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Chapter 1  
Introduction 
 
 
 
 
 
ABSTRACT 
 
In this chapter an overview is given of the project 
“Hydrodynamic Chromatography in Integrated 
Micromachined Separation Systems”. A summary is presented 
in the form of a number of project targets. Furthermore a 
short, chapter-by-chapter overview of the complete thesis is 
presented. 
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1. PROJECT AIM 
 
In this chapter a short introduction of the background and the aims of the project, on 
which this thesis is based, will be given, followed by a chapter-by-chapter overview of 
the thesis.  
This thesis is written, based on work performed within the framework of the STW project 
“Hydrodynamic Chromatography in Integrated Micromachined Separation Systems” [1]. 
The project is a cooperation of the MESA+ Research Institute of the University of 
Twente and the Polymer Analysis Group, belonging to the Department of Chemical 
Engineering of the University of Amsterdam. At the UvA Emil Chmela has been working 
on the analytical chemistry side of the project, while at the MESA+ Institute I have 
focused on device technology and fabrication. As design of micromachined separation 
devices combines both chemical and technological considerations, this work was 
performed both within the UvA and the MESA+ Institute. 
As a natural result of the different project foci for both groups, the Ph.D. thesis of Emil 
Chmela is written from an analytical chemistry viewpoint, while this thesis is written 
from a microtechnological perspective. It therefore does not contain an introduction of 
microtechnology but does include a thorough introduction of analytical separations. 
  
 
1.1 Polymer analysis 
Polymers are widely used in everyday life, for instance in plastics, coatings etc. In the 
polymer industry the so-called Molecular Mass Distribution (MMD) of a polymer 
mixture (figure 1-1) is an important parameter determining most physical properties and 
process parameters of a polymer [1]. For the determination of the MMD different 
analytical methods are available. The most commonly used technique for determination 
of the MMD is Gel Permeation Chromatography (GPC), which is also called Size 
Exclusion Chromatography (SEC). 
 
 
 
 
 
 
 
 

figure 1-1:The molecular mass distribution (MMD) 
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1.2 Analytical separations 
SEC or GPC is one technique out of a wide range of analytical separation techniques. In 
general, analytical separations are aimed at characterization of various physical or 
chemical properties by separation of the individual components according to those 
properties. 
As a wide range of separation methods exist, a large variety of materials can be 
characterized with respect to properties such as chemical composition, functionality or 
molecular mass. 
The principle of analytical separations is shown schematically in figure 1-2. As an 
example a small amount of sample (a plug) containing three components is introduced 
into a separation column. During transport through the column the components will have 
different velocities and thus different retention times in the column because of an 
interaction with the column and / or with external fields, corresponding to physical or 
chemical properties of the sample. The components are separated if their properties differ 
sufficiently. It should be noted that in some separation principles, e.g. those using 
electrical fields, components can move in opposite directions. 
 
 
 
 
 
 

figure 1-2: the separation principle. A sample plug containing three components A, B, and C is injected at 
position 1 and separated at position 2. After separation the separated components are detected. 

 
After separation, the detection of the components can be performed either at one channel 
end or by observation of the complete separation profile. Depending on the detection 
technique used, additional information (beside the separation itself) can be obtained such 
as component concentration, analyte size or mass or spectroscopic information. 
Generally, detectors for analytical separations are not selective to one specific compound. 
One could even argue that non-selectivity is preferred in order to get an accurate picture 
of the concentration of the different components. 
 
 
1.3 Limitations of GPC 
The separation principle of GPC is based on steric interaction of the polymers with a 
porous packing material (a so-called stationary phase consisting of porous particles or a 
gel) inside the column. Smaller molecules will on the average spend more time inside the 
pores of the packing material and will thus move through the column slower than larger 
analytes. Determination of the MMD using GPC is in the ideal case performed by 

Sample 

A B C

Detection

1 2
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separation according to polymer size. By employing a calibration procedure with known 
standard materials this molecular size can be related to the mass. As the exact pore size 
distribution of the packing material is not known, absolute calibration is generally not 
possible. Further drawbacks of GPC are a low speed and relatively low efficiency. 
Additionally, a large amount of possibly toxic or expensive solvents is used during GPC 
analysis [1] because of its large column size. 
GPC analysis is limited to the determination of the MMD only. However, it would have 
been more beneficial if more information besides the MMD could be obtained using the 
same technique, for instance chemical functionality or polymer branching. 
 
 
1.4 Hydrodynamic Chromatography (HDC) 
One promising technique that could overcome some of the limitations of GPC is 
Hydrodynamic Chromatography (HDC). In a small channel as shown in figure 1-3 larger 
molecules will be restricted from the wall more than smaller molecules. This is basically 
the same exclusion principle as in GPC. The difference with GPC, however, is that if a 
parabolic flow profile is applied (for instance by using a pressure-driven, fully-developed 
laminar flow) larger molecules will sample more of the higher velocity regions in the 
channel. This leads to a larger average velocity for larger molecules. As the HDC size 
separation is thus exclusively based on geometry, an intrinsic and absolute calibration is 
possible. 
 

Mass M1

Mass M2

 
figure 1-3: if the velocity profile is parabolic (which is the case for pressure-driven, fully-developed laminar 
flow), the average velocity of large molecules is higher than that of small ones, because the center of larger 
molecules is more restricted from the wall of the channel. Depending on the length of the channel, polymer 
fractions will be separated to a certain extent at the end of the channel. 

 
HDC separations can be performed in a column packed with nonporous particles, in 
which the spacing between the particles creates the HDC effect. Since this spacing is not 
constant, the separation will show wider peaks than would strictly be necessary. 
Moreover, the calibration is not constant. Using well-defined capillaries, a better 
separation with absolute calibration can be obtained. Because of the absence of a packing 
material for capillary HDC, it can be faster and more efficient than both GPC and 
packed-column HDC, depending on the characteristic channel and particle sizes. 
The optimum height of the HDC channel is roughly 1/10 to 1/100 of the analyte size. For 
polymer separations this implies a channel height in the micrometer range. Consequently, 
when HDC separations are performed in a circular capillary, detection is complicated 
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[2,3]. By using a planar configuration with a depth in the micrometer range and a channel 
that is as wide as possible, the detection volume can be increased while maintaining the 
small distance required for HDC separation. A schematic drawing of the chip is shown in 
figure 1-4.  
The major goal of the HDC project therefore is realization of a well-defined planar HDC 
structure. This is performed using a combination of glass and silicon micromachining 
technologies. These techniques have been well established for fabrication of a range of 
microfluidic devices [4-14]. 
 

 
figure 1-4: the planar HDC-chip. The micrometer high separation channel is shown together with the waste slit 
and the injection configuration, used for well-defined introduction of the sample. 

 
Besides size characterization of molecules and particles, HDC offers other analysis 
possibilities. By sufficiently lowering the channel height the reptational separation 
regime can be entered. Reptational chromatography [15] is a separation mode based on 
the physical interaction of chain segments with the channel. This opens up a way of 
separating copolymeric substances. 
 
 
1.5 Integration possibilities: injection and detection 
Using micromachining techniques various complementary structures can be integrated. In 
figure 1-4 an integrated injection structure is shown that enables introduction of a well-
defined sample plug. This reduces broadening of the peak during injection.  
For the same reason, integrated detection is preferable. Several options for integrated 
detection can be realized on-chip, for instance refractive index detection and viscosity 
detection. By incorporating an optical detection cell the absorption length in external 
optical absorption-based detection could be increased. 
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1.6 Research targets 
From the original project proposal [1] several research targets can be deduced. In the 
concluding chapter these will be compared with the obtained results. 
 
Practical targets: 
1. Fabrication of a prototype HDC chip, creating a well-defined channel and an 

integrated injection structure. The separation channel should be as wide as 
possible thus maximizing the detection volume. 

2. Characterization of the prototype with respect to flow properties using a 
fluorescent dye. 

3. Characterization of the transport of small molecules in order to characterize the 
column efficiency. 

4. Optimization of the device and subsequent separation of polymers and particles. 
5. Demonstration of the separation performance in actual practice enabling a  

comparison with SEC. 
6. Development of integrated or stand-alone detection techniques. These could be 

either optical or based on viscosity detection. 
7. Further reduction of the channel height enabling separation of smaller molecules 

and reptational separations.  
 
Theoretical targets: 
1. Description of the calibration relation between particle size and residence time. 
2. Description of the zone broadening process. 
3. Investigation of shear rate effects and polymer degradation if large velocity 

gradients are applied in the channel. 
4. Investigation of reptational chromatography. 
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2. THESIS OUTLINE 
 
A chapter-by-chapter overview of the thesis is given. For chapters that are based on one 
or more journal papers, the corresponding paper(s) are indicated using the numbering 
employed in the previous BIBLIOGRAPHY section. For each chapter the used variables 
are declared in a table at the end of the chapter. 
 
Chapter 2 
An overview is given of conventional analytical separation techniques and of 
microfluidic devices employing those techniques. The influence of downscaling on the 
separation performance is estimated. Detection techniques commonly used in analytical 
separations are described. Finally, an overview is presented of techniques used for 
detection in chip-based microfluidic devices. This chapter has been submitted to Lab on a 
Chip as paper IX. 
 
Chapter 3 
In this chapter a theoretical description is given of hydrodynamic chromatography of 
polymers and particles in a planar configuration. Several retention models and their 
limitations are described. For the HDC efficiency the description is extended from an 
infinite parallel plate configuration to a channel with a rectangular cross-section having a 
large aspect ratio. Combination of the retention and efficiency gives a measure for the 
possible HDC resolution as a function of analyte parameters and channel geometry. This 
can be used for optimization of the separation conditions. 
 
Chapter 4 
A theoretical description of bonded, pressurized microchannels is presented, relating 
material parameters, channel geometry, bond strength and maximum pressure. This 
enables a calculation of the bond energy that is applicable to all types of wafer bonds. 
The model is used to estimate the strength of fusion bonds of oxidized silicon to glass and 
fused silica to fused silica, annealed at different temperatures. The model is substantiated 
by experimental pressure data obtained from the oxidized silicon-glass samples. The 
bond model and bond characterization of the oxidized silicon-Pyrex bonds have been 
published in paper I. 
Furthermore, local anodic bonding of a Kovar alloy to Pyrex is presented. This technique 
can be used for temperature-, solvent- and pressure-resistant microfluidic connections. 
Because of different thermal expansion coefficients of Kovar and Pyrex a structure is 
added in order to release the thermal stresses induced during bonding. This section 
corresponds roughly to paper II. 
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Chapter 5 
Chapter 5 is the main part of this thesis. A chromatography chip is described in which the 
HDC separation principle introduced in chapter 1, 2 and 3 is used in a planar 
configuration. A general design is presented incorporating a 1 µm deep and 500-1000 µm 
wide separation channel with an integrated sub-nanoliter injection structure.  
The realization of this first planar HDC design using a silicon-Pyrex structure is 
described followed by a description of the fabrication of a fused silica HDC chip that 
employs an enhanced design containing an integrated optical detection cell.  
The injection structure is characterized by fluorescence measurements. The separation 
performance of both the Pyrex-silicon and the fused silica HDC chips is demonstrated by 
separation of various particles and polymers.  
This chapter is based on several journal papers. Only a small part of the description of the 
injection configuration presented in paper VI is used. The same applies to the detection 
cell presented in paper VII. The description of the fabrication of the Pyrex-silicon chip 
corresponds largely to paper III. The characterization of this chip was described in paper 
IV. The design and characterization of the fused silica HDC chip and additional 
separations performed in the Pyrex-silicon chip will be published in paper X.  
 
Chapter 6 
A novel micromachined viscosity detector is presented that is suitable for integration with 
the micromachined hydrodynamic chromatography system presented in chapter 5. 
However, the principle can be used in any application in which differential viscosity 
detection is needed. It is especially suitable for use in liquid chromatography systems for 
separation of polymers, such as GPC.  
Because of the small volume flows in on-chip HDC systems, a low hydraulic capacitance 
pressure sensor is essential to make the viscosity detector sufficiently fast. In this chapter 
the design, fabrication and characterization of such a sensor is described following paper 
V. 
Viscosity detection is demonstrated using a prototype that shows an estimated resolution 
in the specific viscosity of 3.0*10-3. This prototype sensor system will be published in 
paper VIII. 
 
Chapter 7 
In this final chapter the results obtained in the previous chapters are discussed and 
compared to the project aims stated in the first chapter. Furthermore, a range of 
possibilities is presented for future development of HDC separation and detection on-a-
chip. 
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Chapter 2  
Separation techniques and 
microfluidics 

 
 
 
 
 
ABSTRACT 
 
In this chapter an overview is given of conventional analytical 
separation techniques and of microfluidic devices employing 
those techniques. The influence of downscaling on the 
separation performance is estimated. Detection techniques 
commonly used in analytical separations are described. 
Finally, an overview is presented of techniques used for 
detection in chip-based microfluidic devices. 
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1. INTRODUCTION 
 
Although the HDC project focuses on determination of the size of polymers, a much 
wider range of separation methods exists. In the following section an overview is given 
of the available separation methods, with a focus on analytical separations. 
In order to outline this analytical separations area, an overview is presented in section 3 
of important macro-scale separation techniques. At the end of that section we will show 
how the performance of the basic methods scales with size. How these methods are 
realized on-chip is described in section 4. Detection techniques used in macro- and 
micro-scale analytical separations are described in section 5. 
 
 
2. SEPARATION METHODS 
 
2.1 Separation techniques 
Several techniques exist that can separate a mixture according to differences in physical 
or chemical properties of the individual components. These can be roughly divided into 
two categories: 
- Preparative separation techniques: 
� Centrifugation 
� Crystallization 
� Distillation 
� Extraction 
� Ultrafiltration 

- Analytical separation techniques 
In this chapter, we focus on analytical separation techniques as these are used for the 
analysis of (the individual components in) small amounts of sample. Minimization of the 
necessary sample volume is advantageous for economic and environmental reasons. Thus 
miniaturization would be especially beneficial for these techniques. 
 
