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Abstract

The design, fabrication and testing of a photolithographically fabricated,
glass-based multireflection absorbance cell for microfluidic devices, in
particular microchip-based capillary electrophoresis (CE) systems is
described. A multi-reflection cell was fabricated lithographically using a
three mask process to pattern Al mirrors above and below a flow channel in

a chip, with 30 um diam. Optical entrance or exit aperture were positioned
200 um apart. Light source and detector were positioned on opposite sides.
and the metal mirrors were made | cm’ square, to reduce stray light effects.
Calibration curves using bromothymol blue (BTB) with a 633 nm light
source were linear between 10 uM to 1000 pM. Effective optical
pathlengths of 50 to 272 um were achieved. This device can give much

higher absorbance sensitivity and should be much easier to manufacture than

planar, glass-based devices previously reported.
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Chapter One Introduction

1.1 Chip-based Capillary Electrophoresis

Chip-based capillary electrophoresis is a new technique based on capillary
electrophoresis, where small channels are etched on a planar substrate using
micromachining technology (1.2.3). Using high voltage as a pump, a sample is
separated in the channel as in capillary electrophoresis. The theory of capillary
electrophoresis will be discussed later. Several years ago, micromachining
technology was used to prepare chemical analysis systems on glass chips utilizing
electroosmotic pumping to drive fluid flow and electrophoretic separation (2). The
micromachining of capillary channels on a planar substrates provides a way to
fabricate miniaturized chemical analysis systems on a chip. Rapid separation of
complex sample mixtures combined with sample handling steps (4). such as
dilution and injection, provide a basis for more complex, miniaturized analysis
systems. The application of micromachining techniques to the miniaturization of
chemical analysis is very promising and may lead to the development of analytical
laboratories on a chip.

The basic process of chip-based capillary electrophoresis is illustrated in Figure
1.1. The etched substrate, which will be described later, is covered with another
piece of glass, and then bonded at high temperature. The channel is usually 10-30

HUm deep and 30-70 um wide and several centimeters long. The sample injection

method is shown in Figure 1.2. ( a ) The separation channel is first filled with buffer
solution. The sample solution is injected at a certain voltage, so the small part of
the channel between the two T’s is filled with sample solution. ( b ) Then high

voltage is added on both sides of the separation channel. ( ¢ ) The sample is
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Figure 1.1 The basic structure of chip-based capillary
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Figure 1.2 The double T injection system



separated. These designs can fabricated on a 3 inch or 4 inch square glass plate.

1.2 Detection Method

Absorbance and laser-induced fluorescence are the most generally used optical
detection methods in capillary electrophoresis and liquid chromatography (5.6.7).
Chemiluminescence has been studied (8,9,10,11), and some good results have been
achieved. Laser-induced fluorescence has a low detection limit, but most samples
do not have fluorescence signal, and must be labeled before detection. Some
labeling processes are complicated, however, and some samples cannot be labeled.
Consequently, absorbance is still a useful method for detection and is widely
employed. The main problem with absorbance is its high detection limit. The
absorbance detection limit is about 10® M with commercial capillary
electrophoresis instruments (12), while laser-induced fluorescence can give a limit
of 10" M (13). Improving the detection limit is a major challenge in absorbance
detection.

Microchip-based capillary electrophoresis (CE) devices generally have such
shallow channel depths that the sensitivity of absorbance with these devices is
unsatisfactory. The Z-cell or U-cell device, as shown in Figure 1.3 which has been
used in capillary electrophoresis and achieved good results, has been tested as a
microfabricated device (7,14,15,16). A 5x10° M detection limit was achieved.
Two problems were found with this microchip absorbance cell. First, a short
separation distance ( ~5cm ), lead to thin detection plugs and thus, low signal. This
is because a large detection volume will result in band broadening. The second
problem is that the insertion of optical fibers within the chip is very difficult to

achieve.
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Figure 1.3 U-cell detection system



1.3 Micromachining

Micromachining refers to the fabrication of three dimensional micromechanical
structures and related devices in silicon or other materials using microelectronic
fabrication technology (17). Micromachining involves the processes of metal film
deposition, photolithography, etching and bonding, all of which have been used in
circuit manufacture(18,19). Using micromachining technology, many
micromechanical structures have been fabricated and reported (17).

A standard one-mask fabrication process is outlined in Figure 1.4. A Cr. Au films
are deposited on the substrate by vapor deposition or sputtering. Cr is deposited on
glass to form an adherent layer. Au is used as a mask. A layer of photoresist, is
usually spin coated on the surface. Residue solvent in the photoresist is removed by
soft-baking at 120°C. Photolithographic patterning is then performed. The desired
pattern 1s made on the master mask, with ultraviolet (UV) light usually being used
as the radiation source. The exposed area of the photoresist undergoes
photochemical reactions which change the physical and chemical property of the
film so that can be patterned. There are two types of photoresist: positive and
negative (20). For channel etching, a positive photoresist is used. After exposure.
the exposed area is stripped off with developer solution. Then the metal mask and
the substrate can be patterned by etching.

The strength of this technology in chemical analysis is that it can manufacture 3-
dimensional structures. With this technology it is possible to fabricate reaction
cells, separation cells and detection cells integrated onto a small substrate (4). Even

heating elements can be incorporated.

1.4 Capillary Electrophoresis

Electrophoresis has been widely used for many years for separating ionized

compounds (21,22). Capillary electrophoresis(CE) was first used about 20 years ago
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by Virlanen and Mikkers er al. and popularized by Jorgenson and
Luckacs(23,24,25,26,27). Capillary electrophoresis is currently emphasized in
scientific research because of its low sample consumption. high resolution. and
efficient separation. A variety of CE instruments have been commercially available
in recent years (28).

Several types of capillary electrophoresis have been studied. The most common
type of capillary electrophoresis is capillary zone electrophoresis (CZE). Others are
capillary gel electrophoresis (CGE), capillary isoelectric focusing (CIEF), and
micellar electrokinetic chromatography (MEKC). The basic concept of capillary
electrophoresis is illustrated in Figure 1.5 (28.29)..

Capillary zone electrophoresis is the most common type of capillary
electrophoresis. The capillary is usually made of fused silica with 10-100 um inner
diameter and 30-100 cm lengths and is filled with a fixed pH buffer solution. High
voltage is applied on the two sides of the capillary to pump the solution from one
side to the other. Samples are injected from the inlet side. Because of the different
electrophoretic mobility of the samples in the capillary, they are separated during
migration in the electric field.

