.  Furthermore, the device required a high quality 

single-mode beam for correct function.  The performance of the device is good, 

but not in a form that is an applicable solution to a POC or remote and on-line 

sensing application. 

 A device that employed an on-chip lens systems to form a 15 μm beam width 

in the channel was demonstrate for the detection of 4-, 8-, and 12 μm blank 
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beads.
95

  Also, this device deployed an integrated 3D hydrodynamic focusing on-

chip.  This device primarily measured the drop in signal from a waveguide 

directly across the channel.  This is an absorption measurement which is very 

similar to forward scattering; the measured CVs of which were 32.9, 19.1, and 

8.4% for the three bead sizes, respectively.  This device displays a very wide 

range of detection accuracy and demonstrates the need to tune the beam deployed 

on-chip to the specific size of the targeted specimen size in the assay.  

Furthermore, the device used a high quality single-mode beam that is not 

conducive to applications in POC medicine and remote and on-line sensing 

abilities. 

 The devices demonstrated in this reported work from the literature used a 

lower quality source and did not deploy a method for 3D hydrodynamic focusing 

on-chip.  The results indicate that this work could easily improve detection 

accuracies.  Following up on these results, this group expanded their designs to 

show the addition of a ‘drifting’ fluid that formed a parabolic profile in the 

vertical direction.
94

  Using this parabolic profile, optical focusing in the vertical 

direction is achievable in a fully integrated on-chip fashion.  This device 

demonstrate and allows for full beam geometry control in the channel.  Coupled 

with a method for 3D hydrodynamic focusing it produced excellent results.  CVs 

of 7.8% with 12 μm particles for forward extinction were measured. 

 The same two devices that were discussed in the previous section, 4.3.2, also 

incorporated on-chip forward scatter collection capabilities.  Reference 99 showed 

forward scatter from 7.32 and 15.5 μm beads measuring CVs of 9.1 and 6.8% 

respectively – much lower results than demonstrated by the results presented in 

the work from this thesis.  However, this device used inserted fibres and a high 

quality single-mode source, again, a detriment to LOC and POC applications. 

 The other device, from reference 130, shows the collection of forward scatter 

light via a unique geometry of the on-chip waveguides.  This work’s device 

demonstrated forward scatter collection for 5-, 10-, and 15 μm beads and 
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measured CV’s of 18.3, 13.2, and 9.7% for each bead, respectively.  These, like 

the previous device, are very good results, however, it does not allow for on-chip 

beam shaping.  The authors of this work mentioned that the largest source of error 

was from beam geometry variation across the channel – something that can be 

controlled with beam shaping.  Due to the architecture of this device, deploying 

beam shaping on-chip is not feasible.  Furthermore, this device demonstrated 

simultaneous side scatter (discussed above).  The side scatter results are very 

large.  Although this is a good solution for forward scatter detection alone, this 

does not appear to be an acceptable solution for multi-parameter collection.  

Deploying beam shaping in a similar device would be allow mitigation of these 

problems and a better functioning device. 

4.3.4 Conventional Cytometry 

The ultimate goal of microchip-based cytometers would be to completely mimic 

the detection capabilities of a conventional flow cytometer.  This likely will 

remain and impossibility.  However, microchip device can get close, and use in 

simple and specific functions will allow them to supplement their use in 

conventional applications. 

 The detection capabilities of a conventional cytometer routinely see these 

cytometers achieve CV’s of only a few percent.  These machines can accurately 

determine the amount of excess DNA in a population that is undergoing growth 

and division; typically less than 2%.  In fact, certain populations are used to 

calibrate cytometers as the fluctuation of DNA is so specific. 

 A sample of the beads used in this work - the 6 μm beads - was run through a 

flow cytometer in the McMaster flow cytometry lab.  The cytometer was 

manufactured by BD and capable of over 6 simultaneous parameter detections 

with a library that allowed it the capability to recognize over 40 dyes.  The 

fluorescence CV was measured to be 18.5%.  This is a calibrated machine with 

very precise free-space optics – though, the machine probably needed adjustments 
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before these results were obtained.  A scatter plot and histogram from this data are 

shown in Figure 4-54. 

 

Figure 4-54:  Data obtained from a flow cytometer manufactured by BD and current used in 

the flow cytometry lab at McMaster University.  

The devices produced in this work show a similar level of performance – even 

better performance in most cases from the microchip devices.  A well-maintained 

a properly calibrated conventional machine will yield better results, but the 

microchip devices in this work are close to achieving a comparable ‘best case 

scenario’ diction ability available from a conventional machine.  Though one 

can’t make prediction with the on-chip collection abilities, further testing will 

reveal the devices abilities. 
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5 Conclusion 
This work has produced functioning devices suited for a variety of specific 

applications from the initial idea formulated at the onset of the project.  Through 

careful review of the literature and from obtained knowledge and proper 

application of the appropriate technology and phenomena, this work has 

developed the idea that the excitation optics can be integrated on-chip to perform 

a beam shaping function to target a specific specimen.  Device conception and 

ideas have been taken through the proper design steps to a suitable conclusion in 

the form of device performance evaluation.  Evaluation of milestones or specific 

achievements has allowed this project to proceed through to achieve ultimately 

success with each minor milestone guiding and correction the design and 

development of device to eventual success. 

5.1 Achievements 

The novelties of this work were conceived early on in the project and were the 

main source of direction throughout the project.  The achievements met the goals 

of the project and were the basic functional components of the device.  The 

achieved functionalities were:  on-chip beam shaping, cytometric function 

(fluorescence and scatter detection) with on-chip excitation optics and beam 

shaping, on-chip detection, forward scatter improvement, and targeted particle 

detection.  Furthermore, these devices enhanced the performance ability of the 

device by performing all such optical inspection techniques with a multimodal 

source that is low quality ensuring the feasibility of future operation with a simple 

low power and low cost source – such as an LED – a feature that is more 

compliant with LOC and POC applications. 

5.1.1 Beam Shaping 

Very specific beam geometries were formed in the channel of devices via all-

integrated on-chip lens systems.  These beam shapes were designed to form 

specific geometries in the middle of the channel to improve the reliability of 
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detection through tailoring the intensity profile across the sample flow.  Creating 

a uniform region of intensity that extends over a long region in the channel with a 

very well defined and uniform width will improve the reliability of detection in 

two ways:  it ensures that each particle receives the exact same optical dose for 

excitation and ensures that each particle traverses the same width of intensity 

ensuring the same duration in the beam.  This creates more homogeneous burst 

intensities and pulse widths from particles.  Improved signal uniformity can allow 

any deviation in signal intensity to be shifted towards the actual specimen 

attributes and away from the device function. 