 
2.2 Important separation parameters 
The most important parameters for characterization of a separation are resolution and 
analysis time. The resolution is a measure for the sample zone separation relative to the 
zone widths. It can be defined either for the time or for the spatial domain, indicated by 
the subscripts t and x respectively. Assuming Gaussian concentration distributions, the 
widths can be characterized by a variance σ2, of which in the time domain σt  is used. For 
two neighboring zones, the corresponding peak widths in the chromatogram w are 
approximately equal and the resolution Rs in the spatial and temporal domain can thus be 
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written as (figure 2-1): 
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Equation (1) shows that the peaks are almost baseline separated if the peak centers are 
separated by a distance 4σ, i.e. Rs = 1 (figure 2-1). 
 
 
 
 
 
 
 
 
 
 
 

figure 2-1: Retention and efficiency parameters for two neighboring concentration peaks. 

 
The resolution is determined by several parameters: 
• the selectivity S, which indicates the relative separation between two species. 
• the retention τ, which describes the migration rate of a sample through the column, 

relative to an unretained marker. 
• the efficiency, which is a measure for the dispersion or zone or peak broadening.  
 
Depending on the definition of the resolution (spatial or temporal) a so-called plate 
number can be defined. The plate number is a direct measure for the efficiency (L is the 
column length): 
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The efficiency can also be expressed as a so-called plate height H: 
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Consequently, an efficient separation is characterized by a large plate number and, as a 
result, by a small plate height. 
The peak broadening or dispersion is caused by concentration gradients in the column 
that cause a concentration flux aimed at equalizing the concentration. For analytes that 
are transported through a column and that do not chemically interact with the column the 
so-called Taylor-Aris dispersion can be deduced from these concentration gradients [1,2] 
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giving: 
2

0,
2 2 xeffx tD σσ +=        (4) 

Thus the additional peak variance σ2 created during the separation can be written as a 
function of an effective diffusion constant Deff and the time t. The effective diffusion 
constant includes a contribution due to stationary diffusion effects (the binary diffusion 
coefficient D12) and a convective component: 

( )2
012 1 PeDDeff α+=        (5) 

In this equation α0 is the so-called dispersion constant and Pe the Peclet number, which is 
a measure of the relative influence of convectional and diffusional forces: 

12D
LuPe ch><=         (6) 

The Peclet number therefore is defined by the average velocity < u >, the diffusion 
constant and a characteristic length Lch. In a circular tube Lch will be equal to the tube 
diameter. It is clear that for smaller dimensions the diffusion dominates the dispersion. 
The dispersion constant depends on the geometry of the flow channel and on the transport 
mechanism that is used. It can therefore be influenced by adapting the geometry. 
The Taylor-Aris dispersion is one of the most important contributions to the total 
dispersion for pressure-driven separation methods, in which the analytes do not interact 
with the column. 
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3. ANALYTICAL SEPARATION TECHNIQUES 
 
3.1 Classification 
Analytical separation methods can be classified according to the scheme presented in 
figure 2-2. The abbreviations are declared in Table 2-3. The four basic classifications that 
have been made, electrophoresis, chromatography, field-flow fractionation and 
hydrodynamic chromatography are described in more detail in the next paragraphs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

figure 2-2: Overview of the different separation techniques and their separation modes. 
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3.2 Chromatography 
 
3.2.1 Introduction 
Chromatographic separation is based on the interaction of the analytes with a so-called 
stationary phase bound to a channel wall or to a packing material in the channel. 
Different interaction with the latter but also with the mobile phase, containing the species 
to be separated, creates different retention times and thus different average speeds of the 
analytes [3]. 
Four basic techniques can be distinguished: Supercritical Fluid Chromatography (SFC), 
Gas Chromatography (GC), Liquid Chromatography (LC) and Capillary 
Electrochromatography (CEC). The difference between SFC, GC and LC lies in the state 
(supercritical fluid, liquid or gaseous) of the mobile phase that is present in the column. 
CEC can be compared to LC except that an electrical instead of a pressure-driven 
transport mechanism is used. In this section the emphasis will be on LC as this is by far 
the most commonly used technique for polymer separations. As such it operates in the 
same area as the HDC chip is intended for. 
However, because of the wide range of available techniques, stationary phases and 
packing materials, chromatographic separations are not limited to polymers. 
It must be noted that nowadays LC is often referred to as High Performance Liquid 
Chromatography (HPLC). There is however no essential difference between LC and 
HPLC. 
 
 
3.2.2 Supercritical chromatography (SFC) 
Supercritical fluids can be used as a mobile phase to separate analytes in 
chromatographic columns. Supercritical fluids can have solvating powers similar to 
organic solvents, but with higher diffusivities, lower viscosity, and lower surface tension. 
The lower viscosity allows higher flow rates compared to liquid chromatography, and the 
solvating power of the supercritical fluid can be adjusted by changing the pressure. 
Disadvantage of this technique is, that it requires operation in the supercritical fluid phase 
domain, which necessitates the use of high pressures and temperatures [4]. 
 
 
3.2.3 Gas chromatography (GC) 
Gas chromatography is a chromatographic technique that can be used to separate volatile 
organic compounds or gases. After vaporization of the sample, the analytes are 
transported through the column by the flow of an inert, gaseous mobile phase. The 
column itself contains a liquid or solid stationary phase, which is adsorbed onto the 
surface of an inert solid [5]. 
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3.2.4 Liquid chromatography (LC) 
In (HP)LC the stationary phase can be coated as a thin film on a planar surface (thin layer 
chromatography). However, LC is generally carried out in a column in which the 
stationary phase is either attached to the column walls or to a packing material consisting 
of solid particles. Traditionally the column is a steel tube of several millimeters inner 
diameter. In research environments, capillary columns of sub-millimeter diameter, 
consisting of fused silica rather than metal, are employed as well. 
Depending on the stationary phase, different LC modes can be distinguished: normal-
phase, reversed-phase, ion-exchange, affinity and size-exclusion (SEC) chromatography. 
With the exception of SEC these modes are defined essentially according to the nature of 
the interactions between the sample and the stationary phase [3]. 
In normal-phase LC the stationary phase is a polar adsorbent and the mobile phase a 
mixture of nonpolar non-aqueous solvents. Reversed-phase chromatography differs from 
normal-phase separations because very polar aqueous solvents are used. This makes 
reversed-phase separations attractive for biochemical, pharmaceutical and medical 
purposes as these often deal with aqueous samples. In reversed-phase chromatography 
the mobile phase is more polar than the stationary phase, which is the opposite (“reversed 
phase”) of normal-phase chromatography. This implies reversal of the elution order of 
the analytes [3,6]. 
In ion-exchange chromatography the retention is based on electrostatic interactions 
between ions in the mobile phase and oppositely charged ionic functional groups attached 
to a solid support. As most ion-exchange methods use aqueous buffers, it is ideally 
suitable for the separation of peptides, proteins and carbohydrates [3] and small 
anorganic ions. 
Affinity chromatography is mostly applied to separation and purification of proteins. It is 
based on immobilization inside the column of a molecule (a so-called ligand), which 
recognizes the target protein. If the sample is transported through the column a certain 
part of these proteins will bind to these ligands. If a specific ligand can be used, no other 
molecules will be retained. The retained proteins can be obtained by changing the pH or 
the buffer [7]. 
Separations in size-exclusion chromatography (SEC) arise from differences in molecular 
size and the corresponding ability of different molecules to penetrate the pores of the 
stationary phase to different extents [3,8,9,10]. SEC is mainly used for the separation of 
macromolecules of biological origin and for the characterization of synthetic polymers. 
As an analytical tool it is used for molecular mass determination of single 
macromolecules or for determination of the molecular mass distributions of polymers in 
general. 
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3.2.5 Capillary electrochromatography (CEC) 
As with the chromatographic techniques mentioned above, the separation in capillary 
electrochromatography (CEC) relies on interaction with a stationary phase in a channel. 
For SFC, GC and (HP)LC the mobile flow is transported through the column using a 
pressure gradient. For CEC however, the transport mechanism is electroosmotic flow 
(EOF) [11,12,13]. 
 
Electroosmotic flow 
Electroosmotic flow is the movement of liquid relative to a stationary charged surface 
under an applied electric field. It is caused by a potential at the interface of the liquid and 
the charged surface. In figure 2-3 the situation is shown for a negatively charged wall (the 
common situation). This could for instance be a glass or silica wall in which the 
dissociated SiOH groups cause an excess negative charge. The excess negative charge 
causes an accumulation of cations at the interface. In the so-called Stern layer the ions are 
adsorbed at the surface (immobile). The adjacent region is called the Gouy Chapman 
layer or shear layer. In the shear layer an excess of mobile positive charge exists, so that 
the concentration of cations is increased in comparison with the bulk. If an electric field 
is applied this mobile positive charge is drawn towards the cathode, dragging the bulk 
fluid along.  
The potential at the interface of the Stern and Gouy Chapman layers is called the zeta-
potential ζ (figure 2-3). The distance over which the potential falls by a factor of e-1 is 
called the double layer thickness. The linear velocity u of the EOF is described by the 
Smoluchowski equation [14]: 
 

EEu r
EOF η

ζεεµ 0==        (7) 

 

In this equation µEOF is the so-called electroosmotic mobility, E the electric field, ε0 the 
dielectric constant, εr the relative permittivity and η the dynamic viscosity. 
 
 
 
 
 
 
 
 
 
 

figure 2-3: the principle of electroosmotic flow. 
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The moving ions in the shear layer that drag the bulk fluid along create a plug-like flow 
that has a flat velocity distribution across practically the complete cross-section of the 
channel. This results in a smaller dispersion for EOF driven flow than for pressure-driven 
flows [15,16]. For CEC this means that a smaller theoretical plate height can be achieved 
than for a pressure-driven separation in the same separation column.  
 
 
3.3 Electrophoresis 
 
3.3.1 Introduction 
Electrophoretic separation is based on the phenomenon that charged particles migrate in a 
solution when an electric field is applied [17]. The generation of selectivity in most 
electrophoretic techniques involves a simple variation of the molecules environment to 
either change the charge of the molecule, or to physically retard the molecule’s 
movement in the electric field [18]. 
Ionic species will move under the influence of an electric field E with a velocity u of 
[18]: 
 

Eu EPµ=         (8) 
 

where µEP is the electrophoretic mobility of the ionic species. Thus, differences in 
mobilities result in differences in velocities, which causes a separation effect. The 
mobility difference depends both on the charge and the size of the molecules. 
As electrophoresis is often conducted in (charged) fused silica capillaries an additional 
driving force will be present. In section 3.2.5 the movement of bulk fluid along a charged 
wall under the influence of an external electric field was presented. According to 
equation (7), a mobility µEOF can be assigned describing the electroosmotic flow. 
Consequently, the velocity of the species in a separation channel will have a velocity 
described by an effective mobility µtotal of [18]: 
 

EPEOFtotal µµµ +=        (9) 
 

This movement is directional, such that the electroosmotic velocity component can be in 
the opposite direction as the electrophoretic mobility. This can be used to great advantage 
in electrophoresis since this allows the separation and detection of both negative and 
positive components in one run. 
 
3.3.2 Gel electrophoresis and capillary electrophoresis (CE) 
As shown in figure 2-2 two main electrophoresis techniques can be distinguished: gel 
electrophoresis and capillary electrophoresis. In gel electrophoresis an electric field is 
applied as a mechanism to transport molecules through a planar gel. This agarose or 
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polyacrylamide gel acts as a sieving matrix for different masses. Combination of the 
sieving effect and the electrophoretic effect gives the separation. Gel electrophoresis is 
mainly used for separation of nucleic acids and peptides having molecular weights 
smaller than 1 kDa. 
Although multiple lanes of the gel can be run at the same time, the lack of automation 
due to the preparation of the gels and the laborious detection procedures prohibits fast 
analyses using this technique.  
Faster analysis is possible if electrophoresis is carried out in fused silica tubes or 
capillaries. Because of the small tubes thermal effects are reduced enabling higher 
electric fields. From equation (8) it is clear that this leads to a higher analysis speed. 
Combined with easier detection procedures an easier automated separation system can be 
constructed. 
Furthermore, a wider variety of electrophoresis modes can be used in the capillary 
configuration. This leads to a wider application area, enabling characterization of 
analytes ranging from metal ions to large proteins and nucleic acids. 
The different electrophoresis modes will be explained in the subsequent paragraphs. As 
not all the mentioned modes can be used in a planar gel configuration they will be 
described from the point of reference of capillary electrophoresis. 
 
3.3.2.1 Moving boundary electrophoresis 
 
 
 
 
 
 

figure 2-4: moving boundary electrophoresis 

 
In moving boundary electrophoresis a sample, mixed with a buffer, fills one reservoir. 
The rest of the system is filled with a buffer electrolyte that has a very high mobility. On 
the application of an electric field, sample ions will be transported into the separation 
channel. In the case shown in figure 2-4, negative ions will migrate towards the positive 
anode at different speeds. At a certain point the fastest species will emerge from the 
sample bulk. Consequently only part of the leading component is separated from the 
sample. Using capillary zone electrophoresis (CZE) this shortcoming can be overcome. 
 
3.3.2.2 Capillary zone electrophoresis (CZE), capillary gel electrophoresis (CGE) and 

Micellar Electrokinetic Chromatography (MEKC) 
The principle of capillary zone electrophoresis is shown in figure 2-5. This configuration 
is similar for CZE, CGE and MEKC. The whole system is filled with a buffering 
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electrolyte. The sample plug (zone) is introduced into this electrolyte at one end of the 
system after which a potential is applied. The sample components will travel at different 
speeds, given by their mobility. At a certain moment, provided the component mobilities 
are sufficiently different, the components will be physically separated, enabling separate 
detection [17,19]. 
 