The capillary is often washed with 0.1 M NaOH. This NaOH changes the -Si-
O-H on the capillary surface to -Si-O°, making the surface of the capillary
negatively charged (30). This reaction creates an electrical double layer on the
surface of the capillary. The potential difference near the wall is called the zeta
potential. {. When a voltage is applied across the capillary (31). the solution moves
to the cathode, drawing the bulk solvent along with it. This solvent movement is
termed the bulk flow or electroosmotic flow (EOF). Because of the existence of the
electrical field in the capillary, all charged particles are affected by it. Positively
charged particles move to the cathode, and negatively charged particles move to the
anode. Neutral particles move with the bulk flow. Figure 1.6 shows the movement
of the particles (32). Because the sample particles are charged differently. their

direction of motion may be different. The separation of ions is determined by the
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net velocity or mobility difference, which can be describe as:

Hn=Heo+Hlep (1.1)
Heo=€L/6mN (1.2)
Hep=q/6TMY (1.3)

where W, is the net mobility of the particle, [., is the bulk flow mobility or
electroosmotic flow mobility, and Q., is the sample particle mobility or
electrophoretic mobility in the presence of an electric field.  is the zeta potetial.
€ is the dielectric constant. T is the viscosity of the solution. q is the charge and y
is hydrodynamic radius of the ion (33.34). Because the bulk flow mobility is usually
higher than the electrophoretic mobility, all sample particles normally move to the
negative electrode. The flow sequence is thus positively charged particles. neutral
particles and negatively charged particles. This is why differently charged particles
can be separated and detected at the same detector location. Because the surface
charge and hence the zeta potetial is affected by the buffer pH, the mobility of the
solution changes with pH (35,33). Normally, capillary zone electrophoresis is
performed in pH>3 buffer solution.

The ¢ potential is a function of pH, increasing as pH increases and a function of
the ionic strength of the buffer, decreasing as the ionic strength increases(36,29).
With increasing pH. the magnitude of negative charge on the wall of capillary will
increase. Increasing ionic strength will decrease this electrical double layer effect.
At low pH, pH<3, the capillary wall will be positively charged. The electroosmotic
component of velocity will then be reversed, since the double layer will have a net
negative charge and will migrate towards the anode.

Another important issue in chromatography separation analysis is the influence

i1



of band broadening. In capillary electrophoresis, the main effect of bandbroadening
results from longitudinal diffusion (25,26). Equation (1.4) gives the relationship of
migration time with net mobility of the particles, applied voltage. and the capillary

length between injector and detector.

t=L/p,V (1.4)

where t is migration time, L is the capillary length between injector and detector. u,
is the net mobility of the sample particles, and V is the applied voltage. The plate

number equation shows the relationship more clearly,

N=p,V/2D (1.5)

where N is the plate number, and D is the diffusion coefficient. This equation is
obtained only when longitudinal diffusion is the major source of band broadening
and other sources are negligible.

From the above equation, it can be seen that a high voltage will give a high plate
number or increase the separation efficiency. In capillary electrophoresis. Joule
heating will be a problem at high voltage. Because of the resistance of the solution,
the solution will be heated at high voltage, resulting in density and temperature
gradients which will increase the band broadening and even break down the

electrophoresis process if the solvent boils.

1.5 Multi-Reflection Absorption Cells

Multi-reflection spectroscopy is a type of internal reflection spectroscopy. It is a
technique in which a beam is reflected many times through a sample in order to
increase the path length for absorbance, and so improve the sensitivity. A high

reflectance material is often coated on both sides of a sample cell. The incident light

12
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Figure 1.7 Diagram of internal reflection absorbance cell
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accesses from one side, and then reflects multiple times between the mirrors, as
shown in Figure 1.7 b. This technique is useful for increasing the sensitivity of
measurement of thin films, like monolayers, or of low concentration solutions or
gases .

The use of multi-reflection designs to increase absorbance sensitivity can be
traced back to 1942 (37.38.39,40). Authors have reported a multi-reflection cell
formed on a fused silica capillary in CE (41). while the longitudinal transmission in
Z-cell- and U-cell-shaped capillaries has also demonstrated increased optical path
lengths in CE. A silicon-based absorbance detection cell has been described by
Verpoorte et al. in which multi-reflection could be performed (42).

Muiti-reflection spectroscopy is an effective method in infrared spectroscopy.
In infrared spectroscopy. the sample is coated on a plate of Ge, Si or KRS-5.
Figure 1.8 shows the stucture of the plate and the light direction. Because of the
high index of refraction of the plate material, the light is totally reflected on the
surface of the plate when the light is incident at the critical angle for that material.
This method is called attenuated total reflection infrared spectroscopy (ATR-IR).
Samples are coated on the two surfaces of the substrate. Monolayer Longmuir-
Blogett film has been detected and studied with this method. This is an effective

method in thin film study and surface study because of its high sensitivity.

1.6 Scope of Present Work

In this thesis we develop methods to fabricate a multi-reflection absorbance cell
that can be micromachined for our microchip-based CE system. The results prove
that the multi-reflection absorbance cell has higher sensitivity and is more
convenient to make than the micro-fabricated U-cell systems.

The theory and design will be described in Chapter 2. The basic theory of
multireflection is described by Lambert’s and Beer’s Law. The purpose of a

multireflection cell is to increase the path length of the incident beam in the sample.

14
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In our experiments two different designs were tested. The reasons for and details of
these designs will be discussed in this chapter.

Chapter 3 describes some bonding tests. Because for our designs, low glass
bonding temperature, short bonding time and multiple-piece bonding were needed.
These tests include a cleaning step, proper bonding conditions and bonding quality.

Chapter 4 is focused on choices of the metal for mirrors. In this multireflection
absorbance cell a metal film is used as both reflection mirror and light mask. The
other parameter is the thickness of the metal film, which cannot be too large,
because the metal film will be sandwiched between two glass plates. Several metals
and several parameters. including reflectivity and transmission with metal film of
different thicknesses. were tested.

Chapter 5 reports the entire cell fabrication and characterization of the cleaning
of the Al coated glass and hole drilling on bonded glass.
Chapter 6 describes some experiments used to characterize the new absorbance

cell. The detection system. test procedure and result will discussed in this chapter.
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Chapter Two : Theory and Design

2.1 Introduction

Absorption spectroscopy is an important method of analysis. The basic concept
behind absorption spectroscopy is Beer and Lambert law, which gives the
relationship between absorption, concentration and path length. To decrease the
detection limit, the most convenient method is to increase the pathlength. The
multiple reflection absorption cell is one of the most effective methods and has been
commercially used in infrared (IR) and other analysis systems (1.2).

In this work, we designed a new absorption cell based on the idea of multiple
reflection for application to microchip-based capillary electrophoresis. This chapter
discuss the basic theory. More details on design and the measurement system will

be discussed later.