 This method of integrated optics removes the devices dependency on 

expensive and bulky free-space optics.  The method of replicating the designed 

optical lens systems on-chip was confirmed through careful analysis of the 

formed beams.  The beam geometries allow very large depth of focus across the 

channel.  1.5-, 3.6-, 6.0-, 10.0-, and 12 μm beam widths were designed via lens 

design simulation software.  Realized devices did replicate the lens designs quite 

well, producing FWHM of 6.7-, 7.4-, 10.2-, 10.9-, and 10.1 μm for each of the 

lens systems mentioned, respectively.  The smaller lens designs were assumed to 

be limited by the diffraction limit.  However, when constructing the uniform 

region of intensity, the widths were found to be 1.0-, 2.0-, 2.6-, 5.0-, and 2.3 μm 

for each system, respectively.  These regions extended across the channel 

measuring 3.9-, 8.3-, 10.2-, 14.3-, and 9.5 μm, respectively.  All these parameters 

were summed up in Table 4-1.  With major revisions to the 1.5- and 12 μm 

device, and minor changes to the 6.0- and 3.6 μm devices, the performance 

metrics were improved.  New testing of the revised and improved designs yielded 

an improved FWHM of 13.3 μm for the 12 μm device.  Improved dimensions of 

the uniform region are measured to be 1.5 by 8.5 μm, 3.4 by 9.5 μm, and 3.5 by 

14.1 μm for the 1.5-, 6.0-, and 12 μm lens systems, respectively. 
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5.1.2 Fluorescence Detection 

With the improved beam shapes, the devices were tested in standard cytometric 

detection applications.  Simple fluorescence detection was performed using 

particle excitation with the on-chip beam shaping optics, and detected using a 

conventional free-space detections scheme.  This testing found that the lens 

systems used on the chip drastically improved the performance of the device in 

three ways: improved CV, lower instance of DD’s, and an improve SNR.  All 

three of these parameters are improved through the enhanced uniformity, 

increased light density from focusing, and controlled beam width from the beam 

shaping optics investigated earlier. 

 Cytometric detection of 2.5- and 6.0 μm beads revealed different performance 

depending on the beam geometry involved.  The smaller bead had optimal 

performance with the 3.6 μm beam while the large beads had better performance 

from the 10.0 μm device yielding CVs of 8.5% and 14.6%, respectively.  In all 

cases, the SNR was huge; over 10 and in some cases a few hundred.  This will 

ensure very easy recognition of bursts.  As expected, DD’s were kept very low – 

only a few percent of detections – while they increased with the beam width as 

more than one particle in the beam was a more probably outcome. 

 With revisions to lens designs, the CVs increase to 6.6% for the 3.6 μm device 

with 2.5 μm beads, however, the 6.μm beads showed best performance from the 

1.5 μm device with a CV of 8.9%.  This was only from a single run, but could be 

due to the very tiny beam waist and the large particle.  These results are better 

than any other device reported in the literature that employs on-chip optics.  This 

demonstrates the benefit from a device with integrated excitation optics deploying 

beam shaping for targeted detection. 

5.1.3 Scatter Detection 

In a similar fashion to the fluorescence detection, scatter detection was performed 

to demonstrate any dependence that the beam geometry and particle size had on 
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device performance.  Blank microspheres with 1.0-, 2.0-, and 5.0 μm diameters 

were run through a variety of beam geometries.  Best results were CVs of 16.4% 

for a 10 μm device deployed with 1.0 μm beads, 11.0% for a 6.0 μm device 

deployed with 2.0 μm beads, and 12.5% for a 6.0 μm device deployed with 5.0 

μm beads.  Again, DDs were not a problem unless the beam width was 

considerably more than the bead size.  One feature to note was the lower SNR – 

contrary to conventional observations 

 Devices were also able to resolve two different bead sizes from a mixture.  It 

was discovered that with a mixture of particles the optimal beam/bead 

combination had to be changed for the smaller particle due to the relaxed 

hydrodynamic flow.  This was found to not be a problem as larger beam sizes 

have sufficient uniform intensity to allow the CV of the small particles to only 

increase minimally. 

5.1.4 On-chip Detection 

5.1.4.1 Side Scatter 

Device function with the on-chip excitation optics was also performed with an on-

chip waveguide to collect the scattered signal.  A CV of over 30% was measured, 

however, the method was still deemed reliable as confirmed by a simultaneous 

detection of scattered light via a free-space collection scheme producing a 

coincident rate of 94.2%.  Furthermore, the detected intensity was found to 

increase by over 300 times due to the increased proximity of the waveguide to the 

interrogation region. 

5.1.4.2 Forward Scatter 

Forward scatter detection via the novel designs to improve SNR from an on-chip 

integrated collection waveguide was tested in much the same manner as the on-

chip side scatter detection described immediately above.  The CV of detection 

was measured to be 29% while the reliability of the device was deemed 
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satisfactory with a coincident rate of 96.3% compared to a simultaneous free-

space side scatter detection. 

5.1.5 Targeted Particle Detection 

One of the most important conclusions of this work was the fact that deploying a 

lens system on chip must account for the particle size targeted.  Different beam 

geometries have a different interaction with different specimen sizes leading to a 

change in the performance of the device.  The fluorescence detection found that 

best results were from a device the deployed a beam width which was 

approximately 1.5 times larger than the specimen’s size.  The scatter detection did 

not find a straight forward relationship; instead, the beam should be selected from 

a table that explores the different beam widths with different specimen sizes; as 

given in Table 4-7. 

5.2 Recommendations and Future Work 

The scope of this work was huge.  A lot of designs and simulations did not get 

tested due to time constraints.  In addition, the knowledge gained from the tests 

that were performed would lead to better performance from design improvements.  

More advanced designs and structures could be integrated onto the chip to 

improve the performance. 

5.2.1 Waveguide Coupling 

Coupling to the waveguide is one of the most cumbersome and technically 

challenging aspects of device testing – not to mention one of the largest sources of 

inefficiency due to large coupling losses.  To form a device that is feasible in the 

applications listed earlier in this work, the coupling method must be improved.  

Butt-coupling in this work is only used because it is suitable for rapid prototyping 

and testing of other device designs which were the focus of this work. 

 However, device designs can be modified to ease the coupling restrictions 

currently in place.  Structures can be patterned into the device layer that will 

enhance the coupling ability of the waveguides.  A simple Fresnel lens has been 
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shown to greatly enhance the coupling capabilities from a fibre to a waveguide.
131

  

More advanced structures could further simplify the architecture problems of 

aligning a laser to the device.  A modified grating in the device layer can ensure 

coupling from an almost normal direction to the plane of the device.  This grating 

has a specially designed order that lies coincident with the plane of the chip and 

provides automatic alignment to the waveguide. 