 
 
 
 
 

figure 2-5: capillary zone electrophoresis 

 
The main advantage of this system is that it can be optimized for any separation by 
changing the separation buffer, thus modifying the mobility of the analytes. For organic 
molecules the simplest method involves changing the relative charge of the molecule by 
varying the pH of the buffer.  
The mobility can also be influenced when the transport is hindered through the addition 
of a sieving agent, for instance a polyacrylamide gel. This CGE technique is especially 
suited for the separation of large molecules (proteins, RNA/DNA fragments). 
Neutral species or species with a comparable mass to charge ratio cannot be separated 
using CZE or CGE. However, using a technique called micellar electrokinetic 
chromatography (MEKC) this shortcoming can be circumvented. In MEKC a surfactant 
(or a mixture of surfactants) is added to the buffer. Above a certain concentration, the 
surfactants form charged micelles in the buffer, which usually have a hydrophobic middle 
part and a hydrophilic outer surface. These micelles create a pseudo-stationary phase in 
the capillary. The analytes partition between the pseudo-stationary phase, created by the 
micelles, and the surrounding aqueous phase and the time spent in each depends on the 
nature of the analyte. Different partition coefficients lead to the separation of the analytes 
[18,20]. 
In planar gel electrophoresis, multiple lanes can be run at the same time enabling parallel 
analysis of multiple samples. In CE, this can be performed using so-called capillary array 
electrophoresis (CAE) in which multiple capillaries, filled with different samples but 
connected to the same buffer reservoirs, are run at the same time [21]. 
 
3.3.2.3 Isoelectric focusing (IEF) 
Molecules that contain acidic and basic groups have a so-called isoelectric point, which is 
the pH value at which they have no net charge. The basic principle of IEF is that a buffer 
gradient is used across the anode and the cathode. The lowest pH is obtained at the anode. 
Upon applying an electric field across the system each molecule will migrate towards the 
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position where the pH value is equal to its isoelectric point. All charged analytes will be 
focused into individual narrow bands. Because isoelectric points are characteristic of, for 
instance, proteins, these compounds can be separated using this technique. 
 
 
 
 
 
 
 
 

figure 2-6: the principle of isoelectric focusing: a pH gradient causes molecules to migrate towards the point 
where their net charge is zero. 

 
 
3.3.2.4 Isotachophoresis (ITP) 
 
 
 
 
 
 
 
 
 
 
 

figure 2-7: the principle of isotachophoresis. 

 
The principle of isotachophoresis is based on the difference between a so-called leading 
and a terminating electrolyte (figure 2-7). Their mobilities µL and µT relative to the 
sample mobilities are chosen such that µT < µsample < µL. The sample is introduced at one 
channel end between the electrolytes after which a potential is applied. Initially, the 
electric field is constant across the sample region and µL > µC > µB > µA > µT resulting in 
uC > uB > uA. This applies to all sample regions, until they are fully separated. Because 
there is no buffer in the sample present, the sample zones will remain together. This can 
be shown by observing that in the stationary case uC = uB, but still µC > µB, so that EC < 
EB. This implies that if an ion from zone B is faster, so that it enters region C, the 
decreased field strength will slow the ion down. Thus the zones will remain separated, 
connected and sandwiched between the leading and terminating electrolyte. 
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Furthermore it follows from a mathematical description [17] that the concentration of all 
zones is determined by the concentration of the leading electrolyte, and depends on the 
mobilities of the ionic species concerned. This means that isotachophoresis can be used 
as a sample concentration technique. 
Since the amount of sample is proportional to the product of concentration and length of 
the analyte zone, and because the concentration of all zones is determined by the 
concentration of the leading electrolyte, the sample zone length is directly related to the 
amount of sample that is injected. 
 
3.3.2.5 Dielectrophoresis (DEP) 
Dielectrophoresis is defined as the lateral motion of uncharged particles as a result of a 
polarization induced by non-uniform electric fields [22]. 
As described in the preceding paragraphs a DC field creates an electrophoretic force. 
Additionally, a dipole moment is induced in a particle with a dielectric permittivity 
different from that of the solvent. If the DC field is replaced by an AC field, the 
electrophoretic effect is reduced because of the particles inertia. Thus above 1 kHz, only 
a dipole moment results. No net force will be exerted on this dipole moment by a 
symmetric AC field. However, a net dielectrophoretic force can be created if a 
nonuniform AC field is applied. 
As the dipole moment depends, for a fixed solvent permittivity, on the particle 
permittivity, particles can be separated according to their permittivity. 
This technique is useful for separation of cells and bacteria, for instance in order to 
distinguish between viable and non-viable cells (cytometry). 
 
 
3.4 Field flow fractionation (FFF) 
Field-flow fractionation (FFF) is based on an external field that is applied perpendicular 
to the flow direction [23,24]. Species-dependent interaction with the external field will 
concentrate analyte zones in different regions of the flow channel (figure 2-8). If a non-
uniform flow is applied, for instance a parabolic flow profile by applying a pressure 
gradient, the concentrated zones will sample different velocity regions. For the situation 
shown in figure 2-8, the more concentrated species will have an average velocity that is 
lower than that of the less concentrated species. 
Based on the type of field that is applied, several subtechniques can be distinguished 
within FFF. The applied field is gravitational or centrifugal in sedimentation FFF 
(SdFFF). Electrical fields are used in electrical FFF (EFFF) to fractionate charged 
colloids and polymers. With flow FFF (FFFF) the macromolecular material is 
concentrated at the accumulation wall by means of an additional solvent flow 
perpendicular to the carrier flow. This can for instance be performed by using a hollow 
fiber with porous walls [25]. In thermal FFF (ThFFF), which is normally applied to 
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polymers, a large temperature gradient across the channel causes an enhanced polymer 
concentration at the cold wall because of the so-called thermal diffusion effect. 

Species 1

Field

Species 2  
figure 2-8: the principle of Field-Flow Fractionation 

 
3.5 Hydrodynamic Chromatography (HDC) 
In hydrodynamic chromatography (HDC) the separation is purely based on geometry [26-
33]. In a small channel with a pressure-driven, parabolic flow larger molecules will not 
be able to approach the wall as close as smaller molecules and thus will have a larger 
average velocity. Hence the elution order is the same as in GPC. 

Mass M1
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figure 2-9: the principle of Hydrodynamic Chromatography  

 
This technique can be applied in capillaries ranging from 4 to 60 µm for the separation of 
colloidal particles [30-32]. Using even smaller capillaries ranging from 1-10 µm, 
separation of polymers was shown [26-27]. Detection was performed using UV 
absorption across the capillary diameter. The main problem with this technique is the 
complicated detection because of the extremely small internal volume of the capillaries 
and the correspondingly small sample volume. 
One of the options to increase the sample volume and thus improve detection is using a 
larger column or capillary packed with nonporous particles. In that case analytes are 
separated using the exclusion effect in the interstitial spaces between the particles. This 
however results in an increased dispersion compared to open column HDC. One of the 
applications of packed-column HDC is separation of DNA fragments [33]. 
Together with SEC or GPC and FFF hydrodynamic chromatography is the only technique 
that is suitable for determination of the analyte size. Moreover, open-column HDC is the 
only technique that can universally give a direct relationship between the elution time, the 
geometry and the size of the molecule. Thus no calibration with standard materials is 
needed. This makes it ideally suitable for the determination of Molecular Mass 
Distributions of polymer mixtures. 
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3.6 Scaling of the separation techniques 
Miniaturization of the scaling techniques outlined above can increase the separation 
performance. A maximized separation performance corresponds to the highest possible 
resolution within the shortest possible time. The scaling behavior depends on the specific 
separation technique used. As this thesis is focused on an HDC chip, the theory of 
hydrodynamic chromatography, including the scaling behavior, will be treated separately 
and in more detail in chapter 3.  
For the three remaining separation principles, (liquid) chromatography, FFF and CE the 
influence of geometry on the theoretical separation performance will be described 
qualitatively in the next paragraphs. Scaling of the performance of the separation 
principle itself is expressed by looking at the influence of the device size (channel radius, 
height, width or length) and the separation time on the resolution.  
In dealing with scaling, all parameters that are not directly related to geometry (for 
instance packing size, buffer composition, mobilities, sizes and diffusion constants of the 
analytes) are assumed to be constant, unless mentioned otherwise. The basic equations 
for each of four basic separation principles are shown in Table 2-1. The variables are 
declared in Table 2-4. 
 

Table 2-1: Plate height and resolution for three basic analytical separation techniques and the resulting scaling 
laws. 

Separation 
type 

Plate height H (m) Resolution Rs Scaling 
Resolution 
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 ++ ν
ν

ν CBAd p
3
1

 
α

α 1
1'
'

4
1 −

+k
k

H
L  

),,,( 0 pdLRuf  

CE [35] 

E
D
avgµ

122  
avgH

L
µ

µ∆
4
1  tE    or 

0R
t  

EFFF and 
ThFFF 
[36] 

33

22
1224

effFFFV
huD

µ
><  S

d
d

H
L ∆

4
1  

h
t  

 
Some scaling advantages or disadvantages apply to all four basic analytical separation 
techniques. General advantages of miniaturization are: 
• the possibility of integrated injection. This minimizes peak dispersion resulting from 

an injection step outside of the separation column (so-called extra-column 
dispersion). 

• reduction of the necessary sample volume. This reduces the need for large (and 
possibly expensive or scarce) sample amounts. 
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• reduction of the buffer volume. Use of possibly toxic solvents can thus be 
minimized. 

• the possibility of integrated detection, reducing extra-column dispersion. 
 
General disadvantages of miniaturization are: 
• a smaller sample volume. This not only complicates detection, but if injection and 

detection are not integrated, it increases the influence of extra-column dispersion. 
• more complicated interfacing. Instead of the standardized connections in 

macrosystems, custom-made, low dead-volume connections are needed that do not 
always comply well with the separation requirements (for instance the need for 
aggressive solvents). 

 
 
3.6.1 Scaling in chromatography 
The stationary phase that is present either on the channel wall or as a packing material in 
conventional chromatography applications complicates the scaling analysis since the 
band broadening is partially determined by the stationary phase. First of all it is clear that 
application of a stationary phase on a channel wall or the introduction of a packing 
material is more complicated for smaller channels. 
Another complication is that the effect of the stationary phase is composed of several 
contributions, that are not always easily distinguishable [34]. This can be illustrated for 
LC. The band broadening, described by the plate height equation is given in Table 2-1, in 
which ν is a dimensionless velocity (u is the velocity, dp the packing size and D12 the 
binary diffusion constant): 

12D
ud p=ν         (10) 

The A term in the plate height equation takes into account flow inequalities around the 
packing particles, the B term considers the longitudinal diffusion and the C term 
describes the various mass transport contributions in the stationary phase and the stagnant 
regions of the mobile phase [3].  
In most practical applications the A term dominates [34]. The value of A depends on the 
quality of the packing: A and thus the plate height is larger for a poor packing. As 
mentioned above, this can be a negative aspect of downscaling a LC system. 
However, it turns out that A depends on the ratio of the column radius R0 and the packing 
size dp as well: the larger the ratio, the larger A [34]. Thus, assuming a fixed packing size, 
a reduction in channel radius leads to a smaller plate height. However, the optimum 
velocity is increased at the same time, which, combined with the smaller channel, leads to 
a higher driving pressure. 
Altogether, no net effect of downscaling can be deduced from these contradicting 
contributions. This basically applies to all chromatographic techniques in which a 
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stationary phase is present. 
Although for CEC consequently no conclusive scaling argument can be presented, it is 
noteworthy that because of the electrodrive a positive thermal effect of downscaling 
exists, caused by the increase of the area relative to the volume. As the same positive 
effect applies to CE its scaling behavior will be estimated in the next paragraph. 
 
 
3.6.2 Scaling in capillary electrophoresis 
Using the equations from Table 2-1 it can be concluded that the resolution scales as the 
product of the electric field E and the square root of the analysis time t. The electric field 
is important as the maximum allowed field depends on the heat generated in the CE 
channel. As for CEC, an increase of the channel area relative to the volume is beneficial, 
since species diffusion and variations in the buffer viscosity are reduced when 
temperature and thermal gradients are lowered. 
The thermal balance can be estimated by observing that the generated power Pin can be 
written as: 

22
0

2 / ELRRVP electricin ∝=       (11) 

in which V is the applied voltage, Relectric the electrical resistance of the fluid and L and R0 
the channel length and radius respectively. The heat transfer out of the CE channel is 
proportional to the channel surface area and the difference ∆T between the temperature of 
the CE buffer at the capillary wall and the outside temperature: 

0~ LRTPout ∗∆         (12) 

This means that for a fixed and maximum allowable temperature difference ∆T the 
electric field can be increased for a decreasing channel radius as: 

0

1~
R

E         (13) 

Of course, the electric field cannot be increased infinitely as it is limited by the 
breakdown of the fluid. Using expression (13), the electric field can be eliminated from 
the scaling law in Table 2-1 giving: 

0

~
R
tRs

        (14) 

Consequently, the analysis time can be reduced using a narrower separation channel, 
without compromising the resolution. Alternatively, a better separation resolution could 
be obtained in a smaller channel by keeping the separation time constant. 
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3.6.3 Scaling in Field-Flow Fractionation 
In a general treatment by Giddings [23] it is concluded that downscaling of FFF is not 
beneficial. This is caused by a loss of retention and an increased plate height if the 
transverse field strength is kept constant. 
However, in the special cases of EFFF and ThFFF, increase of the electric or thermal 
field strength by maintaining either a fixed (effective) potential Veff or a fixed temperature 
difference T across a decreased channel height h results in a favorable downscaling [36]. 
The equations in Table 2-1 are given for EFFF, but the scaling of the separation 
resolution is equally valid for ThFFF: 

h
tRs ~         (15) 

In this analysis the selectivity S is assumed to be independent of geometry as it depends 
on particle sizes and diffusion constants. Thus, as is the case for CE, use of a smaller 
separation channel enables a reduction of the analysis time without compromising the 
resolution or allows a better separation resolution by keeping the separation time 
constant. 
 