2.2 Beer and Lambert Law

From the work of Lambert and Beer, we know the relationship between
absorption and path length and between absorption and concentration. These

relationships may be expressed as:

E=logl/I, =abc (2.1)

Where E is extinction or the logarithm of the ratio of the incident to the transmitted

intensity of light. Lambert’s law more specifically indicates that the extinction, E,

is a linear function of b, the path length of the light in the material. Beer's law



indicates that the extinction is a linear function of the concentration, c. of the

material. a is a constant of proportionality for the specific sample.

2.3 Multi-reflection Cell Consideraticns

The multiple reflection method has been used in several other related fields to
increase the path lengh. Figure 2.1 illustrates the configuration of our microchip-
based muiti-reflection absorbance cell. In this cell design, the metal was deposited
on the glass substrate to form a reflective mirror. The incident light is reflected on
the mirror and then passed through the channel which is located at the center of the
two pieces of glass.

The incident beam is refracted at each medium interface of glass-air and glass-
solution and is reflected at the mirrors. For each reflection of the light, the beam
passes through the channel a distance L: and the glass a distance L,. L;. Equation
2.2 shows the relationship of L; with the thickness or channel depth and incident

angle ©:

L,= hi/cos8 (2.2)
where L, is the path length of the light in the channel or in the glass. h, is the
thickness of the region, 6; is angle of the the light within the medium with respect
to the surface normal, and i refers to the medium as identified in Figure 2.2

For each path length, the longitudinal travel, [, is given by:

;= h; tan®; (2.3)

The total longitudinal travel for each reflection , /, is given by:
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= 13+ l3+ I (2.4)

and the total reflection number, N, is given by:

N=d/ (2.5)

where d is the distance between the entrance and exit apertures. The total theoretical

path length for absorbance within the multi-reflection cell, L, is given by:

L = N/3 = Nhi/cos6; (2.6)

where hj is the depth of the channel.

The path length of the light in the sample is affected by reflection number and
depth of the channel. The reflection number is affected by the incident angle. the
thickness of the glass and the distance between entrance and exit apertures. The
distance between the apertures is limited by the injection plug and separation
distance. A 200 um length was chosen in our experiment. Theoretically. a lower
incident angle will increase the path length. But only certain angles can give
maximum light throughput. This will be shown in Chapter 6.

Figure 2.3 shows the plots of path length versus the incident angle and the
reflection number versus the incident angle. We used 75 um and 200 um thick
glass because these were the thinnest substrates commercially available. It is clear
that increasing the depth of the channels can have as much influence as reducing the
thickness of the glass. Since preparing and handling thin glass pieces can make
device fabrication difficult, it may be advantageous to use deeper channels and

thicker glass.
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2.4 Absorbance Cell Design

2.4.1 Mirror and Aperture Design:

The basic purpose of a multi-reflection absorbance cell is to increase the path
length of the light through the sample. In a microchip-based device, the separation
distance of the channel is 3 to 5 cm (3). The longitudinal distance of the incident
light path cannot be too long compared to this distance or else the detection volume
will lead to band broadening. A distance of 200 pm between incident aperture and
detection aperture was selected for this study since this length should be short
enough that the detector volume does not contribute significantly to band
broadening.

To prevent incident light from reaching the detector, a small hole on a large
square metal mirror was used to block out the stray light that came from the incident
beam. mirror reflection and glass scattering. The | cm® square mirror is bigger than
the window of the detector so it can mask the detector from stray light. The hole

has the same width as the channel and is located above top of the channel.

2.4.2 Design 1

Figure 2.4 ( a) shows the top view of the chip. Figure 2.4 ( b ) illustrates the
side view of the chip. In this design, the 200 um 0211 glass was chosen as the
substrate, since it can survive the lithographic process. Channels were etched on it
and access holes were drilled into it. A piece of 75 pum glass was used as cover
glass. After bonding the cover slip, a metal mirror was deposited on both sides of
the chip and the light apertures were patterned. Figure 2.4 ( ¢ ) shows the enlarged
metal part of design 1. For the metal pattern, the same mask was used on both

sides.
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2.4.3 Design 2

In design 1, the total thickness of the chip after bonding was 275 pm. Compared
with the 10 um-deep channel, the chip was still too thick, since most of the
longitudinal travel of the beam would still be in the glass. The thickness of the
substrate needed to be reduced to increase the contribution of each reflection to the
optical path length.

In design 2. the same mask was used, but a sandwhich structure of 200. 75 and
200 um or 500 pm thick glass was formed with one of the mirror inside the
sandwhich. The 200 um wafer was used as a handle wafer to provide physical
support for the 75 um thick glass. First a metal mirror was formed on the 200 um
thick wafer, then the 75 um thick glass was bonded on top of this mirror. The top of
the 75 um glass was then lithographically patterned to form the flow channel. and
access holes were drilled through this 275 um thick assembly. Cover glass 75 um
thick was bonded on top of the channel. The top layer of the metal mirror was then
deposited and patterned on the cover glass. Figure 2.5 illustrates the design. By
design 2, the total thickness of chip change to 150 um while the thickness is 275
pum in desin 1. Both the pass length and reflection number increase are shown in

Figure 2.3.

2.5 Fabrication Issues

Because Al will be oxdized during the high temperature bonding stage, it is

deposited and patterned after bonding in design 1. In design 2 the first layer of Al
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has to be sandwhiched between the glass before bonding and we have to bond three
pieces. This procedure causes the following questions: 1. Will the first layer of Al
will be oxidized or not? 2. How does the Al film affect the bonding ? 3. Will
bonding the third piece be affected by bonding the first two pieces, and vice versa?

All the details of these problems will be discussed in later chapters.
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Chapter Three: Glass Bonding Procedures

3.1 Introduction

Glass devices are fusion bonded at high temperature. which can give better
bonding quality. However, too high a temperature will damage the glass. while too
low a temperature may not lead to bonding. Consequently, the best bonding
conditions had to be determined.

In our test, Al was chosen as the mirror material for reasons that will be
discussed in Chapter 4. At a high temperature. Al was oxidized and black spots
formed. damaging the mirror. The Al therefore must be deposited after chip
bonding. This raises a new problem: the glass substrate shrinks in the bonding
stage. This shrinkage makes the alignment of the metal pattern difficult. Because the
shrinkage is proportional to the bonding temperature and bonding time, the lowest

temperature and shortest bonding time must be used.

3.2 Previous Bonding Conditions for 0211 Glass

Because 0211 glass has similar properties to those of mask glass, we usually
used a mask glass temperature program developed in our group to bond 0211 glass.
The program is given below in Table 3.1. Our search for a new bonding program

started with the program in Table 3.1.
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Table 3.1 Previous Bonding Condition of Mask Glass

Rate ( °C/min ) Temp (°C) Time ( Hrs. )
Stage 1: 10 440 0.5 o
Stage 2: 2 475 0.5
Stage 3: 2 592 6.0
Stage 4: 4 473 0.5

3.3 Experiment

3.3.1 Material

Corning 0211 glass with a thickness of 75 um is the thinnest available. In our

final chip. we used 200 um glass as substrates. Both 75 pm and 200 um thick glass

were chosen as test substrates.