5.2.2 Beam Shaping 

Based on the latest device designs and the improved device fabrication 

capabilities, refinements to designs can be made to improve the quality or 

geometry of the formed beams.  Through more innovative lens designs the 

diffraction limit can be reduced by lowering the input aperture of the lens system.  

This would allow narrower beam waists to be created.  Utilizing microchannels it 

would be possible to create liquid medium lenses.  The introduction of different 

indices would allow for much more flexible lens design and allow more unique 

beam shaping capabilities of the device.  Furthermore, devices can be tuned ‘on-

the-fly’ through the simple change of material that is flowing through the lens 

system. 

 Improvement to detection abilities can be improved through the incorporation 

of the vertical beam shaping method as described in reference 94 in conjunction 

with these devices.  The vertical focusing will allow a larger intensity of light at 

the point of interrogation while the geometry can be gently shaped to provide a 

more uniform region of light distribution in the vertical direction.  Incorporation 

of this vertical optical focusing method would require deployment of a 3D 

hydrodynamic focusing method as particle flow at the channel extremes in the 

vertical direction would not be subjected to excitation. 

 Integration of a diffractive optical element (DOE) would drastically improve 

the quality of detection and create a plethora of new opportunities for excitation 

and detection via on-chip structure.  A DOE has the ability to control an optical 
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wave from a much more basic level then a simple refractive lens.  Using the 

wavelength and the resulting interference effects from the wave, the construction 

of the region of intensity in the channel can be take on many different geometries 

not possible through simple refraction-based optics.  This has the potential to 

formed ideal ‘top-hat’ structures in the channel with extremely large 

efficiencies.
132,133,134

  In addition, device efficiency can be improved by the 

integration of a DOE as the focusing or shaping surface is comprised of a single 

structured surface as opposed to the multi-surface lens system.  A reduction in the 

number of surfaces in the device leads to a reduction in the optical losses that are 

attributable to scattering from surfaces. 

5.2.3 On-Chip Detection 

The on-chip detection shown in this work is a first step and needs improvement 

before feasible deployment is possible.  Device designs need to be refined so that 

noise is reduced on the collection output.  This noise is due to two main sources.  

One is due to the geometry mismatch of the fibre and the waveguide.  The 50 μm 

core diameter fibre ensures that a significant amount of light is injected into the 

top PDMS layer and bottom Pyrex substrate layers of the device.  This light will 

propagate to the opposite side of the device and creates a detectable signal on the 

collection fibre.  The second source is from scattering losses that occur from the 

surface roughness of the waveguide, lens surfaces, and channel wall.  These 

scattering centres allow light to escape and some of the light will find its way to 

the collection side.  The former problem is much easier to remedy than the latter.  

By increasing the thickness of the device layer to 50 μm, the matching of the fibre 

and waveguide geometry can be matched and reduce the light that escapes to the 

cover and substrate to a very minimal amount (due to scattering). 

5.2.4 Further Testing 

All of the proposed designs created in this work need to be tested.  All structures 

designed into the photomask need to have all bead sizes run through them to 

determine if any revisions to the designs need to be made and furthermore, which 
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designs work best with each specimen size and if the flexibility of designs is 

sufficient to work with multiple specimen sizes.  Multiple parameter detection 

from all devices needs to be confirmed to be feasible with current designs, and 

again, design revisions should be made.  Multiple devices or multiple input beams 

should be experimented with to prove the multiplexing capabilities of the designs. 

 Devices should be tested with actual specimens – such as simple detection of 

a bacterial population.  This can be first done via free-space detection, then 

moved to on-chip single, and multi-parameter detection schemes.  Eventually, 

extreme sub-characterizing of a population – or detection of a mixture of different 

populations – should be done via the 4 parameter on-chip detection scheme. 

 Testing of unique angled inputs should be done to determine the amount of 

noise reduction on the collection.  This can be expanded to perform simultaneous 

detection of two parameters via two excitation beams. 

 Full testing and better characterization of new beams should be performed to 

show that a larger depth of focus improves results.  More flexible designs can 

flow from the knowledge obtained from current designs. 
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Appendix A  Simulation to calculate channel and wall width affect on collection efficiency with air side cladding. 

 

Calculations for a device with a 25 μm thick device layer and using air for the side cladding material.  Highlighted 

sections are areas where the angle of collection is not maximized (ie. Not equal to the angle of possible collection) 

 

Geometry 
Parameters 

Projected 
Waveguide Facet 
onto channel wall Angle of collection 

Angle of possible 
collection based on 
waveguide NA 

Dimensions of 
collectable light at wall 
based on NA 

Efficiency of 
collection % 
of NA 

Solid 
angle 

% 
collection 
of Sphere 

Wall 
Width 

Channel 
half-
width 

Width 
(lateral) 

Height 
(trans) Lateral Transverse Lateral Transverse 

Width 
(lateral) 

Height 
(trans) % STR % 

50 5 2.777 1.347 29.0483 15.085 20.537 26.631 12.595 2.507 11.851 0.527 4.199 

50 10 4.964 2.429 26.4023 13.653 20.537 26.631 25.191 5.014 9.546 0.435 3.462 

50 15 6.743 3.317 24.2069 12.470 20.537 26.631 37.786 7.521 7.870 0.364 2.904 

50 20 8.223 4.060 22.3514 11.476 20.537 26.631 50.382 10.029 6.608 0.310 2.470 

50 25 9.476 4.691 20.7606 10.629 20.537 26.631 62.977 12.536 5.631 0.267 2.127 

50 30 10.553 5.234 19.3807 9.898 20.537 26.631 75.573 15.043 4.859 0.232 1.850 

50 35 11.488 5.707 18.172 9.261 20.537 26.631 88.168 17.550 4.237 0.204 1.624 

50 40 12.308 6.121 17.1044 8.701 20.537 26.631 100.764 20.058 3.728 0.180 1.437 

50 45 13.034 6.488 16.1544 8.204 20.537 26.631 113.360 22.565 3.306 0.160 1.280 

50 50 13.681 6.815 15.3037 7.761 20.537 26.631 125.955 25.072 2.952 0.144 1.148 

             

Wall 
Width 

Channel 
half-
width 

Width 
(lateral) 

Height 
(trans) Lateral Transverse Lateral Transverse 

Width 
(lateral) 