 
3.6.4 Discussion of the scaling behavior 
From the treatment above it can be concluded that downscaling of the separation 
techniques is especially advantageous for CE and certain FFF types. In the next section 
we will see that these are exactly the techniques that are applied in the majority of the 
successful miniaturized devices presented so far. 
The separate and more elaborate treatment of the HDC scaling behavior given in chapter 
3 shows that downsizing open-channel HDC separations can be beneficial as well. First 
of all it turns out that the optimum channel height is approximately 10 to 100 times the 
analyte size, which means that the channel height must be in the micrometer range for 
polymer separations. Reduction of both analyte size and channel height (in order to 
maintain the optimum ratio of analyte size and channel height) leads to faster and more 
efficient analyses. A microfabricated HDC device therefore offers a potential advantage 
over packed-column HDC systems. 
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4. MICRO SEPARATION TECHNIQUES 
 
In the following sections we will focus on miniaturized separation systems for CE, 
chromatography, field flow fractionation and hydrodynamic chromatography. Prior to the 
description of the various microfabricated separation devices a short introduction into 
micro separation systems will be given. The principle of the first microfabricated planar 
HDC chip will be outlined in section 4.5. A more detailed description of this system is 
given in chapter 5 of this thesis. In paragraph 4.6 some separation techniques will be 
treated that do not belong to any of the four main categories of figure 2-2, but that are 
specifically enabled by using microtechnology. 
 
 
4.1 General 
Development of micro separation devices was initiated by the drive towards Micro Total 
Analysis Systems (µTAS) that itself was driven by a search for faster, possibly parallel 
analysis methods, requiring less sample. A thorough introduction into the general field of 
µTAS can be found in [37-41]. In [42] a description of µTAS is given aimed specifically 
at biological and medical applications. An overview of µTAS devices and techniques for 
so-called point-of-care testing of health parameters is given in [43]. 
Three main functions can be distinguished in separation devices: injection, separation and 
detection. The heart of the system is formed by the separation channel. For micro 
separation systems the channels can be defined in silicon, glass or various plastics. A 
description of most of the available techniques is presented in [44]. An overview of 
silicon-glass microfabrication technologies is given in [45-49]. An example of 
microchannel fabrication is plastic in given in [50].  
Injection is integrated in most of the micro separation devices, in order to minimize extra-
column dispersion by sample injection outside of the micro separation channel. In most 
cases the injection region is defined by two or more crossing channels. One example of 
this is the well-known T-injection or double T-injection often employed in on-chip CE 
[51,52]. In chapter 5 an enhanced injection principle will be described specifically 
developed for a planar HDC chip. 
The detection techniques, either integrated or external, that are used in the micro 
separation devices described below, will be outlined in section 5. 
 
 
4.2 On-chip chromatography 
The very first microfabricated analytical separation device that was reported is a gas 
chromatograph fabricated in silicon [53]. Other silicon GC devices have followed [54,55] 
of which some with integrated surface acoustic wave detectors [56]. 
No microdevices for SFC have been reported so far. The main reasons for this are that it 
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is the least frequently used of the chromatography modes and that high pressure and 
temperatures are needed. The latter reason obviously complicates microfabrication and 
the corresponding interfacing. 
The first design of a LC chip device by Manz using an open column and an integrated 
conductivity detector dates back from 1990 [57]. In 1995, Ocvirk [58] from the same 
group performed some separations in a packed microchannel but the efficiency was very 
limited, although an optical detection cell for external UV detection was integrated. A 
major disadvantage of [58] is the applied external injection. This is also the case in 
[59,60] in which ion-exchange chromatography in both LC and CEC mode is used in a 
packed channel. Detection is performed using external UV absorption. In [61] integrated 
conductivity and amperometric detection is applied in a reversed-phase open channel 
chromatograph. Here an external injection valve is used as well. 
Contrary to LC, the electroosmotic fluid transport applied in CEC can be easily applied 
for the definition of an internal injection volume. On-chip CEC is frequently applied to 
biomolecules such as peptides and proteins. As these can be easily fluorescently labeled, 
external laser-induced fluorescence (LIF) is often applied as a detection technique. The 
combination of integrated injection and external LIF detection is used for instance in 
open-channel [62,63] and packed-channel configurations [64,65]. Although in [64] 
conventional stationary phases are used, in [65] the channel packing consists of polymer 
monoliths that are photopatterned inside the channel. 
 
 
4.3 On-chip CE 
Since analytical separations for genomics and proteomics are mainly carried out using 
electrophoresis chips, the larger part of on-chip separation devices are electrophoresis 
chips. This has the advantage that the electroosmotic fluid transport can be applied for the 
definition of an internal injection volume using a T- or double-T injection [51,52]. 
As CE is frequently used for biomolecules that can be easily fluorescently labeled, 
external laser-induced fluorescence (LIF) is by far the most commonly applied detection 
technique. 
The majority of electrophoresis chips employ the CZE mode. However, several examples 
can be found of chips using other modes. In [60,66] micellar separation is used for 
separation of samples of biological origin. In [67] an electrochemiluminescence detector 
is integrated into a MEKC chip. In [68] MEKC is used for detection of explosives. 
Although introduction of a gel into a microchannel is rather complicated, examples of on-
chip CGE can be found in [69,70]. 
Isoelectric focusing is used in [71,72] for the separation of samples of biological origin 
(proteins, peptides). One of the few examples of on-chip isotachophoresis  can be found 
in [73] in which ITP, using an integrated conductivity detector, is applied to organic 
acids. 
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The first on-chip CZE device was presented by Harrison and Manz [74,75]. Separation of 
amino acids and subsequent LIF detection was performed using a glass chip. Numerous 
CZE separations of peptides, proteins and amino acids on glass or fused silica chips 
followed this first device [76-84]. Despite the poorer controllability of EOF in polymer 
channels, some CZE chips are realized on polymer [87] or combined polymer-glass 
substrates [88]. 
Although for most of these devices external LIF detection is used, in [87] detection is 
partially integrated by using a micro avalanche photodiode. Furthermore, in [84] an 
integrated conductivity detector is used. 
The main advantage of planar gel electrophoresis, which is the possibility to perform 
parallel analyses, is incorporated in several capillary array chips [85,86,89]. In [86] an 
additional feature is added by using an array of electrochemical detectors. 
 
 
4.4 On-chip FFF 
Two FFF separation techniques have been realized using microtechnology. In [90,91] a 
miniaturized EFFF system is presented of which in [91] an integrated conductivity 
detector is presented. The same research group has presented a ThFFF as well [92]. As is 
clear from section 3.6.3 these are the two FFF techniques of which the performance can 
be increased if a smaller FFF channel height is used. 
 
 
4.5 Planar HDC: the HDC chip 
As the main focus has been on electrophoretic devices, little progress has been made in 
the development of pressure driven on-chip LC and consequently also in separation chips 
for large non-charged molecules. The only chip-based devices for size-separation of large 
uncharged analytes presented so far use ThFFF [92] or a combination of DEP and FFF 
[93]. However, until now no chip-based system for larger (synthetic) polymers, in the 
mass range from 10 kDa to 10 MDa has been fabricated and tested successfully. As on a 
macro-scale the only separation techniques that are suitable for separation according to 
size are (Th)FFF, SEC and HDC, development of on-chip HDC is a valuable addition. 
As outlined in section 3.5, an open-column HDC system is less dispersive than a packed-
column HDC and is therefore desirable. Because of the small capillary diameter and the 
resulting small absorption length for the external detection, the open-column 
microcapillary HDC system is not directly suitable. An increase in channel width, while 
maintaining the small vertical dimension needed for separation, is possible by using a 
planar structure as schematically shown in figure 2-10. The planar nature of 
microtechnology is ideally suitable for the fabrication of such a planar HDC chip. 
Chapter 5 of this thesis is therefore devoted to the design, fabrication and characterization 
of a planar HDC chip. 
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figure 2-10: Schematic of a part of a planar HDC channel 

 
 
4.6 Other separation techniques enabled by microtechnology 
As was the case for CEC and CE, most novel separation techniques are applied to 
biomolecules, so that external LIF detection is most commonly used. 
One particularly original example of a novel separation technique using microtechnology 
is given in [94,95]. In this work an array of so-called entropic barriers is created by using 
a sequence of alternating deep and shallow regions. Since  the shallow regions are around 
100 nm deep, the average time that DNA fragments need to pass this barrier, depends on 
their size. It turns out that on the average larger molecules migrate faster along the 
barriers, as they have a larger probability of a monomer facing the shallow region in 
which the electric field is the largest. Large DNA fragments can thus be separated within 
30 minutes. 
A comparable separation system is used in [96] in which an 2D array of microfabricated 
hexagonal diffusion barriers is used for separation of DNA fragments. Electric field 
pulses alternatingly aimed along two channel directions created by the array posts cause a 
net movement of molecules according to their size: shorter molecules move farther in the 
array because once they have reoriented along the axis of the field they move in an 
unhindered straight line for the duration of the pulse. Longer molecules, on the other 
hand, spend most of the pulse period retracing their paths. 
In [97] a 2D microfabricated array is used for DNA separations as well. However, in this 
case the array is asymmetric with respect to the direction of the field. In that way 
molecules are deflected away from the field direction. As the size of this effect depends 
on the diffusion coefficients of the molecules, molecules are separated perpendicular to 
the field direction according to their diffusion coefficients. Since diffusion coefficients 
and molecule size are closely related, a separation according to size results. 
The micro separation techniques described above use differences in transport of DNA 
through various constraining geometries. The possible mechanisms occurring for 
confined movement of DNA were studied in [98] using the free diffusion of individual 
DNA molecules in a regular network of pores. 
Advancements in single-molecule detection have led to a size characterization system for 
large fluorescently labeled molecules by relating the fluorescence intensity to a molecule 
size. Although the molecules are not physically separated, a reliable size determination of 
a mixture of DNA fragments was shown in [99-101]. 
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In [102,103] microfabricated structures inside a separation channel are used to attach a 
stationary phase. In this case a kind of packed-column is fabricated in which the packing 
is perfectly controllable. The separation performance is shown by separation of peptides 
in CEC mode [103]. 
In [104,105] an elegant alternative to liquid chromatography called shear-driven 
chromatography is presented. A planar channel structure is closed using a coverplate that 
is able to move along the channel. An injected sample can thus be transported at half of 
the speed of the moving coverplate. Because of the planar structure a relatively large area 
to volume ratio is obtained enabling selective separations. Although in [104] a non-
microfabricated structure is used, in [105] the separation device is fabricated by etching 
of fused silica substrates. This enables at the same time the construction of a (deeper) 
optical detection cell for use in UV-VIS absorption detection. 
A final example of the use of microfabrication in the development of new separation 
techniques is the microfabrication of electrodes for dielectrophoresis. This has enabled 
combinations of DEP and CE [106] and DEP and FFF [93]. In the latter an AC 
impedance detector is integrated. 
 
 



 Chapter 2 

 

40

5. DETECTION 
 
A wide range of detection techniques can be applied in analytical separations, depending 
on the specific analyte. Therefore only the most commonly applied detection schemes 
will be outlined in the first paragraph. Additionally, the downscaling behavior of those 
techniques will be briefly evaluated. 
In the second paragraph several applications of those detection methods in the micro 
domain will be discussed.  
 
 
5.1 Macro detection techniques and downscaling 
The most commonly applied detection techniques in analytical separations are shown in 
Table 2-2. A qualitative comparison of the sensitivities is derived from a comparison of 
detection limits stated in [3], [18], [35] and [107,108].  
As the signal level for most of the techniques is determined by the number of molecules 
in a certain detection volume, downscaling of that detection volume will reduce the 
detection performance. The exceptions are refractive index and potentiometric detection 
[107,108]. Both techniques rely on interface phenomena, downscaling will therefore not 
degrade their performance. This is indicated in the last column of Table 2-2. 
 

Table 2-2: Summary of the most commonly applied detection techniques in analytical separations. The 
information is a compilation of data from [3], [18], [35] and [107,108]. 

Detection technology Sensitive to Sensitivity Downscaling 
Fluorescence concentration ++ disadvantage 
UV-VIS absorption  concentration + disadvantage 
Light Scattering concentration, size, 

mass 
depends on 

mass 
disadvantage 

Refractive (RI) index  concentration +/- no influence 
Conductivity concentration + disadvantage 
Amperometry concentration ++ disadvantage 
Potentiometry concentration + no influence 
Viscometry concentration, mass depends on 

mass 
disadvantage 

 
 
Fluorescence detection [3,18,35] 
Fluorescence detection relies on light absorption in a specific wavelength band by 
fluorescent molecules, followed by light emission in another wavelength band. As the 
absorption and emission spectra depend on the compound this enables selective detection. 
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Moreover, it is the most sensitive detection technique available, enabling detection down 
to the single-molecule level. Often fluorescence excitation is performed using a laser 
beam. This is called laser-induced fluorescence (LIF). 
 
UV-VIS absorption detection [3,18,35] 
UV-VIS absorption detection relies on the absorption by certain molecules of light in the 
UV or the visible (VIS) part of the spectrum. This offers the possibility for selective 
detection as different compounds have different absorption bands. However, since not all 
molecules absorb UV or visible light, it is not a universal detection principle. The 
simplest absorption detection configuration operates at a certain wavelength, by using 
filtered broad-band light or special line sources, combined with conventional 
photodetectors. Alternatively, absorption can be measured at a certain wavelength range 
by using a broad-band line source, combined with a spectrometer. 
 