3.3.2 Cleaning

The glass substrate was washed in pirhana solution (concentrated H.SO,:
H>0,=3:1) (1) for half an hour and then cleaned with distilled water. This cleaned
glass was washed with a Model 2066 Microautomation (Fremont CA) pressure
rinser in a class-100 cleaning station until no particles prevented contact between
the glass plates. These contacted glass plates were then put in an oven for the

bonding test.



3.3.3 Bonding Conditions and Bonding Testing

In a mask glass bonding program. the highest temperature is 592 °C (2), at
which the glass is heated for 6 h. The new tests start at 590 °C for 6 h. To shorten
the bonding time, we used one stage instead of the four list in Table 3.1. To
decrease the preheating time, we chose a heating rate of 10 °C/min.

A qualitative testing of the bonding was performed by using a Si wafer scribing
pen with a tungston carbide tip. The wafer was held firmly on a flat surface and the
scribing pen tip was forced into the bond to try to pry the plates apart. With good
bonds this effect was unsuccesful. With poor bonds the plates came apart. or
interference fringe could be made to appear near the tip. indicating partial separation

of the plates.

a. Bonding Time Test

As described previously. the test started at 590 °C for 6 h in 1 stage. The
heating rate was 10 °C/min. The bonding time was then decreased by 0.5 h intervals
until the condition used was 590 °C for 0.5 h. The pieces of glass were still
bonded. Finally. we found the glass could still be bonded at 590 °C. with only 0.3h

at this temperature. and a 10 °C/min ramp up to 590 °C.
b. Bonding Temperature Test
After the bonding time test, the lowest bonding temperature was tested. The
test started at 590 °C for 0.3 h, and then the temperature was lowered by 10 degree

steps. The lowest temperature at which the glass could be bonded was 450 °C. At

440 °C, 1 h, 2 h and longer times were tested, but the glass was not bonded.
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¢. Other Test

In normal glass bonding programs, we usually have a stage to control the glass
cooling speed, as we did in stage four of the mask glass bonding program. The
pieces of glass were left in the oven for several hours until they were cooled down
to nearly room temperature. If the glass is taken out of the oven at high
temperature, it tends to break or crack.

In this new program, we tried to leave the glass in the oven for as short a time as
possible, because with the old method the oven remained hot for a long time after
the heating stopped. The long time at high temperature affected the glass by causing
more shrinkage. With the cooler, shorter bonding procedure we could take the glass
out of the oven just as the heating stopped. All test glass survived. In our

experiment, no chips were broken with the new procedure.

d. Conclusion

For Corning 0211 glass. the bonding condition can be set as Table 3.2:

Table 3.2 Bonding Condition of 0211 Glass

Rate (°C/min) Temperature (°C) Time (hr.)

10 450 0.5

with these conditions, the bonded glass can be taken out of the oven immediately

after the heating stops.
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3.4 Three-Piece Bonding Test

3.4.1 Introduction

In design 2, the third piece of glass was bonded after the metal was sandwiched
between the first two layers. In the first bonding step, glass was heated to 450 °C.
However, the inner structure and chemical properties of the glass may change after
bonding, thus affecting the bonding of the third piece at a later stage. If the property
of the glass changes as a result of bonding conditions, some treatment may have to
be done before bonding the third piece. To evaluate this possibility bonding tests

for the third piece were done.

3.4.2 Bonding Test

200 um and 75 um 0211 glass were chosen for testing, and both pieces of
glass were cleaned with HaSO4:H20,=3:1 and high pressure water. The 200 um
thick glass and the 75 um thick glass were bonded at 450 °C for 0.5 h. This bonded
pair and another piece of 75 um thick glass were cleaned in H.SO, :H20, =3:1 and
with high pressure water. They were then contacted and bonded at 450 °C for 0.5
h. They bonded well, meaning that a temperature of 450 °C did not affect the
bonding property of the glass significantly. As a result. we used the same bonding
condition to bond the third piece. This bonding method was used in all subsequent

experiment and no problem with separation ever occured.
References
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Chapter Four: The Choice of Metal for Mirrors

4.1 Introduction

In a multi-reflection cell, reflective losses can lead to very poor light throughput
when the reflection number is high, so it is important to use a high quality mirror.
Several metals compatible with the method for manufacturing thin-film integrated
circuits were evaluated. Several parameters were important, including the
reflectivity and the transmission, since the mirror was also used as a light mask for
the detector. Achieving good performance with thinner films is also important.
because for design 2 the glass had to be able to deform around the metal film mirror
in order to bond.

To increase the intensity of the detector light, a high reflectance metal had to be
used. Figure 4.1 (1) illustrates the reflectance of some metals. Ag, Au and Cu and
Al have high reflectance at 633 nm, at which our test was done. But Ag, Au and Cu
do not adhere well to glass. Because Au is stable, it is used widely in the
microelectronic industry. Even in our normal glass etching process. it is used as a
mask. However, to use Au, Cr is deposited on the glass first to form an adherent
layer for the Au film (2). As a result the Cr forms the mirror and not the Au, and Cr
makes a poorly reflective mirror.

A simple method was tried to decrease the effect of Cr reflectivity by using a
thinner Cr film as an adherent layer. A 133 A Cr film with a thicker Au layer was

tested.
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4.2 The Method for Determining the Absolute Reflectance of
Metallic Films

The reflectance of metallic films is one of their important physical properties.
The absolute reflectance of a material can be determined from the measurement of
the relative reflectance of the material when referenced to a standard reference
material. When the absolute reflectance of the reference material is known. the

absolute reflectance of the sample material can be calculated.

4.2.1 Theory

The theoretical absolute reflectance of materials illuminated by light incident at
90 degrees to the surface of the material is governed by the Fresnel equation. For a
surface of an absorbing material in air. the absolute reflectance of the bulk material

is given by equation 4.1 (3):

_[n) -1 +[KA))

5 - (4.1)
[n(A)+ 1] +[KA)]”

R(A)

In equation 4.1 . R(A) is the theoretical value of the absolute reflectance of the
material in air when illuminated by light of wavelength A. The absolute reflectance.
R(A), is a function of the material’s refractive index, n(A). and extinction
coefficient, K(A), both taken at the illumination wavelength A. The optical
constants, n and K, vary with wavelength and area function of the material’s
physical properties.

Equation 4.1 assumes a perfect “ideal” plane boundary between air and the

material. It further assumes that the material is semi-infinite in thickness: that is. the
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thickness of the material is large compared to the penetration of light into the
material so that internal reflection does not need to be considered in computing the
value of absolute reflectance.