Height 
(trans) % STR % 

40 5 3.443 1.647 34.552 18.241 20.537 26.631 12.595 2.507 17.966 0.755 6.008 

40 10 5.981 2.904 30.886 16.193 20.537 26.631 25.191 5.014 13.751 0.601 4.785 

40 15 7.956 3.896 27.944 14.560 20.537 26.631 37.786 7.521 10.907 0.490 3.902 

40 20 9.547 4.700 25.518 13.226 20.537 26.631 50.382 10.029 8.881 0.407 3.243 

40 25 10.860 5.366 23.480 12.115 20.537 26.631 62.977 12.536 7.382 0.344 2.737 

40 30 11.964 5.927 21.742 11.176 20.537 26.631 75.573 15.043 6.237 0.294 2.341 

40 35 12.906 6.406 20.241 10.372 20.537 26.631 88.168 17.550 5.343 0.254 2.024 

40 40 13.720 6.819 18.932 9.675 20.537 26.631 100.764 20.058 4.629 0.222 1.767 

40 45 14.431 7.180 17.781 9.066 20.537 26.631 113.360 22.565 4.051 0.195 1.556 

40 50 15.057 7.498 16.760 8.529 20.537 26.631 125.955 25.072 3.575 0.173 1.381 
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Geometry 
Parameters 

Projected 
Waveguide Facet 
onto channel wall Angle of collection 

Angle of possible 
collection based on 
waveguide NA 

Dimensions of 
collectable light at wall 
based on waveguide NA 

Efficiency of 
collection % 
of NA 

Solid 
angle 

% 
collection 
of Sphere 

Wall 
Width 

Channel 
half-
width 

Width 
(lateral) 

Height 
(trans) Lateral Transverse Lateral Transverse 

Width 
(lateral) 

Height 
(trans) % STR % 

30 5 4.553 2.122 42.321 23.004 20.537 26.631 12.595 2.507 30.606 1.154 9.188 

30 10 7.530 3.610 36.983 19.854 20.537 26.631 25.191 5.014 21.527 0.876 6.978 

30 15 9.701 4.719 32.894 17.465 20.537 26.631 37.786 7.521 16.109 0.689 5.484 

30 20 11.374 5.579 29.628 15.588 20.537 26.631 50.382 10.029 12.560 0.555 4.423 

30 25 12.710 6.267 26.948 14.073 20.537 26.631 62.977 12.536 10.089 0.457 3.640 

30 30 13.803 6.830 24.708 12.826 20.537 26.631 75.573 15.043 8.293 0.382 3.047 

30 35 14.717 7.299 22.806 11.781 20.537 26.631 88.168 17.550 6.942 0.325 2.586 

30 40 15.492 7.697 21.172 10.892 20.537 26.631 100.764 20.058 5.900 0.279 2.222 

30 45 16.158 8.038 19.752 10.128 20.537 26.631 113.360 22.565 5.077 0.242 1.929 

30 50 16.737 8.334 18.508 9.463 20.537 26.631 125.955 25.072 4.417 0.212 1.690 

             

Wall 
Width 

Channel 
half-
width 

Width 
(lateral) 

Height 
(trans) Lateral Transverse Lateral Transverse 

Width 
(lateral) 

Height 
(trans) % STR % 

20 5 6.784 2.507 53.609 26.631 20.537 26.631 12.595 2.507 53.862 1.677 13.350 

20 10 10.154 4.773 45.440 25.518 20.537 26.631 25.191 5.014 38.376 1.366 10.875 

20 15 12.401 5.982 39.582 21.742 20.537 26.631 37.786 7.521 26.101 1.023 8.145 

20 20 14.039 6.860 35.067 18.932 20.537 26.631 50.382 10.029 19.061 0.794 6.321 

20 25 15.295 7.528 31.459 16.760 20.537 26.631 62.977 12.536 14.586 0.633 5.039 

20 30 16.292 8.055 28.505 15.030 20.537 26.631 75.573 15.043 11.544 0.516 4.106 

20 35 17.103 8.481 26.043 13.621 20.537 26.631 88.168 17.550 9.374 0.428 3.407 

20 40 17.776 8.832 23.960 12.451 20.537 26.631 100.764 20.058 7.768 0.360 2.870 

20 45 18.344 9.127 22.178 11.465 20.537 26.631 113.360 22.565 6.545 0.307 2.449 

20 50 18.829 9.378 20.636 10.623 20.537 26.631 125.955 25.0725 5.591 0.265 2.113 
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Geometry 
Parameters 

Projected 
Waveguide Facet 
onto channel wall Angle of collection 

Angle of possible 
collection based on 
waveguide NA 

Dimensions of 
collectable light at wall 
based on waveguide NA 

Efficiency of 
collection % 
of NA 

Solid 
angle 

% 
collection 
of Sphere 

Wall 
Width 

Channel 
half-
width 

Width 
(lateral) 

Height 
(trans) Lateral Transverse Lateral Transverse 

Width 
(lateral) 

Height 
(trans) % STR % 

10 5 12.595 2.507 68.348 26.631 20.537 26.631 12.595 2.507 100 2.138 17.020 

10 10 15.222 5.014 56.697 26.631 20.537 26.631 25.191 5.014 60.427 1.774 14.119 

10 15 16.960 7.521 48.509 26.631 20.537 26.631 37.786 7.521 44.884 1.518 12.080 

10 20 18.190 8.888 42.287 23.960 20.537 26.631 50.382 10.029 31.998 1.198 9.540 

10 25 19.104 9.414 37.385 20.636 20.537 26.631 62.977 12.536 22.781 0.919 7.319 

10 30 19.806 9.808 33.433 18.104 20.537 26.631 75.573 15.043 17.087 0.725 5.771 

10 35 20.363 10.112 30.191 16.116 20.537 26.631 88.168 17.550 13.307 0.585 4.655 

10 40 20.814 10.355 27.490 14.514 20.537 26.631 100.764 20.058 10.664 0.481 3.827 

10 45 21.186 10.554 25.211 13.199 20.537 26.631 113.360 22.565 8.741 0.401 3.198 

10 50 21.499 10.719 23.266 12.099 20.537 26.631 125.955 25.072 7.297 0.340 2.709 

             

Wall 
Width 

Channel 
half-
width 

Width 
(lateral) 

Height 
(trans) Lateral Transverse Lateral Transverse 

Width 
(lateral) 

Height 
(trans) % STR % 

5 5 12.595 2.507 68.348 26.631 20.537 26.631 12.595 2.507 100 2.138 17.020 

5 10 19.435 5.014 62.773 26.631 20.537 26.631 25.191 5.014 77.153 1.964 15.632 

5 15 20.434 7.521 53.719 26.631 20.537 26.631 37.786 7.521 54.078 1.681 13.377 

5 20 21.170 10.029 46.628 26.631 20.537 26.631 50.382 10.029 42.0197 1.459 11.619 

5 25 21.719 10.749 40.983 23.266 20.537 26.631 62.977 12.536 29.571 1.130 8.993 

5 30 22.138 10.996 36.425 20.131 20.537 26.631 75.573 15.043 21.414 0.875 6.964 

5 35 22.467 11.183 32.697 17.720 20.537 26.631 88.168 17.550 16.237 0.694 5.528 

5 40 22.730 11.329 29.608 15.813 20.537 26.631 100.764 20.058 12.741 0.563 4.482 

5 45 22.946 11.446 27.017 14.271 20.537 26.631 113.360 22.565 10.267 0.464 3.700 

5 50 23.124 11.542 24.820 12.998 20.537 26.631 125.955 25.072 8.451 0.389 3.101 
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Appendix B  Simulation to calculate channel and wall width affect on collection efficiency with an adhesive side 

cladding. 