Light Scattering [109] 
Light scattering detection is based on measurement of the scattering angles and intensity 
in the scattering of light by particles or molecules. As the signal is proportional to the 
product of concentration and weight average molar mass, the sensitivity of the method 
depends on the particle or molecule size.  
 
Refractive index (RI) detection [3,18,35] 
The refraction angle of a (laser) beam at an air-liquid interface depends on the refractive 
index of the fluid (and the air). This still applies if the liquid is confined in a channel. 
Thus a change in refractive index, caused by the presence of analytes, results in a beam 
deflection. Generally, RI detection is universal in the sense that it does not depend on a 
specific property of the molecule. Since refraction is induced at an interface the beam 
deflection does not depend on the channel size. However, the performance of the actual 
configuration used to detect the deflected beam can be influenced adversely by a smaller 
channel. 
 
Conductivity detection [18,35] 
Both conductivity and amperometric detectors can be classified as electrochemical 
detectors. The principle of conductivity however is simpler than that of amperometric 
detection. Two or four electrodes monitor the conductance of the fluid. Passing of an 
analyte influences the conductance.  
 
Amperometric detection [35] 
Amperometric detection is based on the occurrence of an oxidation/reduction reaction 
caused by an externally applied DC voltage. The monitored current is a measure for the 
amount of analyte that has reacted. This is only applicable to electrochemically active 
analytes. 
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Potentiometric detection [110] 
Potentiometry uses measurement of the electrochemical potential under the conditions of 
no current flow for detection of electrochemically active analytes. It can be applied to 
certain types of LC or CE separations. The response of potentiometric detectors is 
independent of the size of the electrode, which makes them well suited for use in 
combination with micro separation techniques.  
 
Viscosity detection [111,112] 
Viscosity detection is based on the measurement of a viscosity change between solvent 
and solvent with analyte. As the viscosity signal increases with the mass of the 
molecules, this technique is especially suitable for (large) polymers. 
 
 
5.2 Micro detection techniques 
In this section various detection techniques are presented that are used for detection in 
micromachined fluidic devices in general. Thus this outline is not limited to micro 
separation systems. This implies that some of the presented techniques may not be 
directly suitable for use in micro separation systems, depending on the integration 
possibilities. Furthermore, both integrated (micromachined) detection methods and 
conventional methods applied to microsystems are presented. 
 
RI detection 
Two classes of microfabricated RI detection schemes can be distinguished. One of them 
employs an external laser beam that determines the refractive index either by measuring a 
beam deflection by refraction [113,114] or by continuously probing the angle of total 
internal reflection [115]. External RI sensing can also be realized using backscatter 
interferometry [116]. 
The second class of microfabricated RI detection methods uses integrated optical 
techniques. One possibility is the use of surface plasmon resonance (SPR) that probes the 
RI through an evanescent field induced by a metal layer [117,118]. Evanescent field RI 
detection can also be realized using waveguides [119]. A combination of SPR sensing 
and waveguides was used in [120]. Using a spiral waveguide, RI can be measured using 
so-called whispering gallery modes [121]. The most sensitive integrated optical RI 
detection technique can be achieved in an interferometric setup [122-124]. Sensitivity 
values of better than 10-8 RI units have been reported [122]. As this device employs an 
active, modulated Mach-Zehnder interferometer, it is also the technologically most 
challenging technique. 
 
UV-VIS absorption detection 
Several designs have been published that increase the limited absorption length in 
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microdevices by using optical cells [105,125,126]. Other approaches were aimed at noise 
reduction by elimination of stray light through using an optical slit [70]. An additional 
feature in [70] and in [127] is the use of quartz that enables detection down to the deep-
UV region (200 nm), thanks to its large transmission window. The good optical 
properties of quartz (or fused silica) facilitates UV-VIS spectrometry. For this purpose 
several micromachined microspectrometers have been developed [128-130]. 
Integrated optical UV-absorption detection methods are complicated since waveguide 
scattering losses increase with decreasing wavelength. Nevertheless, integrated optical 
UV detection has been realized using fused silica or quartz waveguides [131,132]. 
Another integrated optical approach uses a grating that couples light into a fluidic 
channel. By observing both the reflected and the transmitted light, RI and absorbance 
detection can be performed simultaneously [133]. 
 
Fluorescence detection 
Most of the fluorescence detection schemes use laser-induced fluorescence detection 
directly in the channel [69,71,72,88,81,82,83,85,89,106]. As with absorption detection, 
increased path length detection cells have been developed for fluorescence detection 
[134]. Excitation and detection are still performed externally. This is enhanced in [135] in 
which optical components (lenses) are added that focus excitation and detection beams. 
Further improvements include integrated photodiodes [87], combined with an integrated 
interference filter [136]. 
Fluorescence excitation can also be performed using waveguides [137-140]. The 
emission can either be detected externally [138] or in a waveguide [137]. In [139] a 
channel array is excited using waveguides, while the emitted light is collected using an 
array of microlenses. 
 
Differential viscosity detection 
As chapter 6 of this thesis deals with a micromachined differential viscosity detector, 
suitable for integration into a planar HDC system, viscosity detection will be described in 
that chapter. 
 
Electrochemical (amperometric and conductivity) detection 
Two types of conductivity detection can be distinguished: direct and contactless 
conductivity detection. Contactless detection [73] has the advantage of the absence of 
electrochemical reactions at the electrodes, whereas a disadvantage is the lower 
sensitivity. An advantage of direct conductivity detection is the relatively simple 
fabrication procedure [57,61,84,91,93,141]. 
Although the detection sensitivity can be higher, amperometric detection is not as 
commonly used as conductivity detection. This is due to the necessary high voltages and 
more complex electrode layout. Amperometric detection is applied in a single channel 
[61] and in an array [86] configuration. In [142] amperometric detection, integrated into a 



 Chapter 2 

 

44

CE chip, is combined with a LIF setup and used for correction of the run-to-run 
differences in migration time. 
 
Other miniaturized detection techniques 
In [143] the so-called thermal lens effect is used: a focused excitation beam locally heats 
analytes passing the focus, thus changing the refractive index. This creates a concave lens 
effect. 
In [67] electrochemiluminescence is performed on-chip. Electrochemiluminescence is 
based on optical detection of an emissive species that is generated by an electrochemical 
reaction. 
 



Separation techniques and microfluidics      45 

 

Table 2-3: List of abbreviations 

Abbreviation Full text 
µTAS Micro total analysis systems 
CAE Capillary array electrophoresis 
CE Capillary electrophoresis 

CEC Capillary electrochromatography 
CGE Capillary gel electrophoresis 
CZE Capillary zone electrophoresis 
DEP Dielectrophoresis 
EFFF Electrical field flow fractionation 
EOF Electroosmotic flow 
FFF Field flow fractionation 

FFFF Flow field flow fractionation 
GC Gas chromatography 

GPC Gel permeation chromatography ≡ SEC 
HDC Hydrodynamic chromatography 
IEF Isoelectric focusing 
ITP Isotachophoresis 
LC Liquid chromatography 
LIF Laser-induced fluorescence 

MEKC Micellar electrokinetic chromatography 
MMD Molecular mass distribution 

RI Refractive index 
SdFFF Sedimentation field flow fractionation 
SEC Size exclusion chromatography ≡ GPC 
SFC Supercritical fluid chromatography 

ThFFF Thermal field flow fractionation 
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Table 2-4: List of variables 

Name Variable Unit 
Subscript time domain t - 
Subscript spatial domain x - 
Subscript retention r - 
   
Particle size d m 
Difference in particle size ∆d m 
Binary diffusion constant D12 m2/s 
Effective diffusion constant Deff m2/s 
Packing size dp m 
Electric field E V/m 
Plate height H m 
Channel height h m 
Capacity ratio k’ - 
Characteristic length Lch m 
Plate number N - 
Peclet number Pe - 
Input power Pin J 
Output power Pout J 
Channel radius R0 m 
Electric resistance Relectric Ω 

Resolution Rs - 
Selectivity S - 
Time t s 
Velocity u m/s 
Average velocity < u > m/s 
Effective voltage Veff V 
Peak width w m 
Distance x m 
Selectivity α 

- 
Dispersion constant α0 - 
Dielectric constant ε0 F/m 
Relative permittivity εr - 
Viscosity η 

Pa*s 
Average mobility µavg m2/(Vs) 
Electroosmotic mobility µEOF m2/(Vs) 
Electrophoretic mobility µEP m2/(Vs) 
FFF mobility µFFF  
Total mobility µtotal m2/(Vs) 
Mobility difference ∆µ m2/(Vs) 
Reduced velocity ν 

- 
Standard deviation σ 

m 
Variance σ2 m2 

Retention τ 

- 
Zeta potential ζ 

V 
 
 



Separation techniques and microfluidics      47 

 

6. REFERENCES 
 
1. G.I. Taylor, “Dispersion of soluble matter in solvent flowing slowly through a 

tube”, Proc. Royal Soc. A219 (1953), p. 186-203. 
2. R. Aris, “On the dispersion of a solute in a fluid flowing through a tube”, Proc. 

Royal Soc. A235 (1956), p. 67-77. 
3. W.J. Lough, I.W. Wainer, High performance liquid chromatography: 

fundamentals principles and practice, Blackie Academic & Professional London 
(1996). 

4. http://www.chem.vt.edu/chem-ed/sep/sf/sfc.html 
5. http://www.shu.ac.uk/schools/sci/chem/tutorials/chrom/gaschrm.htm 
6. C. K. Kenmore, S.R. Erskine, D.J. Bornhop, “Refractive-index detection by 

interferometric backscatter in packed-capillary high-performance liquid 
chromatography”, J. Chromatogr. A 762 (1997), p. 219-225. 

7. T. Kline, Handbook of affinity chromatography, Marcel Dekker New York 
(1993).  

8. Z. Grubisic, P. Rempp, H. Benoit, “A universal calibration for gel permeation 
chromatography”, J. Polymer Science B 5 (1967), p. 753-759. 

9. M.W.F. Nielen, “Polymer analysis by micro-scale size-exclusion chromatography/ 
MALDI time-of-flight mass spectrometry with a robotic interface”, Anal. Chem. 
70, no. 8 (1998), p. 1563-1568. 

10. M.W.F. Nielen, F.A. Buijtenhuijs, “Polymer analysis by liquid chromatography / 
electrospray ionization time-of-flight mass spectrometry”, Anal. Chem. 71, no. 9 
(1999), p. 1809-1814. 

11. K.D. Bartle, P. Myers, Capillary electrochromatography, The Royal Society of 
Chemistry Cambridge (2001).  

12. E. Venema, R. Tijssen, “Electrically driven capillary size exclusion 
chromatography”, Chromatographia 48, no. 5/6 (1998), p. 347-354. 

13. S. Luedtke, Th. Adam, N. von Doehren, K.K. Unger, “Towards the ultimate 
particle diameter of silica packings in capillary electrochromatography”, J. 
Chromatogr. A 887, no. 1-2 (2000), p. 339-346. 

14. S.K. Griffiths, R.H. Nilson, “Band spreading in two-dimensional microchannel 
turns for electrokinetic species transport”, Anal. Chem. 72, no. 21 (2000), p. 5473-
5482. 

15. U. Tallarek, E. Rapp, T. Scheenen, E. Bayer, H. van As, “Electroosmotic and 
pressure-driven flow in open and packed capillaries: velocity distributions and 
fluid dispersion”, Anal. Chem. 72, no. 10 (2000), p. 2292-2301. 

16. S.K. Griffiths, R.H. Nilson, “Hydrodynamic dispersion of a neutral nonreacting 
solute in electroosmotic flow”, Anal. Chem. 71, no. 24 (1999), p. 5522-5529. 

17. F.M. Everaerts, J.L. Beckers, Th.P.E.M. Verheggen, Isotachophoresis: theory, 
instrumentation and applications, Elsevier Scientific Publishing Company 



 Chapter 2 

 

48

Amsterdam (1976). 
18. P. Camilleri, Capillary electrophoresis: theory and partice, second edition, CRC 

Press Boca Raton (1998). 
19. S. Kar, P.K. Dasgupta, “Improving resolution in capillary zone electrophoresis 

through bulk flow control”, Microchemical Journal 62 (1999), p. 128-137. 
20. J. Wang, M. Pumera, M. Prakash Chatrathi, A. Escarpa, M. Musameh, G. Collins, 

A. Mulchandani, Y. Lin, K. Olsen, “Single-channel microchip for fast screening 
and detailed identification of nitroaromatic explosives or organophosphate nerve 
agents”, Anal. Chem. 74, no. 5 (2002), p. 1187-1191. 

21. X.C. Huang, M.A. Quesada, R.A. Mathies, “DNA sequencing using capillary 
array electrophoresis”, Anal. Chem. 64 (1992), p. 2149-2154. 

22. T.B. Jones, “Liquid dielectrophoresis on the microscale”, Journal of Electrostatics 
51-52 (2001), p. 290-299. 

23. J. Calvin Giddings, “Micro-FFF: theoretical and practical aspects of reducing the 
dimensions of field-flow fractionation channels”, J. Microcol. Sep. 5 (1993), p. 
497-503. 

24. J.C. Giddings, M.R. Schure, M.N. Myers, G.R. Velez, “End effects in field-flow 
fractionation channels: theory and means for reducing incremental zone 
broadening”, Anal. Chem. 56 (1984), p. 2099-2104. 

25. M. van Bruijnsvoort, W.Th. Kok, R. Tijssen, “Hollow-fiber flow field-flow 
fractionation of synthetic polymers in organic solvents”, Anal. Chem. 73, no. 19 
(2001), p. 4736-4742. 

26. R. Tijssen, J. Bos, M.E. van Kreveld, “Hydrodynamic chromatography of 
macromolecules in open microcapillary tubes”, Anal. Chem. 58 (1986), p. 3036-
3044. 