High purity vacuum-evaporated planer film samples deposited on optically flat
surfaces closely approximate the ideal conditions of equation 4.1(4). Similarly,
single crystal highly polished and optically flat substrates also approximate the ideal
condition. A microscope-based spectrophotometer using low power objective lenses
and properly aligned optical illumination can illuminate a sample with light at
nearly 90 degrees to the sample surface.

Measurement of the absolute reflectance of the sample material requires the use
of a standard reference material. This permits aberrations present in the optical path
to be nulled. because the aberration is seen equally by the sample and the reference
and is cancelled out in the calculation of the relative reflectance.

The relative reflectance. R*(A). is defined as the ratio of intensity of the light of
wavelength A reflected from the sample to the intensity of light at the same
wavelength reflected from the reference material (4). The values of the reflected
intensities must be corrected for background effects prior to calculation of the
relative reference. This correction is done by the equipment automatically. The

relative reflectance is given by equation 4.2 .

[ Intensity of reflected light from sample at A ]

R*(A)= 4.2)

[ Intensity of reflected light from reference atA ]
Modern spectrophotometers are designed to make measurements of the relative

reflectance in a routine and straightforward manner as part of their normal

operation.
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4.2.2 Calculating the Absolute Reflectance

Calculation of the absolute reflectance, R(A), of a sample material is a simplec
arithmetical operation when the relative reflectance, R*(A), is available and the
absolute reflectance, Ro(A), of the standard reference used to measure the relative

reflectance is known. The computation is performed as follows (4):

R(A)=R*(A)xRu(A) (4.3)

That is, the absolute reflectance of the sample at a certain wavelength A is simply the
product of the relative reflectance of the sample and the absolute reflectance of the
reference at the same wavelength.

Conversely. the measured value of the relative reflectance, R*(A), can be
compared to tables of the theoretical value of R*(A) obtained using the theoretical
values of absolute reflectance for the sample and reference material as determined
by equation 4.1. The calculation of the theoretical relative reflectance for the

sample is made as follows ( 4 ):

R(A)

R * /1 ey =
(A)n R )

(4.4)

4.2.3 Experiment

a. Reflectance Measurements

The NaNospec/AFT Model 200 film thickness measurement system is a

microscope-based spectrophotometer designed for measuring the reflectance of
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materials commonly used in the processing of integrated circuit devices. The Model
200 measures the relative reflectance of sample materials at wavelengths between
370 and 800 nanometers (nm). The reflectance measurement is made on areas of 35
microns diameter, which permits the operator to examine small geometries in high
density circuit devices in addition to the usual single layer planar films and
substrates. A low power objective lens having a numerical aperture of 0.25 is used
to illuminate the area of interest. A monochrometer is employed to select the
wavelength at which the reflectance value is to be measured.

The Nanospec/AFT allows the operator to obtain reflectance readings at one,
two, or three wavelength settings selected by the operator, without the need to reset
the instrument. Readings are reported in percent reflectance relative to the reference
(equation 4.2). The Model 200 incorporates a statistical package which computes
the average reflectance, R*, standard deviation SR* and minimum and maximum
values of the reflectance R*. The statistics are reported for each wavelength.

Single crystal silicon was chosen as standard reference. The silicon theoretical
reflectance is shown in Table 4.1. Three wavelengths were chosen. 400 nm. 545

nm, 635 nm. which are close to the laser wavelength used in our measurements.

b. Transmission Measurement

Figure 4.2 shows the configuration of the transmission measurement. A 633
nm wavelength laser was chosen as the light source and the detector was a
photodiode.

The laser intensity L, was measured first. Then the sample was put vertically in
the beam. The light passed through the metal film, and then struck the detector. This
density is L.

The transmission is calculated as follows:

T=1L
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Table 4.1 Silicon Theoretical Reflectance (5)

A (nm) R%
350 56.8
360 58.8
365 59.2
371 57.8
376 56.1
380 54.5
385 525
390 51.0
395 49.7
400 48.6
405 47.5
411 46.6
416 45.7
422 449
425 44.6
431 43.9
440 42.9
449 42.0
459 41.2
470 40.5
480 39.8
492 39.2
500 38.8
512 38.2
521 378
530 41.2
539 37.2
549 36.8
564 36.4
574 36.1
585 35.8
596 35.6
606 353
620 35.1
639 34.7

660 34.4




Incident Light Mirror

Sample | |

Detector

Figure 4.2 Transmission measurement system
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where T is the transmission.

4.3 Measurement of Mirror Material

All metal-coated glass samples were obtained from the Alberta Microelectronic
Centre (AMC). The metals were sputtered on the glass. Table 4.2 gives the absolute
reflectance of the metal-coated glass samples. Column 3 is the reflectance of metal-
air and column 4 is the reflectance of metal-glass. Figure 4.3 shows the schematic
layout for the measurement. Because of the reflection and scattering of the glass, the
column 2 data are lower than those of column 1.

Au, Ag, Cu. and Al have higher reflectance at 635 nm. which was used for our
experiment. But Ag, Au, and Cu cannot be deposited on glass directly. To use these
metals. a thin Cr film has to be deposited on the glass first. Then these metals are
deposited on the Cr. Figure 4.3 shows the deposition and measurement.

Cr film exhibit low reflectivity. To decrease its affect, we tried to use thinner
Cr film, and Au was chosen as the test metal. The thinnest Cr we could get is 133

A. Table 4.3 shows the data for a 133 A Cr film.
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Metal

Glass
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Glass
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Figure 4.3 Reflectance measurement

a) Metal-air: b ) Metal-glass
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Table 4.2 The Reflectivity of Some Metal Films

Wavelength (nm)  Reflectivity Reflectivity
(metal-air) (metal-glass)
Al 400 94.62 83.01
545 93.69 84.24
635 93.10 83.94
Au 400 3562 0 e
545 7798 0 -
635 9397 e
Nb 400 42.28 40.92
545 49.72 45.79
635 52.78 48.37
Cu 400 3339 e
545 55.57 ——---
635 93.83 e
Cr 40 0 - 37.76
545 -—-- 40.15
635 —- 41.71
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Table 4.3 The Reflectivity of 133 A Cr Covered with Au

Wavelength(nm) Reflectivity(%)
Cr 545 35.36
635 41.33

From the data we obtained, we can see that even with 133 A Cr film. the
reflectivity is still as low as bulk Cr. Consequently, we used Al.

Al is highly reflective and easy to deposit on glass and easy to etch. However, it
will be oxidized in air at high temperatures. For design 1. Al was deposited after
bonding. However, in design 2, the first layer of metal had to be deposited before
bonding. We were concern with the presence of the Al layer in terms of its effect on
glass bonding. The Al may be oxidized and it may also affect the bonding.
Consequently, some other tests, such as the effects of bonding. metal thickness and

metal deposition, had to be done before we could use Al.