 

Calculations for a device with a 25 μm thick device layer and using an adhesive material (index 1.52) as the side 

cladding material.  Highlighted sections are areas where the angle of collection is not maximized (ie. Not equal to the 

angle of possible collection) 

Geometry Parameters 

Projected Waveguide 
Facet onto channel 
wall Angle of collection 

Angle of possible 
collection based on 
waveguide NA 

Dimensions of collectable 
light at wall based on 
waveguide NA 

Efficiency of 
collection % 
of NA 

Solid 
angle 

% 
collection 
of Sphere 

Wall 
Width 

Channel half-
width 

Width 
(lateral) 

Height 
(trans) Lateral Transverse Lateral Transverse 

Width 
(lateral) 

Height 
(trans) % STR % 

50 5 1.873 1.347 20.537 15.085 20.537 26.631 1.873 2.507 53.752 0.373 2.969 

50 10 3.746 2.429 20.537 13.653 20.537 26.631 3.746 5.014 48.442 0.338 2.693 

50 15 5.619 3.317 20.537 12.470 20.537 26.631 5.619 7.521 44.104 0.309 2.463 

50 20 7.492 4.060 20.537 11.476 20.537 26.631 7.492 10.029 40.488 0.285 2.270 

50 25 9.365 4.691 20.537 10.629 20.537 26.631 9.365 12.536 37.426 0.264 2.104 

50 30 10.553 5.234 19.380 9.898 20.537 26.631 11.238 15.043 32.676 0.232 1.850 

50 35 11.488 5.707 18.172 9.261 20.537 26.631 13.111 17.550 28.492 0.204 1.624 

50 40 12.308 6.121 17.104 8.701 20.537 26.631 14.984 20.058 25.069 0.180 1.437 

50 45 13.034 6.488 16.154 8.204 20.537 26.631 16.858 22.565 22.232 0.160 1.280 

50 50 13.681 6.815 15.303 7.761 20.537 26.631 18.731 25.072 19.854 0.144 1.148 

             
Wall 
Width 

Channel half-
width 

Width 
(lateral) 

Height 
(trans) Lateral Transverse Lateral Transverse 

Width 
(lateral) 

Height 
(trans) % STR % 

40 5 1.873 1.647 20.537 18.241 20.537 26.631 1.873 2.507 65.726 0.448 3.571 

40 10 3.746 2.904 20.537 16.193 20.537 26.631 3.746 5.014 57.912 0.399 3.181 

40 15 5.619 3.896 20.537 14.560 20.537 26.631 5.619 7.521 51.797 0.360 2.868 

40 20 7.492 4.700 20.537 13.226 20.537 26.631 7.492 10.029 46.869 0.328 2.61 

40 25 9.365 5.366 20.537 12.115 20.537 26.631 9.365 12.536 42.808 0.300 2.394 

40 30 11.238 5.927 20.537 11.176 20.537 26.631 11.238 15.043 39.402 0.277 2.211 

40 35 12.906 6.406 20.241 10.372 20.537 26.631 13.111 17.550 35.929 0.254 2.024 

40 40 13.720 6.819 18.932 9.675 20.537 26.631 14.984 20.058 31.132 0.222 1.767 

40 45 14.431 7.180 17.781 9.066 20.537 26.631 16.858 22.565 27.242 0.195 1.556 

40 50 15.057 7.498 16.760 8.529 20.537 26.631 18.731 25.072 24.043 0.173 1.381 
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Geometry Parameters 

Projected Waveguide 
Facet onto channel 
wall Angle of collection 

Angle of possible 
collection based on 
waveguide NA 

Dimensions of collectable 
light at channel wall based 
on waveguide NA 

Efficiency of 
collection % 
of NA 

Solid 
angle 

% 
collection 
of Sphere 

Wall Width 
Channel 
half-width 

Width 
(lateral) 

Height 
(trans) Lateral Transverse Lateral Transverse Width (lateral) 

Height 
(trans) % STR % 

30 5 1.873 2.122 20.537 23.004 20.537 26.631 1.873 2.507 84.668 0.560 4.458 

30 10 3.746 3.610 20.537 19.854 20.537 26.631 3.746 5.014 72.009 0.486 3.875 

30 15 5.619 4.719 20.537 17.465 20.537 26.631 5.619 7.521 62.743 0.430 3.424 

30 20 7.492 5.579 20.537 15.588 20.537 26.631 7.492 10.029 55.634 0.385 3.065 

30 25 9.365 6.267 20.537 14.073 20.537 26.631 9.365 12.536 49.994 0.348 2.774 

30 30 11.238 6.830 20.537 12.826 20.537 26.631 11.238 15.043 45.404 0.318 2.532 

30 35 13.111 7.299 20.537 11.781 20.537 26.631 13.111 17.550 41.593 0.292 2.329 

30 40 14.984 7.697 20.537 10.892 20.537 26.631 14.984 20.058 38.376 0.270 2.156 

30 45 16.158 8.038 19.752 10.128 20.537 26.631 16.858 22.565 34.145 0.242 1.929 

30 50 16.737 8.334 18.508 9.463 20.537 26.631 18.731 25.072 29.703 0.212 1.690 

             

Wall Width 
Channel 
half-width 

Width 
(lateral) 

Height 
(trans) Lateral Transverse Lateral Transverse Width (lateral) 