27. R. Tijssen, J.P.A. Bleumer, M.E. van Kreveld, “Separation by flow 
(hydrodynamic chromatography) of macromolecules performed in open 
microcapillary tubes”, J. Chromatogr. 260 (1983), p. 297-304. 

28. R. Tijssen, J. Bos, “Mechanisms of the separation and transport of polymer 
systems in chromatograpic media”, Theor. Adv. in Chromatography and related 
Sep. Techniques 1 (1992), p. 397-441. 

29. G. Stegeman, A.C. van Asten, J.C. Kraak, H. Poppe, R. Tijssen, “Comparison of 
resolving power and separation time in thermal field-flow fractionation, 
hydrodynamic chromatography, and size-exclusion chromatography”, Anal. 
Chem. 66 (1994), p. 1147-1160. 

30. C.M. Miller, E.D. Sudol, C.A. Silebi, M.S.El-Aasser, “Capillary Hydrodynamic 
Fractionation (CHDF) as a tool for monitoring the evolution of the particle size 
distribution during miniemulsion polymerization”, Journal of Colloid and 
Interface Science 172 (1995), p. 249-256. 

31. C.A. Silebi, J.G. Dosramos, “Separation of submicrometer particles by capillary 
hydrodynamic fractionation”, Journal of Colloid and Interface Science 130, no. 1 



Separation techniques and microfluidics      49 

 

(1989), p. 14-24. 
32. J.G. DosRamos, C.A. Silebi, “The determination of particle size distribution of 

particles by capillary hydrodynamic fractionation (CHDF)”, Jounal of Colloid and 
Interface Science 135, no. 1 (1990), p. 165-177. 

33. E. Peyrin, Y.C. Guillaume, A. Villet, A. Favier, “Mechanism of DNA 
hydrodynamic separation in chromatography”, Anal. Chem. 72, no. 4 (2000), p. 
853-857. 

34. J.H. Knox, “Band dispersion in chromatography - a new view of the A-term 
dispersion”, J. of Chrom. A 831 (1999), p. 3-15. 

35. J.P. Landers, Handbook of capillary electrophoresis: second edition, CRC Press 
Boca Raton (1997). 

36. B.K. Gale, K.D. Caldwell, A.B. Frazier, “Geometric scaling effects in electrical 
field flow fractionation. 1. Theoretical analysis”, Anal. Chem. 73, no. 10 (2001), 
p. 2345-2352. 

37. R.J. Jackman, “Analyze this! Moving molecules at the microscale”, The 
Alchemist 2 (2000), p. 8-9. 

38. Y. Fintschenko, A. van den Berg, “Silicon microtechnology and microstructures in 
separation science”, J. Chromatogr. A 819 (1998), p. 3-12. 

39. E.T. Lagally, B.M. Paegel, R.A. Mathies, “Microfabrication technology for 
chemical and biochemical microprocessors”, Proceedings µTAS Enschede (2000), 
p. 217-220. 

40. D.R. Reyes, D. Iossifidis, P.-A. Auroux, A. Manz, “Micro total analysis systems. 
1. Introduction, theory, and technology”, Anal. Chem. 74, no. 12 (2002), p. 2623-
2636. 

41. P.-A. Auroux, D. Iossifidis, D.R. Reyes, A. Manz, “Micro total analysis systems. 
2. Analytical standard operations and applications”, Anal. Chem. 74, no. 12 
(2002), p. 2637-2652. 

42. D. Figeys, D. Pinto, “Lab-on-a-chip: a revolution in biological and medical 
sciences”, Anal. Chem. May 1 (2000), p. 330A-335A. 

43. A.J. Tudos, G.A.J. Besselink, R.B.M. Schasfoort, “Trends in miniaturized total 
analysis systems for point-of-care testing in clinical chemistry”, Lab on a Chip 1 
(2001), p. 83-95. 

44. S. Verpoorte, N.F. de Rooij, “Microfabrication technology for the construction of 
µTAS FSA”, Proceedings µTAS Basel (1996), p. 16-21. 

45. A. van den Berg, T.S.J. Lammerink, “Micro Total Analysis Systems: microfluidic 
aspects, integration concept and applications”, Topics in Current Chemistry 194 
(1998), p. 21-49. 

46. V.L. Spiering, J.N. van der Moolen, G.J. Burger, A. van den Berg, “Technologies 
and microstructures for separation techniques in chemical analysis”, Journal of the 
British Interplanetary Society 51 (1998), p. 133-136. 

47. A. Manz, J.C. Fettinger, E. Verpoorte, H. Lüdi, H.M. Widmer, D.J. Harrison, 



 Chapter 2 

 

50

“Micromaching of monocrystalline silicon and glass for chemical analysis 
systems”, Trends in Anal. Chem. 10, no. 5 (1991), p. 144-149. 

48. A. van den Berg, “Microsystems and microfabricated components for 
(bio)chemical analysis”, IBC Library Series #1927, Biological Molecules in 
Nanotechnology: the convergence of biotechnology, polymer chemistry and 
materials science  (1998), p. 123-132. 

49. Y. Fintschenko, P. Fowler, V. Spiering, G.F. Burger, A. van den Berg, 
“Characterization of silicon-based insulated channels for capillary 
electrophoresis”, Proceedings µTAS Banff (1998), p. 327-330. 

50. P. Renaud, H. van Lintel, M. Heuschkel, L. Guérin, “Photo-polymer microchannel 
technologies and applications”, Proceedings µTAS Banff (1998), p. 17-22. 

51. S.V. Ermakov, S.C. Jacobson, J.M. Ramsey, “Computer simulations of 
electrokinetic injection techniques in microfluidic devices”, Anal. Chem. 72, no. 
15 (2000), p. 3512-3517. 

52. L.-M. Fu, R.-J. Yang, G.-B. Lee, H.-H. Liu, “Electrokinetic injection techniques 
in microfluidic chips”, Anal. Chem. ASAP article (2002). 

53. S.C. Terry, J.H. Jerman, J.B. Angell, “A gas chromatographic air analyzer 
fabricated on a silicon wafer”, IEEE Trans. Electron Devices ED-26 (1979), p. 
1880-1886. 

54. S. Hannoe, I. Sugimoto, T. Katoh, “Silicon-micromachined separation columns 
coated with amino acid films for an integrated on-chip gas chromatograph”, 
Proceedings µTAS Banff (1998), p. 145-148. 

55. U. Lehmann, O. Krusemark, J. Muller, A. Vogel, D. Binz, “Micromachined gas 
chromatograph based on a plasma polymerised stationary phase”, Proceedings 
µTAS Enschede (2000), p. 167-170. 

56. G.C. Frye-Mason, R. Kottenstette, P.Lewis, E. Heller, R. Manginell, D. Adkins, 
G. Dulleck, D. Martinez, D. Sasaki, C. Mowry, C. Matzke, L. Anderson, 
“Handheld miniature chemical analysis system (µChemLabTM) for detection of 
trace concentrations of gas phase analytes”, Proceedings µTAS Enschede (2000), 
p. 229-232. 

57. A. Manz, Y. Miyahara, J. Miura, Y. Watanabe, H. Miyagi, K. Sato, “Design of an 
open-tubular column liquid chromatograph using silicon chip technology”, S&A B 
1 (1990), p. 249-255. 

58. G. Ocvirk, E. Verpoorte, A. Manz, M. Grasserbauer, H.M. Widmer, “High 
performance liquid chromatography partially integrated onto a silicon chip”, Anal. 
Methods and Instr. 2, no.2 (1995), p. 74-82. 

59. C Ericson, J. Holm, T. Ericson, S. Hjerten, “Electroosmosis- and pressure-driven 
chromatography in chips using continuous beds”, Anal. Chem. 72, no. 1 (2000), p. 
81-87. 

60. H. Bjorkman, C. Ericson, S. Hjerten, K. Hjort, Diamond microchips for fast 
chromatography of proteins, S&A B 79 (2001), p. 71-77. 



Separation techniques and microfluidics      51 

 

61. M. McEnery, A. Tan, J. Alderman, J. Patterson, S.C. O'Mathuna, J.D. Glennon, 
“Liquid chromatography on-chip: progression towards a µ-total analysis system”, 
The Analyst 125 (2000), p. 25-27. 

62. S.C. Jacobson, R. Hergenröder, L.B. Koutny, J.M. Ramsey, “Open channel 
electrochromatography on a microchip”, Anal. Chem. 66, no. 14 (1994), p. 2369-
2373. 

63. B.S. Broyles, S.C. Jacobson, J.M. Ramsey, “Sample concentration and separation 
on microchips”, Proceedings µTAS Monterey, CA, USA (2001), p. 537-538. 

64. L. Ceriotti, N.F. de Rooij, E. Verpoorte, “An Integrated Fritless Column for On-
Chip Capillary Electrochromatography with Conventional Stationary Phases”, 
Anal. Chem. 74, no. 3 (2002), p. 639-647. 

65. D.J. Throckmorton, T.J. Shepodd, A.K. Singh, “Electrochromatography in 
Microchips: Reversed-Phase Separation of Peptides and Amino Acids Using 
Photopatterned Rigid Polymer Monoliths”, Anal. Chem. 74, no. 4 (2002), p. 784-
789. 

66. F. von Heeren, E. Verpoorte, A. Manz, W. Thormann, “Micellar electrokinetic 
chromatography separations and analyses of biological samples on a cyclic planar 
microstructure”, Anal. Chem. 68 (1996), p. 2044-2053. 

67. A. Arora, J.C.T. Eijkel, W.E. Morf, A. Manz, “A wireless 
electrochemiluminescence detector applied to direct and indirect detection for 
electrophoresis on a microfabricated glass device”, Anal. Chem. 73, no. 14 (2001), 
p. 3282-3288. 

68. S.R. Wallenborg, C.G. Bailey, “Separation and detection of explosives on a 
microchip using micellar electrokinetic chromatography and indirect laser-induced 
fluorescence”, Anal. Chem. 72, no. 8 (2000), p. 1872-1878. 

69. S.N. Brahmasandra, B.H. Johnson, J.R. Webster, K. Handique, D.T. Burke, C.H. 
Mastrangelo, M.A. Burns, “A microfabricated fluidic reaction and separation 
system for integrated DNA analysis”, Proceedings µTAS Banff (1998), p. 267-
270. 

70. H. Nakanishi, T. Nishimoto, A. Arai, H. Abe, M. Kanai, Y. Fujiyama, T. Yoshida, 
“Microdevice theory and technology - Fabrication of quartz microchips with 
optical slit and development of a linear imaging UV detector for microchip 
electrophoresis systems”, Electrophoresis 22, no. 2 (2001), p. 230-234. 

71. K. Macounová, C.R. Cabrera, M.R. Holl, P. Yager, “Generation of natural pH 
gradients in microfluidic channels for use in isoelectric focusing”, Anal. Chem. 
72, no. 16 (2000), p. 3745-3751. 

72. A.E. Herr, J.I. Molho, J.G. Santiago, T.W. Kenny, D.A. Borkholder, G.J. Kintz, P. 
Belgrader, M.A. Northrup, “Miniaturized capillary isoelectric focusing (cIEF): 
towards a portable high-speed separation method”, Proceedings µTAS Enschede 
(2000), p. 367-370. 

73. B. Graß, A. Neyer, M. Johnck, D. Siepe, F. Eisenbeiß, G. Weber, R. Hergenroder, 



 Chapter 2 

 

52

“A new PMMA-microchip device for isotachophoresis with integrated 
conductivity detector”, S&A B 72, no. 3 (2001), p. 249-258. 

74. D.J. Harrison, A. Manz, Z. Fan, H. Lüdi, H.M. Widmer, “Capillary 
electrophoresis and sample injection systems integrated on a planar glass chip”, 
Anal. Chem. 64, no. 17 (1992), p. 1926-1932. 

75. D.J. Harrison, K. Fluri, K. Seiler, Z.H. Fan, C.S. Effenhauser, A. Manz, 
“Micromachining a miniaturized electrophoresis-based chemical-analysis system 
on a chip”, Science 261, no. 5123 (1993), p. 895-897. 

76. B. Zhang, H. Liu, B.L. Karger, F. Foret, “Microfabricated devices for capillary 
electrophoresis-electrospray mass spectrometry”, Anal. Chem. 71, no. 15 (1999), 
p. 3258-3264. 

77. J. Li, P. Thibault, N.H. Bings, C.D. Skinner, C. Wang, C. Colyer, J. Harrison, 
“Integration of microfabricated devices to capillary electrophoresis-electrospray 
mass spectrometry using a low dead volume connection: application to rapid 
analyses of proteolytic digests”, Anal. Chem. 71, no. 15 (1999), p. 3036-3045. 

78. I.M. Lazar, R.S. Ramsey, S. Sundberg, J.M. Ramsey, “Subattomole-sensitivity 
microchip nanoelectrospray source with time-of-flight mass spectrometry 
detection”, Anal. Chem. 71, no. 17 (1999), p. 3627-3631. 

79. Q. Xue, F. Foret, Y.M. Dunayevskiy, P.M. Zavracky, N.E. McGruer, B.L. Karger, 
“Multichannel microchip electrospray mass spectrometry”, Anal. Chem. 69, no. 3 
(1997), p. 426-430. 

80. D. Figeys, Y. Ning, R. Aebersold, “A microfabricated device for rapid protein 
identification by microelectrospray ion trap mass spectrometry”, Anal. Chem. 69, 
no. 16 (1997), p. 3153-3160. 

81. Y. Liu, R.S. Foote, S.C. Jacobson, R.S. Ramsey, J.M. Ramsey, “Electrophoretic 
separation of proteins on a microchip with noncovalent postcolumn labeling”, 
Anal. Chem. 72. No. 19 (2000), p. 4608-4613. 