4.4 The Bonding Effect Test

Al film 800 A thick was sputtered on 200 um thick 0211 glass. Then the Al was
etched in concentrated HCI for 10 minutes. A 75 um thick 0211 glass was used as

cover glass to sandwich the Al between the glass. Both glasses were cleaned in a
high pressure cleaner machine. These samples were bonded at 450 °C for 0.5 h. We

then measured the reflectance and transmission. Table 4.5 is the comparison of
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reflectance and transmission before and after bonding.
Because in design 2, the third piece of glass should be bonded on this
sandwiched substrate in the same bonding condition, the 1 hour bonding test was

done at 450 °C. The data are illustrated in Table 4.4.

Table 4.4 The Effect of Bonding on Transmission and Reflectivity
The Thickness of Al is 800 A

Transparency

Deposition  Reflectivity
Method (metal/glas) Before 0.5h 1.0h

Bonding  Bonding Bonding

Thermal-
evaporation  84.3 0.044% 0.056% 0.080%
Al Sputter 88.6 0.00043% 0.00044%  0.044%

From the data, the bonding did not affect the reflectance too much, but it
affected the transmission: in 1 hour bonding, the transmission changed 100-fold.

Nevertherless. the absolute transmission was still low enough for our purpose.

4.5 The Effect of Metal Film Thickness

In design 2, the metal was sandwiched between the glass plates. From our test
a 2000 A Al film could be bonded between the 75 um and 200 pum 0211 glass
plates. Thinner Al gave better bonding. The 600 A, 800 A, 1000 A and 1500 A Al

films were tested, and reflectance and transmission were measured. Table 4.5
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illustrates the data at different conditions.

Table 4.5 The Effect of Thickness of Al Film on Transmission and

Reflectivity

Al thickness (A) Reflectivity (metal/glass) Transmission Bonding Quality

600 77.6% 0.63% Excellent

800 85.6% 0.00043% Excellent
1000 85.3% 0.00017% Good
1500 85.2% 0.0001 1% Good

From the data in Table 4.5. it is seen that 800 A Al film yields similar
reflectivity as thicker films, with similar transmission properties. In addition. the

800 A Al showed the same bonding quality as 600 A Al.

4.6 Deposition Method Effect

The deposition method can affect the film properties in term of reflectance and
transmission. Three deposition methods. thermal evaporation. and electrobeam
evaporation sputter, were tested,. Table 4.6 illustrates the reflectance and
transmission data with those different methods.

Of the methods used, sputtering yields films exhibiting the highest reflectivity and

the lowest transparency.
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Table 4.6 Deposition Method of Al Affect on Transmission and

Reflectivity
Deposition method Reflectivity Transparency
( metal/glass )
Thermal Evaporation 84.3% 0.044%
Sputter 88.6% 0.00043%
Electrobeam Evaporation 86.7% 0.0080%

4.7 Summary

Aluminum proved to be the most effective metal mirror. Sputter deposition
give the best reflection and transmission parameters. The 800 A thick film has as
low a transmission as thicker film, the same reflectivity and it gave the better

bonding quality.

From above data. the metal parameters selected were 800 A sputtering Al.
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Chapter Five: Chip Fabrication

5.1 Introduction

In multi-reflection cell fabrication, two major obstacles are the oxidation of Al
and shrinkage of glass in the bonding stage. To avoid oxidation, the Al films are
deposited and patterned after chip bonding. In the bonding stage, the substrate
shrinks, making the alignment of the Al pattern mask difficult. To decrease this
effect the lowest temperature and shortest bonding time were used. The details of

the fabrication will be discussed in the following section.

5.2 The Fabrication of Design 1

The flow channels were etched on 200 pm-thick 0211 glass. Access holes were
drilled into this etched substrate. The holes were drilled with carbide drills of
diameter 0.145 inch (1). The drilled glass and 75 um glass, which would be used as
cover glass. were cleaned. The 75 um cover glass was contacted with the substrate
and then bonded at 450 °C for 0.5 h. The metal deposition and pattern steps are
shown in Figure 5.1 and are described step by step as follows. All tapes we used are
black tape in AMC.

a. The bonded pieces of chips were taped with black tape to cover the holes to
prevent contamination of these holes from the solutions which would be used in the
cleaning and etching steps. The tape was applied by hand. The other side of the
chips were taped in the same place, because the alignment down the channel and at
the corner of the chips would be used to align the metal mask, and we had to keep
the alignment area unobstructed.

b. The remaining part of the chips was cleaned and deposited with 800 A Al on
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both sides. Photoresist was spun on the 200 um side.

c. Both tapes were peeled off. The alignment marks, which were at the corners
and along the channels, could be seen and used to create the first side pattern. Then
the lithography was done.

d. After the lithography was complete, the holes were taped as before to prevent
them from being contaminated by solution in the developing and patterning steps.
For the other side, the whole chip was taped to prevent the Al from being damaged
in the pattern step.

e. The taped chips were developed and patterned.

f. After the first side was patterned, it was taped. The photoresist was spun on
the other side and the first side tape was taken off.

g. To pattern the second side. the first side patterned alignment marks, which
were along the channel and at the corner of the chip, were used for alignment to
decrease the glass shrinkage effect on alignment. After alignment, the aperture
pattern was moved 200 um down the channel. Lithography was then done.

h. The first side was taped to prevent the patterned Al on the first side from
being damaged in the etching steps. and then the Al was patterned.

1. After the second side was patterned. the tape was taken off and the fabrication
was finished.

Figure 5.1 shows the complete steps of the first design fabrication.

5.3 The Fabrication of Design 2

In design 2 fabrication we met some new problems: after the first layer of Al
was patterned, the Al had to be sandwiched between the glass. The glass with
patterned Al had to be cleaned. We always use H,SO4:H,0.=3:1 or NH;:H20,=3:1
to clean the glass. But these solutions would damage the Al film, so a new cleaning
program had to be used for this cleaning. A second problem was the three piece
bonding, which has been described in Chapter 4. The third problem was that the

access holes had to be drilled on the bonded piece. because we cannot drill holes on

54



Tape Al
e ] — B
T ] '
| Chip | Chip
I _
(a) (e)
Tape Al Tape
I . | Chip - 7 | Chip
— E—
Tape Al Tape
f
(b) (f)
Al Al
mi — ‘ Chip - |
] l Chip
Al Al
(o) (9)
Tape Al Tape
- q T Bl Chip
[ l__| Chip ' L
— -
Tape A
(h)
(d)
Al
1 C — |
[ ] Chip (i)
LB
Al

Figure 5.1 Fabrication procedure of design |

55



75 um glass. Some tests had to be done first.