Height 
(trans) % STR % 

20 5 1.873 2.507 20.537 26.631 20.537 26.631 1.873 2.507 100 0.642 5.114 

20 10 3.746 4.773 20.537 25.518 20.537 26.631 3.746 5.014 95.198 0.617 4.915 

20 15 5.619 5.982 20.537 21.742 20.537 26.631 5.619 7.521 79.529 0.531 4.226 

20 20 7.492 6.860 20.537 18.932 20.537 26.631 7.492 10.029 68.404 0.465 3.701 

20 25 9.365 7.528 20.537 16.760 20.537 26.631 9.365 12.536 60.057 0.413 3.290 

20 30 11.238 8.055 20.537 15.030 20.537 26.631 11.238 15.043 53.548 0.371 2.958 

20 35 13.111 8.481 20.537 13.621 20.537 26.631 13.111 17.550 48.324 0.337 2.687 

20 40 14.984 8.832 20.537 12.451 20.537 26.631 14.984 20.058 44.035 0.309 2.460 

20 45 16.858 9.127 20.537 11.465 20.537 26.631 16.858 22.565 40.449 0.285 2.268 

20 50 18.731 9.378 20.537 10.623 20.537 26.631 18.731 25.072 37.405 0.264 2.103 
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Geometry Parameters 

Projected Waveguide 
Facet onto channel 
wall Angle of collection 

Angle of possible 
collection based on 
waveguide NA 

Dimensions of collectable 
light at channel wall based 
on waveguide NA 

Efficiency of 
collection % 
of NA 

Solid 
angle 

% 
collection 
of Sphere 

Wall Width 
Channel 
half-width 

Width 
(lateral) 

Height 
(trans) Lateral Transverse Lateral Transverse Width (lateral) 

Height 
(trans) % STR % 

10 5 1.873 2.507 20.537 26.631 20.537 26.631 1.873 2.507 100 0.642 5.114 

10 10 3.746 5.014 20.537 26.631 20.537 26.631 3.746 5.014 100 0.642 5.114 

10 15 5.619 7.521 20.537 26.631 20.537 26.631 5.619 7.521 100 0.642 5.114 

10 20 7.492 8.888 20.537 23.960 20.537 26.631 7.492 10.029 88.624 0.582 4.633 

10 25 9.365 9.414 20.537 20.636 20.537 26.631 9.365 12.536 75.100 0.505 4.021 

10 30 11.238 9.808 20.537 18.104 20.537 26.631 11.238 15.043 65.198 0.445 3.545 

10 35 13.111 10.112 20.537 16.116 20.537 26.631 13.111 17.550 57.620 0.397 3.167 

10 40 14.984 10.355 20.537 14.514 20.537 26.631 14.984 20.058 51.629 0.359 2.859 

10 45 16.858 10.554 20.537 13.199 20.537 26.631 16.858 22.565 46.771 0.327 2.605 

10 50 18.731 10.719 20.537 12.099 20.537 26.631 18.731 25.072 42.751 0.300 2.391 

             

Wall Width 
Channel 
half-width 

Width 
(lateral) 

Height 
(trans) Lateral Transverse Lateral Transverse Width (lateral) 

Height 
(trans) % STR % 

5 5 1.873 2.507 20.537 26.631 20.537 26.631 1.873 2.507 100 0.642 5.114 

5 10 3.746 5.014 20.537 26.631 20.537 26.631 3.746 5.014 100 0.642 5.114 

5 15 5.619 7.521 20.537 26.631 20.537 26.631 5.619 7.521 100 0.642 5.114 

5 20 7.492 10.029 20.537 26.631 20.537 26.631 7.492 10.029 100 0.642 5.114 

5 25 9.365 10.749 20.537 23.266 20.537 26.631 9.365 12.536 85.747 0.566 4.506 

5 30 11.238 10.996 20.537 20.131 20.537 26.631 11.238 15.043 73.100 0.493 3.926 

5 35 13.111 11.183 20.537 17.720 20.537 26.631 13.111 17.550 63.721 0.436 3.472 

5 40 14.984 11.329 20.537 15.814 20.537 26.631 14.984 20.058 56.483 0.390 3.109 

5 45 16.858 11.446 20.537 14.271 20.537 26.631 16.858 22.565 50.725 0.353 2.812 

5 50 18.731 11.542 20.537 12.998 20.537 26.631 18.731 25.072 46.034 0.322 2.566 
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Appendix C  Sample code used to generate intensity value matrix from image. 

 

1 //run a loop to cover each pixel in the roi tool 

 

width=get_parameter("RoiTool0", "Width"); 

height=get_parameter("RoiTool0", "Height"); 

 

startx = int(width/2); 

starty = int(height/2); 

 

channelwidth=get_parameter("CaliperTool0", "ActualSize"); 

blobcentre=get_parameter("BlobTool0", "BestCentroidY"); 

channelcentre=get_parameter("CaliperTool0", "LocationCenterY"); 

startingposition=channelwidth/2 - height/2 + blobcentre-channelcentre; 

 

 

file = fopen("C:/Documents and Settings/wattsb/My Documents/Script 

files/June18_6um_ONGMM_0.58_500_1.txt", "w"); 

 

printf(file, "%d %f\n", int(height), startingposition); 

printf(file, "%f\n", 50/channelwidth); 

 

 

for (i=1;i<height;i++) 

{ 

    //printf("\n%d", i); 

    set_output_integer("roiY",  i-starty); 

    printf(file, "\n%i ", i); 

    for (j=1;j<width;j++) 

    { 

 set_output_integer("roiX", j-startx); 

 run_step("Histogram0"); 

 //store the intensity of the particular pixel to file 

 //printf("%d ", j); 

 printf(file,"%d ", get_parameter("Histogram0", "Max")); /*writes*/  

 

    } 

     

} 

 

close(file); /*done!*/ 
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Appendix D  Sample code to find the points that define the region of 95% 

intensity 

 

Sub Max_find() 

' 

' Max_find Macro 

' Macro recorded 11/19/2009 by Benjamin 

' 

' Keyboard Shortcut: Ctrl+Shift+F 

' 

counter = 0 

incre = 5 

xval = 0 

comparrer = ActiveCell.Offset(0, 2).Value 

stopper = Range("b1").Value 

counter = stopper 

Do 

    'SolverOk SetCell:=ActiveCell, MaxMinVal:=2, ValueOf:="0", ByChange:= _ 

     '   Range(ActiveCell.Offset(0, -4), ActiveCell.Offset(0, -1)) 

    'SolverSolve 

    currentvalue = (ActiveCell.Offset(0, counter - incre - stopper).Value + 

ActiveCell.Offset(0, counter - incre - stopper - 1).Value + ActiveCell.Offset(0, 

counter - incre - stopper - 2).Value) / 3 

    If (currentvalue < comparrer) Then 

        xval = ActiveCell.Offset(ActiveCell.Offset(0, 3).Value, counter - incre - 

stopper).Value 

    End If 

    counter = counter - 1 

 Loop Until counter < stopper / 2 

  