82. L.D. Hutt, D.P. Glavin, J.L. Bada, R.A. Mathies, “Microfabricated capillary 
electrophoresis amino acid chirality analyzer for extraterrestrial exploration”, 
Anal. Chem. 71, no. 18 (1999), p. 4000-4006. 

83. S. Liu, H. Ren, Q. Gao, D.J. Roach, R.T. Loder Jr., T.M. Armstrong, Q. Mao, I. 
Blaga, D.L. Barker, S.B. Jovanovich, “Parallel DNA sequencing on 
microfabricated electrophoresis chips’, Proceedings µTAS Enschede (2000), p. 
477-480. 

84. R.B.M. Schasfoort, R. Guijt-van Duin, S. Schlautmann, J. Frank, H. Billiet, 
G.W.K. van Dedem, A. van den Berg, “Miniaturized capillary electrophoresis 
system with integrated conductivity detector”, Proceedings µTAS Enschede 
(2000), p. 391-394. 

85. R.A. Mathies, P.C. Simpson, A.T. Woolley, “DNA analysis with capillary array 
electrophoresis microplates”, Proceedings µTAS Banff (1998), p. 1-6. 

86. P.F. Gavin, A.G. Ewing, “Continuous separations with microfabricated 



Separation techniques and microfluidics      53 

 

electrophoresis - electrochemical array detection”, J. American Chem. Soc. 118 
(1996), p. 8932-8936. 

87. M.L. Chabinyc, D.T. Chiu, J. Cooper McDonald, A.D. Stroock, J.F. Christian, 
A.M. Karger, G.M. Whitesides, “An integrated fluorescence detection system in 
poly(dimethylsiloxane) for microfluidic applications”, Anal. Chem. 73, no. 18 
(2001), p. 4491-4498. 

88. J.W. Hong, T. Fujii, M.Seki, T. Yamamoto, I. Endo, “Microdevices for 
(bio)applications - integration of gene amplification and capillary gel 
electrophoresis on a polydimethylsiloxane-glass hybrid microchip”, 
Electrophoresis 22, no. 2 (2001), p. 328-333. 

89. I.L. Medintz, B.M. Paegel, R.A. Mathies, “Microfabricated capillary array 
electrophoresis DNA analysis systems”, Journal of Chromatography A 924, no. 1-
2 (2001), p. 265-270. 

90. Bruce K. Gale, K.D. Caldwell, A.B. Frazier, “A micromachined electrical field 
flow fractionation (m-EFFF) system”, IEEE Trans. on Biomedical Engineering 45, 
no. 12 (1998), p. 1459-1469. 

91. B.K. Gale, K.D. Caldwell, A.B. Frazier, “Geometric scaling effects in electrical 
field flow fractionation. 2. Experimental results”, Anal. Chem. 74, no. 5 (2002), p. 
1024-1030. 

92. T.L. Edwards, B.K. Gale, A.B. Frazier, “A microfabricated thermal field-flow 
fractionation system”, Anal. Chem. 74, no. 6 (2002), p. 1211-1216. 

93. J. Vykoukal, J.Yang, F.F. Becker, P.R.C. Gascoyne, P. Krulevitch, H. Ackler, J. 
Hamilton, “A combined dielectrophoretic and field-flow fractionation 
microsystem for biomedical separation and analysis”, Proceedings µTAS 
Enschede (2000), p. 127-130. 

94. J. Han, H.G. Craighead, “Characterization and optimization of an entropic trap for 
DNA separation”, Anal. Chem. 74, no. 2 (2002), p. 394-401. 

95. J. Han, H.G. Craighead, “Separation of long DNA molecules in a microfabricated 
entropic trap array”, Science 288 (2000), p. 1026-1029. 

96. O. Bakajin, T.A.F. Duke, J. Tegenfeldt, C-F Chou, S.S. Chan, R.H. Austin, E.C. 
Cox, “Separation of 100-Kilobase DNA molecules in 10 seconds”, Anal. Chem. 
73, no. 24 (2001), p. 6053-6056. 

97. T.A.J. Duke, R.H. Austin, “Microfabricated sieve for the continuous sorting of 
macromolecules”, Physical Review Letters 80, no. 7 (1998), p. 1552-1555. 

98. D. Nykypanchuk, H.S. Strey, D.A. Hoagland, “Brownian motion of DNA 
confined within a two-dimensional array”, Science 297 (2002), p. 987-990. 

99. M. Foquet, J. Korlach, W. Zipfel, W.W. Webb, H.G. Craighead, “DNA fragment 
sizing by single molecule detection in submicrometer-sized closed fluidic 
channels”, Anal. Chem. 74, no. 6 (2002), p. 1415-1422. 

100. M.E. Foquet, S.W. Turner, J. Korlach, W.W. Webb, H.G. Craighead, 
“Nanofabricated device for fluorescence correlation spectroscopy in sub-



 Chapter 2 

 

54

femtoliter volumes”, Proceedings µTAS Enschede (2000), p. 549-552. 
101. B. Haab, R.A. Mathies, “Single-molecule detection of DNA separations in 

microfabricated capillary electrophoresis chips employing focused molecular 
streams”, Anal. Chem. 71, no. 22 (1999), p. 5137-5145. 

102. B. He, N. Tait, F. Regnier, “Fabrication of nanocolumns for liquid 
chromatography”, Anal. Chem. 70, no. 18 (1998), p. 3790-3797. 

103. B. He, J. Ji, F.E. Regnier, “Capillary electrochromatography of peptides in a 
microfabricated system”, J. Chromatogr. A 853 (1999), p. 257-262. 

104. G. Desmet, N. Vervoort, D. Clicq, G.V. Baron, “Experimental demonstration of 
the possibility to perform shear-driven chromatographic separations in micro-
channels”, J. Chromatogr. A 924 (2001), p. 111-122. 

105. G. Desmet, N. Vervoort, D. Clicq, A. Huau, P. Gzil, G.V. Baron, “Shear-flow-
based chromatographic separations as an alternative to pressure-driven liquid 
chromatography”, J. Chromatogr. A 948, no.1-2 (2002), p. 19-34. 

106. K. Morishima, D.W. Arnold, A.R. Wheeler, D.J. Rakestraw, R.N. Zare, “Novel 
separation method on a chip using capillary electrophoresis in combination with 
dielectrophoresis”, Proceedings µTAS Enschede (2000), p. 269-272. 

107. A. Manz, N. Graber, H.M. Widmer, “Miniaturized total chemical analysis 
systems: a novel concept for chemical sensing”, S&A B 1 (1990), p. 244-248. 

108. A. Manz, D.J. Harrison, E.M.J. Verpoorte, J.C. Fettinger, A. Paulus, H. Lüdi, 
H.M. Widmer, “Planar chips technology for miniaturization and integration of 
separation techniques into monitoring systems - capillary electrophoresis on a 
chip”, J. Chromatogr. 593, no. 1-2 (1992), p. 253-258. 

109. P.J. Wyatt, “Light scattering and the absolute charaterization of macromolecules”, 
Analytica Chimica Acta 272 (1993), p. 1-40. 

110. I. Poels, R.B.M. Schasfoort, S. Picioreanu, J. Frank, G.W.K. van Dedem, A. van 
den Berg, L.J. Nagels, “An ISFET-based anion sensor for the potentiometric 
detection of organic acids in liquid chromatography”, S&A B 67 (2000), p. 294-
299. 

111. Max A. Haney, “The differential viscometer I. A new approach to the 
measurement of specific viscosities of polymer solutions”, J. Appl. Polymer 
Science 30 (1985), p. 3023-3036. 

112. Max A. Haney, “The differential viscometer II. On-line viscosity detector for size-
exclusion chromatography”, J. Appl. Polymer Science 30 (1985), p. 3037-3049. 

113. L.W. Pickering, S.J. Baldock, P.R. Fielden, N.J. Goddard, R.D. Snook, B.J. 
Treves Brown, “Probe beam deflection of isotachophoresis on miniaturized planar 
glass devices”, Proceedings µTAS Banff (1998), p. 101-104. 

114. J. Kameoka, H.G. Craighead, “Nanofabricated refractive index sensor based on 
photon tunneling in nanofluidic channel”, S&A B 77 (2001), p. 632-637. 

115. J. Jakeway, Mello, “Chip-based refractive index detection using a single point 
evanescent wave probe”, The Analyst 126, no. 9 (2001), p. 1505-1510. 



Separation techniques and microfluidics      55 

 

116. K. Swinney, D. Markov, D.J. Bornhop, “Chip-scale universal detection based on 
backscatter interferometry”, Anal. Chem. 72, no. 13 (2000), p. 2690-2695. 

117. M. Abrantes, M.T. Magone, L.F. Boyd, P. Schuck, “Adaptation of a surface 
plasmon resonance biosensor with microfluidics for use with small sample 
volumes and long contact times”, Anal. Chem. 73, no. 13 (2001), p. 2828-2835. 

118. G.G. Nenninger, P. Tobiska, J. Homola, S.S. Yee, “Long-range surface plasmons 
for high-resolution surface plasmon resonance sensors”, S&A B 74 (2001), p. 145-
151. 

119. James P. Lenney, N.J. Goddard, J.C. Morey, R.D. Snook, P.R. Fielden, “An 
electro-osmotic flow system with integrated planar optical waveguide sensing”, 
S&A B 38-39 (1997), p. 212-217. 

120. J. Dostalek, J. Ctyroky, J. Moloa, E. Brynda, M. Skalsky, P. Nekvindová, J. 
Spirková, J. Skvor, J. Schröfel, “Surface plasmon resonance biosensor based on an 
integral optical waveguide”, S&A B 76 (2001), p. 8-12. 

121. G.J. Veldhuis, P.V. Lambeck, “Highly-sensitive passive integrated optical spiral-
shaped waveguide refractometer”, Appl. Phys. Letters 71, no. 20 (1997), p. 2895-
97. 

122. R.G. Heideman, G.J. Veldhuis, E.W.H. Jager, P.V. Lambeck, “Fabrication and 
packaging of integrated chemo-optical sensors”, S&A B 35-36 (1996), p. 234-240. 

123. B.J. Luff, J.S. Wilkinson, J. Piehler, U. Hollenbach, J. Ingenhoff, N. Fabricius, 
“Integrated optical Mach-Zehnder biosensor”, Journal of Lightwave Technology 
16, no. 4 (1998), p. 583-592. 

124. A. Ymeti, J.S. Kanger, R. Wijn, P. Lambeck, J. Greve, “Development of a 
multichannel integrated interferometer immunosensor”, S&A B 83 (2002), p. 1-7. 

125. S. Verpoorte, A. Manz, H. Lüdi, A.E. Bruno, F. Maystre, B. Krattiger, H.M. 
Widmer, B.H. van der Schoot, N.F. de Rooij, “A silicon flow cell for optical 
detection in miniaturized total chemical analysis systems”, S&A B 6 (1992), p. 
66-70. 

126. R.M. Tiggelaar, T.T. Veenstra, R.G.P. Sanders, J.G.E. Gardeniers, M.C. 
Elwenspoek, A. van den Berg, “A light detection cell to be used in a micro 
analysis system for ammonia”, Talanta 56, no. 2 (2002), p. 331-339. 

127. J. Jackman, T.M. Floyd, R. Ghodssi, M.A. Schmidt, K.F. Jensen, “PAPERS - 
Microfluidic systems with on-line UV detection fabricated in photodefinable 
epoxy”, J. Micromech. Microeng. 11, no. 3 (2001), p. 263-269. 

128. D. Sander, O. Blume, J. Müller, “Microspectrometer for VIS-photometry”, 
Proceedings µTAS Basel (1996), p. 167-172. 

129. G. Lammel, P. Renaud, “3D Flip-up structure of porous silicon with actuator and 
optical filter for microspectrometer applications”, Proceedings MEMS Miyazaki 
(2000), p. 132-137. 

130. G. Lammel, S. Schweizer, Ph. Renaud, “Microspectrometer based on a tunable 
optical filter of porous silicon”, S&A A 92 (2001), p. 52-59. 



 Chapter 2 

 

56

131. K. Kato, A. Takatsu, N. Matsuda, “UV-visible slab optical waveguide 
spectroscopy of cytochrome c adsorbed on a liquid solid interface”, Chemistry 
Letters  (1999), p. 31-32. 

132. P. Friis, K. Hoppe, O. Leistiko, K. Bo Mogensen, J. Hubner, J.P. Kutter, 
“Integrated optics - monolithic integration of microfluidic channels and optical 
waveguides in silica on silicon”, Applied Optics 40, no. 34 (2001), p. 6246-6251. 

133. P.G. Vahey, S.A. Smith, C.D. Costin, Y. Xia, A. Brodsky, L.W. Burgess, R.E. 
Synovec, “Toward a fully integrated positive-pressure driven microfabricated 
liquid analyzer”, Anal. Chem. 74, no. 1 (2002), p. 177-184. 

134. Z. Liang, N. Chiem, G. Ocvirk, T. Tang, K. Fluri, D.J. Harrison, 
“Microfabrication of a planar absorbance and fluorescence cell for integrated 
capillary electrophoresis devices”, Anal. Chem. 68, no. 6 (1996), p. 1040-1046. 

135. J.-C. Roulet, K. Fluri, E. Verpoorte, R. Völkel, H.-P. Herzig, N.F. de Rooij, R. 
Dändliker, “Micro-optical systems for fluorescence detection in µTAS 
applications”, Proceedings µTAS Banff (1998), p. 287-290. 

136. V. Namasivayam, R. Lin, V.M. Ugaz, S.N. Brahmasandra, B.N. Johnson, D.T. 
Burke, C.H. Mastrangelo, M.A. Burns, “Advances in on-chip fluorescence 
detection for DNA analysis systems”, Proceedings µTAS Monterey, CA, USA 
(2001), p. 355-356. 

137. K. Hoppe, M. Svalgaard, M. Kristensen, “Integrated optical waveguides in fluidic 
microsystems”, Proceedings µTAS Basel (1996), p. 164-166. 