5.3.1 The Test of Al Coated Glass Cleaning

For blank glass cleaning, the normal method is to use H.SO4:H-0-=3:1 or
NH::H202=3:1 (2). In these solutions, the H.SO, is used to oxidize the organic
contamination on the glass. whereas NH3 wets the glass well. so the dirt on the glass
surface is dissolved. If the glass has Al on it, these solutions can not be used.
H.SO, dissolves the Al to Al:(S0Os)3, while H,O, oxidizes the Al, and the oxidized
Al reacts with NH; to form AI(NHj;)e *  Either process damages the Al.

To clean the glass. some organic solvent. such as methanol. alcohol. acetone.
etc.. were tested. However. the impurities remained on the substrate, and the glass
could not be bonded. We had to try some new programs for this cleaning.

Al will be passivated in concentrated HNO; (3). HNOs can oxidize organic
impurities much like H.SO, does. The glass with Al on it was put in concentrated
HNO; for half an hour and then the reflection and transmission were tested.
Reflection was done through glass. Table 5.1 illustrates the data after washing.
HNO: did not damage the Al significantly. But before the HNO; was used. acetone
was used to remove the photoresist that remained on the glass as a result of the Al
patterning step. Methanol was used to clean the acetone residue. The whole
cleaning steps were as follows: Acetone. 30 min: Methanol. rinse: HNO3 30 min

Distill water. rinse.

Table 5.1 The Effect of HNO; on Transmission and Reflectance

of Al Film
Reflectance ( 633 nm ) Transmission ( 633 nm )
Before HNO; washing 88.6% 0.00043%
After HNO; washing 86.7% 0.00057%
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This cleaned glass was washed with high pressure water and then contacted and
bonded. With this new cleaning program, we obtained the same bonding quality as

with the other program for the blank glass bonding.

5.3.2 Drilling Test on Bonded Glass

An 800 A thick Al film was sputter deposited on 500 um thick 0211 glass.
patterned, and then cleaned using the program described in Section 6.3.1. Another
75 um glass was cleaned with pirhana. Both the substrate and 75 um glass were
cleaned with high pressure water. contacted and bonded at 450 °C for half an hour.
Holes were drilled on this bonded piece, and all test pieces survived. The quality of
the holes were the same as that of the normal glass. meaning that we could drill the

holes in the bonded glass using the same method as for normal glass.

5.3.3 The Fabrication of Design 2

Figure 5.2 illustrates the entire fabrication process. What follows is a detailed
explanation of Figure 5.2.
a. The 200 pum- or 500 pum-thick glass, used as a handle wafer. was sputter

deposited with 800 A Al film. This Al film was patterned with the same mask that

used in design 1.

b. This patterned glass was cleaned with the program described in section 5.3.1.
Another piece of 75 um glass was cleaned with H.SO4:H,0»=3:1 and rinsed with
water. Both the handle wafer and the 75 pum glass were cleaned with the high
pressure rinser, and then contacted. The patterned Al was sandwiched between the
glass, and the contacted glass was bonded at 450 °C for 0.5 h.

c. A channel was etched on this bonded piece on the 75 yum glass side and then

access holes were drilled in it.
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d. The chip was washed with acetone and then H.SO,:H.0-=3:1 for 0.5 h. The
75 um glass was cleaned in the same way. Then both were cleaned with high
pressure water, contacted, and then bonded at 450 °C for 0.5 h.

e. Half of this bonded chip was taped on the cover piece side. Another half was
cleaned and deposited with 800 A Al film. Then the tape was taken off. For this Al
pattern, the patterned alignment on the first Al layer was used to align the mask.
After the lithography was done, the holes were taped to prevent them from being

contaminated by the developing and etching solutions.

5.4 Conclusion and Discussion

Because of the short detection plug and short separation distance in microchip-
based capillary electrophoresis, fabrication of the absorption cell is a major
challenge. Theoretically, a thinner glass substrate can provide better sensitivity in a
multiple reflection absorption cell. But it is difficult to fabricate. Design 2 proved
that a 75-75 um glass sustrate can be achieved by using a thicker handle wafer
glass. Drilling on bonded glass and three piece glass bonding may be useful in other
fabrications.

By using this handie wafer design. the glass can be polished before channel
etching and after the channel is covered. This means that other thinner chips can be
achieved, improving the sensitivity.

This design includes more fabrication steps than in normal chip fabrication. but

compared with the U-cell design, it avoids having to insert optical fibers.
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Chapter Six: Measurements, Results and

Discussion

6.1 Introduction

Two basic problems for a microfabricated multi-reflection absorption cell are
the design of the cell and the setup of the detection system or measurment
equipment. The absorption cell should be easy to manufacture and have high
sensitivity. The detection system must be convenient to use. In IR-spectroscopy.
detection cells are available. For this microchip-based multi-reflection absorption
cell, the angle of incident light should be changable since the light throughput angle
must be adjusted to achieve high light throughput. This requires that the position of

the chip and detector must be changable.

6.2 Instrumentation

The optical instrumentation setup is illustrated in Figure (6.1). A 2 mW, 633
nm He-Ne laser was used as a source. A mirror mounted on rotary and Z-translation
stages was used to control the height above the aperture and the incident angle to
+0.02 degree precision. The absolute angle relative to the surface was determined to
within £0.02 degrees by replacing a chip with a mirror and adjusting the angle to
superimpose the incident beam on the reflected beam. Light was detected through
the exit aperture with a photodiode(either 10 or 31 mm area, Melles Griot)
mounted on an x-y translation stage, amplified with a wide dynamic range current
amplifier (Model 13AMP003, Melles Griot) and recorded with a National
Instruments(Austin, TX) Lab PC- plus A/D converter and a Pentium 90 Mhz

personal computer. Data were acquired at 50 kHz, and 5000 points were averaged in
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Figure 6.1 The optical instrumentation setup
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real time to write data at a net rate of 10 Hz. Software was written in Labview
(National Instruments). As previously described (2), a computer-controlled power

supply and relay unit were used for potential control of the chip device.

6.3 Reagents

Bromothymolblue (BTB) (BDH Chemicals, Toronto, ON) was prepared in 5
mM. pH 10.5 phosphate buffer in concentrations between 5 and S00 uM. The
absorbtivity coefficient of 10 uM BTB was measured with an HP diode array
spectrometer to be 3.27x10™ M/cm™ at 633 nm in the same buffer. In either case.
the sample buffer was used as the CE running buffer. To avoid sample stacking
effects. Solutions were filtered through a 0.22 pm pore syringe filter (Nylon,
Chromatofraphic Specialties. Brokeville, ON) before being introduced into the

chips.