    ActiveCell.Value = xval 

    ActiveCell.Offset(1, 0).Activate 

     

 

 

End Sub 
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Appendix E  Sample Code for Pulse Detection and Cleaning 

 
#include <stdio> 

#include <stdlib> 

#include <iostream> 

#include <cstdlib> 

#include <conio> 

#define threshold 0.2 

#define interval 0.00005 

 

int main () 

{ 

 FILE *rawdata; 

 FILE *refineddata; 

 FILE *refinedhist; 

 rawdata = fopen(/*"myfile.txt", "r");*/"d:/Ben - Research/Testing DATA/Flow Data/Test 

Data/Flow Data - Raw/Sunday May 6/047-03-03 20-113 uL-hr -700V 1e7 100us run 4 5 PS SC.lvm", 

"r"); 

 refineddata = fopen("d:/Ben - Research/Testing DATA/Flow Data/Test Data/Flow Data - 

Raw/Sunday May 6/047-03-03 20-113 uL-hr -700V 1e7 100us run 4 5 PS SC - REFINED TESTRAW.txt", 

"w"); 

 refinedhist = fopen("d:/Ben - Research/Testing DATA/Flow Data/Test Data/Flow Data - 

Raw/Sunday May 6/047-03-03 20-113 uL-hr -700V 1e7 100us run 4 5 PS SC - REFINED TESTHIST.txt", 

"w"); 

 

 float *peakvalues = NULL; //array to store values associated with a peak 

 float *time = NULL; //array to track time of peak values 

 float beforepeak[5]; //array to hold values before peak 

 float afterpeak[5]; //array to hold values after peak 

 float hardpeak=0;  //value of peak - eliminating small artifact from each 

 float hardtime=0;  //value of time with corresponding peak 

 int count = 0;  //holds number of point in the peak 

 float filecount;  //holds the raw data number point (to calculate time) 

 float t;   //holds calculated time (temp) 

 int flag = 0;  //flags whether peak has been detected and should be 

written to file 

 float current; 

 int i; 

 while (!feof(rawdata)) 

 { 

  fscanf(rawdata, "%f\t%f\n", &filecount, &current); 

  printf("hello \ttime:%f\tvalue:%f\n", filecount, current); 

  if (current > threshold) 

  { 

   t = filecount*interval; 

   peakvalues = (float *) realloc (peakvalues, (count + 1) * 

sizeof(float)); 

   time = (float *) realloc (time, (count + 1) * sizeof(float)); 

   peakvalues[count] = current; 

   time[count] = t; 

   flag = 1; 

   count++; 

   if (current > hardpeak) 

   { 

    hardpeak = current; 

    hardtime = t; 

   } 

  }     

  else if (flag == 1) 

  { 

   i = 0; 

   fprintf(refinedhist, "%f\t%f\n", hardtime, hardpeak); 

   printf("\npeak value: %f at time %fs", hardpeak, hardtime); 

   fprintf(refineddata, "%f\t0\n", time[0]-.00005); 

   while (i<count) 

   { 

    fprintf(refineddata, "%f\t%f\n", time[i], peakvalues[i]); 

    i++; 

   } 

   fprintf(refineddata, "%f\t0\n", time[i-1]+.00005); 

   flag = 0; 

   hardpeak = 0; 

   count = 0; 

  } 
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 } 

 fclose(rawdata); 

 fclose(refineddata); 

 fclose(refinedhist); 

 return(0); 

} 
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Appendix F  Script to combine raw data files 

 
#include <stdio> 

#include <math> 

#include <stdlib> 

#include <iostream> 

#include <cstdlib> 

#include <conio> 

#define thresholdCHIP 0.015 

#define thresholdFREE 0.15 

#define interval 0.00005 

int main () 

{ 

 FILE *rawdataFREE; 

 FILE *rawdataCHIP; 

 FILE *refineddataFREE; 

 FILE *refineddataCHIP; 

 FILE *refinedhistFREE; 

 FILE *refinedhistCHIP; 

 FILE *combined; 

 FILE *combinedHIST; 

 rawdataFREE = fopen("d:/Ben - Research/Testing DATA/Flow Data/Test Data/Flow Data - Raw/Onchip june 24 (10um FSB 

excellent results for scatter paper)/04-08-02-02 10umFSB 100-565 uL-hr -800V 1e4 1e6 30us 5 PS SC run 1 freespace.lvm", "r"); 

 rawdataCHIP = fopen("d:/Ben - Research/Testing DATA/Flow Data/Test Data/Flow Data - Raw/Onchip june 24 (10um FSB 

excellent results for scatter paper)/04-08-02-02 10umFSB 100-565 uL-hr -800V 1e4 1e6 30us 5 PS SC run 1 onchip.lvm", "r"); 

 refineddataFREE = fopen("d:/Ben - Research/Testing DATA/Flow Data/Test Data/Flow Data - Raw/Onchip june 24 (10um 

FSB excellent results for scatter paper)/04-08-02-02 10umFSB 100-565 uL-hr -800V 1e4 1e6 30us 5 PS SC run 1 freespace - REFINED 

RAW.txt", "w"); 

 refinedhistFREE = fopen("d:/Ben - Research/Testing DATA/Flow Data/Test Data/Flow Data - Raw/Onchip june 24 (10um FSB 

excellent results for scatter paper)/04-08-02-02 10umFSB 100-565 uL-hr -800V 1e4 1e6 30us 5 PS SC run 1 freespace - REFINED 

HIST.txt", "w"); 

 refineddataCHIP = fopen("d:/Ben - Research/Testing DATA/Flow Data/Test Data/Flow Data - Raw/Onchip june 24 (10um FSB 

excellent results for scatter paper)/04-08-02-02 10umFSB 100-565 uL-hr -800V 1e4 1e6 30us 5 PS SC run 1 onchip - REFINED RAW.txt", 

"w"); 

 refinedhistCHIP = fopen("d:/Ben - Research/Testing DATA/Flow Data/Test Data/Flow Data - Raw/Onchip june 24 (10um FSB 

excellent results for scatter paper)/04-08-02-02 10umFSB 100-565 uL-hr -800V 1e4 1e6 30us 5 PS SC run 1 onchip - REFINED HIST.txt", 