6.4 Procedures

Sample injections were performed with 1 kV applied for 10s between the
sample and sample waste reservoir. This gave a geometrically-defined sample
plug at the double-T injection created by the offset between the sample and sample
waste channel (3,4,5). Separation was performed with 6 kV across the 6.78 cm

channel between the buffer and waste reservoirs.

6.5 Light Throughput and Noise

The angle of incidence and thus, the number of reflections affects the light
throughput in the multi-reflection cell because light intensity as a result of scattering

and transmission at the surface of the glass and metal (6,7). The path length change
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will affect the scattering of light in the sample and glass. Studies were performed in
order to determine usable angles of incidence. Figure 6.2 shows the setup of the
experiment. Two mirrors were presscd together. The mirrors overlapped by 200 um.
A laser and a diode detector were used and incident beam angles were varied.
Figure 6.3 shows the transmission intensity versus incident angle indicating the
concept.

For a real chip only certain angles can give high light throughput. Figure 6.4
shows the light throughput change with the incident light angle, as measured by Dr.
H. Salimi-moosavi (8) Design | gives three higher light throughput angles at about
3. 4 and 5.5 degree. Design 2 gives more complicated maxima in the range of 2--8
degrees.

To evaluate the throughput of the multi-reflection design, comparison was made
to a “single pass” device fabricated with a 10 um depth and no offset between the
entrance and exit apertures. Figure 6.5 shows the device. Light at 0 degree incidence
passed straight through. undergoing no reflections and giving a detector response of
13.00 LA as measured by H. Salimi-moosavi (8). Figure 6.4 shows that the typical
diode currents at the angle maxima were 10 to 100-fold lower than those for the
single pass device. The loss in intensity with decreasing angle in Figure 6.4 is
expected with the increasing number of reflection and divergence of the beam. The
lack of intensity below about 2.5° is ascribed to the reflection of most of the beam

back out of the 30 um entrance aperture.

6.6 Sensitivity

Because absorbance is the ratio of intensities, logl/I,, the measurement is not
directly affected by the losses incurred while the beam transits the cell. The signal-
to-noise ratio decreases as the transmitted intensity drops. The detection limit is

affected by the intensity of the transmission. The sensitivity should be increased by
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increasing the path length through solution, but the enhancement may not be as
large as expected. For example, a fused silica capillary-based muiti-reflection cell
described by Wang et al.(9) gave an experimental sensitivity corresponding to path
length of | mm. For this reason, we calculated the effective path length. L. which
was determined from the slopes of measured calibration curves for each device.
Figure 6.6 shows the effective path length as a function of incident angle for all
of the etch depths and device designs as measured by H. Salimi-moosavi (8).
Increasing the depth of the channel gives longer path length. Comparing design |
and design 2, the thinner glass substrate gives larger path length and high
sensitivity. The lowest detectable concentration of design 1 is 10™ M for a 10 um-
deep channel. For design 2, 10° M has been detected with a signal-to-noise ratio of
63. Figure 6.7 shows the. peak of 10 M solution. Because the detection limit is
signal-to-noise ratio of 3, lower concentration should be detectable. But I did not
get that in my experiment. This is because the noise of the light source. Lower
concentration can be detected by improving the light source or adding an electronic

filter to reduce the noise.
6.7 Calibration Curve

Figure 6.8 shows the calibration curve of design 2. The incident angle was 6°. It

is approximately linear in the range of 10 uM to 1000 uM.

6.8 Result and Discussion

The expected increase in path length can be calculated. and a comparison of
Figure 2.3 a) and Figure 6.5 shows that effective path length is about 40-50 % of the
calculated path length in most cases. A greater discrepancy of 28-40 % was seen for

the design 2 device at angles of about 3-6 degrees. We have not identified the
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source of this discrepancy, but do note that such effects have been observed by
others for multi-reflection cells(8). Possible causes include the use of single ray
trace model to describe the beam path, rather than a more complete treatment of the
device as an etalon-type waveguide. Calculations indicate that 10% variations from
the nominal values in glass thickness, etch depth, inter-aperture separation distance,
or accuracy of the incident light angle each amount to no more than a 10 % error.
Since these experimental errors are unlikely to all combine in one direction, or to be
the same between all devices, the discrepancy is not fully explained. Nevertheless.
the data in Figure 6.6 confirm that the sensitivity is increased 5-10 fold by the use
of a multi-reflection cell, compared to a straight-pass design for a device of the
same etch depth. Comparison of the sensitivity of designs | and 2 confirms that
decreasing the thickness of the glass through which the light travels is beneficial to
sensitivity, although at the expense of greater fabrication complexity.

The detector volume contributes to the band broadening of a peak. The inter-
aperture distance of 200 um was selected to minimize the dispersion contributed by
the detector, while still allowing for large numbers of reflections. A measurement of
the separation efficiency was made using fluorescence detection of fluorescein
excited at 488 nm as the standard, since a detector window length along the channel
of 30-40 um was easily achieved with a focused beam. The results were
complicated by the concentration dependent band broadening we observed for both
fluorescein and BTB, which apparently arises from surface adsorption. A 9 kV
separation voltage gave 108,000 theoretical plates for 10 nM fluorescein, 66,000
plates at 100 nM and 8000 plates at 1 uM. A 10 uM deep multi-reflection

absorbance cell gave 8,000 + 2,000 plates for < 100 uM BTB, declining to 3,500 +
1,100 plates at 500 uM and 1,800 = 200 plates at 1| mM. We attribute these
concentration-dependent efficiencies to surface adsorption effects, although sample
overloading may contribute at the highest concentrations. The results indicate that at
similar concentrations of these dyes both the fluorescence detector and the

absorbance cell give similar efficiencies. Another test of the effect of the adsorption
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cell was made using the single pass device, which should have an approximate
detector window length of 30-40 um, given the 30 um apertures in the mirrors. At |
mM we observed 1,800 + 1,300 plates and at 500 1M, 4,300 + 2.200 plates. which
is in agreement with data for the 10 yum-deep multi-reflection cell. We conclude that

the inter-aperture distance doesn’t make a significant contribution to band

broadening of the BTB sample.

6.9 Conclusions

Absorbance detection is a very important tool in CE, but the poor path lengths
achieved within microchip devices are a serious detriment to its use. Previous work
on microfabricated absorbance cells has produced devices made in silicon. which
are not well suited to CE applications due to the use of high electric fields. or glass
devices which would not be well suited to mass microfabrication. The device
presented here is a significant step forward in developing a realistically useful
microchip absorbance cell. which extends the range of samples that can be analyzed
by microchip CE. In fact, these devices could be coupled to a capillary and serve as
a detector cell as a component of a larger unit. While the work was demonstrated
with a laser source it certainly will work with other white light sources. In addition.
the transition from visible to the ultra-violet will be readily accomplished by
combining the methods presented here with established methods to micromachine

Quartz devices.
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