"w"); 

 combined = fopen("d:/Ben - Research/Testing DATA/Flow Data/Test Data/Flow Data - Raw/onchip june 24 (10um FSB 

excellent results for scatter paper)/04-08-02-02 10umFSB 100-565 uL-hr -800V 1e4 1e6 30us 5 PS SC run 1 COMBINED.txt", "w"); 

 combinedHIST = fopen("d:/Ben - Research/Testing DATA/Flow Data/Test Data/Flow Data - Raw/onchip june 24 (10um FSB 

excellent results for scatter paper)/04-08-02-02 10umFSB 100-565 uL-hr -800V 1e4 1e6 30us 5 PS SC run 1 COMBINEDHIST.txt", "w"); 

 float *peakvaluesFREE = NULL;   //array to store values associated with a peak, will be sized depending on peak values 

 float *peakvaluesCHIP = NULL;   //array to store values associated with a peak, will be sized depending on peak values 

 float *time = NULL;  //array to track time of peak values 

 float hardpeakFREE=0;   //value of peak - eliminating small artifact from each 

 float hardtime=0;  //value of time with corresponding peak 

 float hardpeakCHIP=0; 

 int count = 0;   //holds number of point in the peak 

 float filecountFREE;  //holds the raw data number point (to calculate time) 

 float filecountCHIP; 

 float t;   //holds calculated time (temp) 

 int flag = 0;   //flags whether peak has been detected and thus should be written to file 

 float currentFREE; 

 float currentCHIP; 

 int i; 

 while (!feof(rawdataFREE)) 

 { 

  fscanf(rawdataFREE, "%f\t%f\n", &filecountFREE, &currentFREE); 

  fscanf(rawdataCHIP, "%f\t%f\n", &filecountCHIP, &currentCHIP); 

  printf("hello \ttime:%f\tvalue free:%f\tvalue chip:%f\n", filecountFREE, currentFREE, currentCHIP); 

  if ((currentFREE > thresholdFREE) || (currentCHIP > thresholdCHIP)) 

  { 

   t = filecountFREE*interval; 

   peakvaluesFREE = (float *) realloc (peakvaluesFREE, (count + 1) * sizeof(float)); 

   peakvaluesCHIP = (float *) realloc (peakvaluesCHIP, (count + 1) * sizeof(float)); 

   time = (float *) realloc (time, (count + 1) * sizeof(float)); 

   peakvaluesFREE[count] = currentFREE; 

   peakvaluesCHIP[count] = currentCHIP; 

   time[count] = t; 

   flag = 1; 

   count++; 

   if ((currentFREE > hardpeakFREE) && (currentFREE > thresholdFREE)) 

   { 
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    hardpeakFREE = currentFREE; 

    hardtime = t; 

    //getch(); 

   } 

   if ((currentCHIP > hardpeakCHIP) && (currentCHIP > thresholdCHIP)) 

   { 

    hardpeakCHIP = currentCHIP; 

    hardtime = t; 

    //getch(); 

   } 

  }     

  else if (flag == 1) 

  { 

   i = 0; 

   fprintf(combinedHIST, "%f\t%f\t%f\n", hardtime, hardpeakFREE, hardpeakCHIP); 

   fprintf(refineddataFREE, "%f\t0\n", time[0]-.00005); 

   fprintf(refineddataCHIP, "%f\t0\t0\n", time[0]-.00005); 

   fprintf(combined, "%f\t0\t-.75\n", time[0]-.00005); 

   while (i<count) 

   { 

    fprintf(refineddataFREE, "%f\t%f\n", time[i], peakvaluesFREE[i]); 

    fprintf(refineddataCHIP, "%f\t%f\n", time[i], peakvaluesCHIP[i]); 

    fprintf(combined, "%f\t%f\t%f\n", time[i], peakvaluesFREE[i], peakvaluesCHIP[i]*10-

.75); 

    i++; 

   } 

   fprintf(refineddataFREE, "%f\t0\n", time[i-1]+.00005); 

   fprintf(refineddataCHIP, "%f\t0\n", time[i-1]+.00005); 

   fprintf(combined, "%f\t0\t-.75\n", time[i-1]+.00005); 

   flag = 0; 

   hardpeakFREE = 0; 

   hardpeakCHIP = 0; 

   count = 0; 

  } 

 

 } 

 fclose(rawdataFREE); 

 fclose(rawdataCHIP); 

 fclose(refineddataFREE); 

 fclose(refineddataCHIP); 

 fclose(refinedhistFREE); 

 fclose(refinedhistCHIP); 

 fclose(combined); 

 fclose(combinedHIST); 

 

 return(0); 

} 
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Appendix G  Script to perfrom simultaneous detection analysis 

 
#include <stdio> 

#include <math> 

#include <stdlib> 

#include <iostream> 

#include <cstdlib> 

#include <conio> 

#define thresholdCHIP 0.015 

#define thresholdFREE 0.15 

int main () 

{ 

 FILE *combined; 

 combined = fopen("D:/Research/Testing DATA/Flow Data/Test Data/Flow Data Raw/Onchip june 24 (10um FSB excellent 

results for scatter paper)/04-08-02-02 10umFSB 100-565 uL-hr -800V 1e4 1e6 30us 5 PS SC run 3 wow COMBINEDHIST.txt", "r"); 

 float valueFREE; 

 float valueCHIP; 

 int countFREE=0; 

 int countCHIP=0; 

 int countCOMBINED=0; 

 float percentFREE; 

 float percentCHIP; 

 float time; 

 int countloneFREE=0; 

 int countloneCHIP=0;  

 while (!feof(combined)) 

 { 

  fscanf(combined, "%f\t%f\t%f\n", &time, &valueFREE, &valueCHIP); 

  printf("%f\t%f\t%f\n", time, valueFREE, valueCHIP); 

  if (valueFREE > thresholdFREE) 

  { 

   countFREE++; 

  } 

  if (valueCHIP > thresholdCHIP) 

  { 

   countCHIP++; 

  } 

  if ((valueFREE > thresholdFREE) && (valueCHIP > thresholdCHIP)) 

  { 

   countCOMBINED++; 

  } 

  if ((valueFREE > thresholdFREE) && !(valueCHIP > thresholdCHIP)) 

  { 

   countloneFREE++; 

  } 

  if ((valueCHIP > thresholdCHIP) && !(valueFREE > thresholdFREE)) 

  { 

   countloneCHIP++; 

  } 

 } 

 percentFREE = (float)countCOMBINED / (float)countFREE * 100; 

 percentCHIP = (float)countCOMBINED / (float)countCHIP * 100; 

 printf("Total FREESPACE Hits:\t%d\nTotal lone FREE Hits:\t%d\nTotal ONCHIP Hits:\t%d\nTotal lone CHIP 

Hits:\t%d\nTotal Combined Hits:\t%d\nPercent free space:\t%f\nPercent on chip:\t%f\n", countFREE, countloneFREE, countCHIP, 

countloneCHIP, countCOMBINED, percentFREE, percentCHIP); 

 fclose(combined); 

 return(0); 

}
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