138. G.L. Duveneck, M. Pawlak, D. Neuschäfer, E. Bär, W. Budach, U. Pieles, M. 
Ehrat, “Novel bioaffinity sensors for trace analysis based on luminescence 
excitation by planar waveguides”, S&A B 38-39 (1997), p. 88-95. 

139. A.E. Bruno, E. Baer, R. Völkel, C.S. Effenhauser, “Micro-optical fluorescence 
detection for chip-based multiplexed analysis systems”, Proceedings µTAS Banff 
(1998), p. 281-285. 

140. N.J. Goddard, K. Singh, F. Bounaira, R.J. Holmes, S.J. Baldock, L.W. Pickering, 
P.R. Fielden, R.D. Snook, “Anti-resonant reflecting optical waveguides 
(ARROW's) as optimal optical detectors for µTAS applications”, Proceedings 
µTAS Banff (1998), p. 97-100. 

141. R.B. Darling, P. Yager, B. Weigl, J. Kriebel, K. Mayes, “Integration of 
microelectroes with etched microchannels for in-stream electrochemical analysis”, 
Proceedings µTAS Banff (1998), p. 105-108. 

142. J.A. Lapos, D.P. Manica, A.G. Ewing, “Dual fluorescence and electrochemical 
detection on an electrophoresis chip”, Anal. Chem. 74, no. 14 (2002), p. 3348-
3353. 

143. T. Kitamori, M. Fujinami, T. Odake, M. Tokeshi, T. Sawada, “Photothermal 
ultrasensitve detection and microchemistry in the integrated chemistry lab”, 
Proceedings µTAS Banff (1998), p. 295-298. 



57 

Chapter 3  
Planar hydrodynamic 
chromatography theory 
 
 
 
 
 
ABSTRACT 
 
In this chapter a theoretical description is given of 
hydrodynamic chromatography of polymers and particles in a 
planar configuration of the separation channel. Several 
retention models and their limitations are described. For the 
HDC efficiency the description is extended from a parallel 
plate configuration to a channel with a rectangular cross-
section having a large aspect ratio. Combination of the 
retention and efficiency gives a measure for the possible HDC 
resolution as a function of analyte parameters and channel 
geometry. This is used for optimization of the separation. 
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1. INTRODUCTION 
 
In this chapter a theoretical description is presented of the HDC separation principle in a 
planar configuration (figure 3-1). The description is, when necessary, extended to 
channels of a rectangular cross-section having a large aspect ratio (channel width w over 
channel height h). This provides a means of estimating the separation performance of the 
planar HDC chip that was introduced in the previous chapters. The separation 
performance is determined by two parameters: analysis time and resolution. The 
resolution can be seen as the relative separation of two separated compounds, as was 
explained in section 2.2 of chapter 2.  
In HDC the separation is exclusively based on size differences. This works well for 
determination of the size distribution of particles. However, for use in polymer analysis, 
the molecular mass distribution is required. Thus the polymer size separation obtained in 
HDC must be converted to a mass by relating polymer mass and size.  
 

 
figure 3-1: hydrodynamic chromatography in a planar configuration 

 
Consequently, the definition of resolution is different for particles and polymers since 
particle separations are aimed at determination of the size distribution and polymer 
separations at the molecular mass distribution. This means that the relative separation 
between two compounds, expressed as the resolution, depends on either the difference in 
analyte size or the difference in molecular mass of those compounds.  
Factors determining the separation resolution are the selectivity and the efficiency. The 
selectivity is a measure of the change of the retention time with either the polymer mass 
or the particle size. Consequently, in order to be able to calculate the resolution, we need 
a description of both retention and efficiency in planar HDC. 
Unfortunately, no unambiguous theory is available as retention and efficiency are 
influenced by a combination of several effects. The available theories are therefore 
combined as much as possible. Combined with a discussion of the limitations of each 
theory a description of planar HDC is obtained that can be used to investigate the scaling 
behavior of the HDC separation. General advantages and disadvantages associated with 
downscaling a separation device have been discussed in section 3.6 of chapter 2. These 
apply to the HDC chip as well. 
Altogether the theory presented in this chapter enables an optimization of the HDC 
channel geometry with respect to a certain analyte, or reversely, enables finding an 
optimum working range for a given geometry. 
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2. RETENTION 
 
The retention describes the relative speed with which analytes with different sizes move 
through a column. Strictly speaking there is no retention in HDC, but rather acceleration 
implying that residence time would be a more appropriate designation. The so-called 
relative residence time τ that is expressed as the ratio of the residence times of analyte 
and solvent: 

HDCsolventr

analyter

u
u

t
t

><
><==

,

,τ        (1) 

In this equation < u > is the average velocity of the solvent and < u >HDC that of an 
analyte. 
 
 
 
 
 
 
 

figure 3-2: schematic of the parallel plate HDC channel in which a particle (radius reff) is excluded from the 
wall. 

 
For the planar HDC chip configuration we consider a parallel plate structure as shown in 
figure 3-2. Application of a pressure difference across the z-direction creates a parabolic 
flow profile: 
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For this profile, the average velocity can be related to the maximum velocity umax: 

max3
2 uu =><         (3) 

For an estimate of the relative residence time, the average velocity of an analyte must be 
related to the average solvent velocity. The average analyte velocity < u >HDC consists of a 
constant part and a part that depends on the analyte transversal y-position in the channel. 
Thus  < u >HDC can be written as: 

HDCrelconstHDC uuu ,><+=><       (4) 

Let us now define a non-dimensionalized analyte size, expressed as the ratio of an 
effective radius reff to half of the channel height h: 

h
reff2

=λ         (5) 

For discrete spherical particles the effective radius is equal to the particle radius. For 

h
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polymers however, this effective radius must be related to the polymer mass in such a 
way that a good model fit is obtained. How this can be done will be discussed below. 
The constant velocity part is defined by the minimum velocity the excluded particles or 
molecules can obtain: 

)2( 2
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2
1 λλ −⋅==

−
uuu

effrhconst       (6) 

The average velocity in the non-constant part of the analyte velocity can be written as: 
22
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Combined this gives for the HDC velocity: 
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This finally gives for the relative residence time: 
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2
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The result corresponds to the equation given by Giddings [1]. 
This equation only takes the wall exclusion in a flat channel with a parabolic flow profile 
into account, giving an maximum residence time for a particle that fills the whole channel 
(λ = 1). However, several more interactions exist that influence the optimum analyte size. 
For most models that account for those interactions the equation for the relative residence 
time can be unified according to: 

21
1

λλ
τ

C−+
=         (10) 

Comparing equation (9) and (10) gives for the simple exclusion in a parabolic flow 
profile C = ½ [1]. The most important additional interactions are: 
• Friction. DiMarzio and Guttman [2] expressed friction as a lower constant 

component in the total average analyte velocity. The constant changes to CDG = ½ + 
¾γ. For particles γ = 

2/3, for polymers γ = 2π/27. 
• Hydrodynamic interactions. In [3] Brenner and Gaydos take into account both 

hydrodynamic interactions with the wall and the slip velocity of point-size particles. 
The slip velocity expresses the fact that the particle center lags the local fluid 
velocity. Lift forces, caused by fluid inertia, are not incorporated in their model, so 
that the particle velocity does not have a transverse component. Thus any transverse 
transport is caused by diffusion. Unfortunately, the model is only valid for a circular 
geometry. Comparison with DiMarzio and Guttman shows that the constant C 
increases if these effects are accounted for. It is doubtful however, if this model can 
be applied to polymers, as for hydrodynamic interactions polymers cannot be 
considered to be spherical particles. 

• Inertia (or tubular pinch effects). In [4] Ploehn used an adapted form of the theory 
developed by Brenner and Gaydos [3] in order to incorporate this effect. Fluid inertia 
adds a transverse component to the particle velocity that depends on the particle 
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position in the channel. For neutrally buoyant spherical particles near the wall, the 
velocity is directed away from the wall while particles near the channel center are 
transported outward. This means that an equilibrium transverse position exists 
(independent of particle size) at which the particles are focused. Such an effect 
severely decreases the selectivity of the HDC  separation. The relative importance of 
this effect can be expressed by a Peclet number that represents the ratio of inertial to 
diffusive forces acting on a particle [4] : 

kT
ru

Pe eff
2326 λπρ ><

=       (11) 

The influence of the inertial forces decreases strongly with decreasing particle size 
and velocity. Thus it can be expected that inertial forces will have a relatively small 
impact on the HDC chip performance. 

• Electrostatic wall interactions. This reduces the effective channel height for charged 
particles as described by Ploehn [4]. 

Tijssen [5] compared the DiMarzio-Guttman and the Brenner-Gaydos models to 
experimental residence time data obtained for polystyrene separations in microcapillaries. 
It turns out that for these polymers the DiMarzio-Guttman model performs best. This is 
probably because the hydrodynamic and inertial interactions described in the Brenner-
Gaydos and Ploehn models are based on spherical particles and polymers do not have a 
well-defined spherical shape. Furthermore, electrostatic interactions are small for the 
non-aqueous buffers used in polymer separations. 
Consequently, the DiMarzio-Guttman model will be used in further calculations for both 
particles and polymers. We have to keep in mind however that the residence behavior can 
be influenced by the above-mentioned interactions, especially for (charged) particles. 
A graph depicting the model for particles, for which no additional interactions are 
assumed (C = 1) is shown in figure 3-3. Three different channel heights are shown. Up to 
a maximum analyte size, a smaller channel gives a larger residence time ratio. The size 
selectivity for small analytes also increases with decreasing channel height. 
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figure 3-3: effective analyte radius and corresponding relative residence times for particles according to the 
DiMarzio-Guttman model. Maximum relative residence time is found for a reduced analyte size of λ = ½. 



 Chapter 3 

 

62

This only shows the situation for particles. For application to polymers an effective size 
needs to be defined as a function of polymer mass. In [5] it is shown that an effective 
radius related to the so-called radius of gyration can be used: 

geff rr
2
π=         (12) 

The radius of gyration can be related to the polymer mass according to: 
b

g aMr =         (13) 

in which the constants a and b are experimentally determined parameters. Combination 
of equation (10), (12) and (13) describes the polymer relative residence time. 
 
 
3. EFFICIENCY 
 
The separation efficiency is described by the peak or zone broadening (or sample 
dispersion), which is caused by concentration gradients in the channel. For analytes that 
are transported through a column and that do not interact with the column the so-called 
Taylor-Aris dispersion can be deduced from these concentration gradients [6,7]. The 
additional peak variance σx

2 created during the separation can be written as a function of 
an effective diffusivity Deff and the time t: 

2
0,

2 2 xeffx tD σσ +=        (14) 

The effective diffusion constant includes a contribution due to stationary diffusion effects 
(the binary diffusion coefficient D12) and a convective component: 

( )2
012 1 PeDDeff α+=        (15) 

In this equation α0 is the so-called dispersion constant and Pe the Peclet number, which is 
a measure of the relative influence of convectional and diffusional forces: 

12D
LuPe ch><=         (16) 

Here < u > is the average velocity and Lch a characteristic length. In a circular tube Lch will 
be equal to the tube radius and in a planar geometry to half of the channel height. It is 
clear that for smaller dimensions the diffusion dominates the dispersion. The dispersion 
constant depends on the geometry and on the transport mechanism that is used. It can 
therefore be influenced by adapting the geometry. 
In various publications [8,9] a dispersion constant of 2/105 is deduced for a parallel plate 
configuration. However, this only takes into account concentration gradients in the y-
direction (across the channel height) and thus only applies to a situation in which 
gradients in the x-direction (across the channel width), caused by the presence of the 
side-walls, do not play a role. Fully developed concentration gradients in the y-direction 
are a prerequisite for the HDC separation: the analyte must have been able to sample all 
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velocity streamlines. In other words, the concentration must be constant across the 
channel height, for each position inside the channel, including the sample plug. This 
time-scale can be expressed by: 

12
12 >>

h
tD         (17) 

For larger time-scales, when both gradients are fully developed, a considerable increase 
in dispersion is found. This can be expressed by:  

12
12 >>

w
tD         (18) 

This situation is considered in [10] giving a dispersion coefficient that is approximately 8 
times larger than the coefficient for a planar configuration. 
However, this does not cover the intermediate time given by: 
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In [11] an approximation is given for the dispersion coefficient in a rectangular channel 
for all times. The nomenclature from figure 3-2 is used. The differential equation 
describing the mass transport: 
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is modified by using a concentration Cm that is averaged across the channel cross-section: 
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The local concentration is expanded as a function of this mean concentration as: 
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The modified differential equation becomes: 

∑
∞

= ∂
∂=

∂
∂

1
)(

n
n
m

n

n
m

z
Ctk

t
C        (23) 

In this equation kn(t) is a function of the velocity u(x,y) and of fn(t,x,y) from equation (22). 
Equation (23) is approximated by: 
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In this equation k1(t) is the convective term, the diffusive term k2(t) is equal to the 
effective diffusivity Deff. Neglecting the higher order terms means that part of the wall 
effect, sample tailing along the wall, is directly added to the dispersion. However, tailing 
along the wall can for intermediate timescales be seen as a larger background signal that 
does not necessarily contribute to the measured dispersion. Therefore, the effective 
diffusivity calculated in this way gives a somewhat negative picture of the dispersion, 
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which is aggravated by the averaging of the concentration profile across the channel 
cross-section. In [12] a numerical model is employed to estimate the complete transient-
state dispersion. However, their analysis is performed for aspect ratios up to 20, which is 
well below the aspect ratio required in chip-HDC. Consequently, the dispersion 
calculated here according to [11] must be seen as an upper limit to the Taylor-Aris 
dispersion in a rectangular channel. 
For large aspect ratios the effective diffusivity can be written as a sum of the separate 
contributions of the gradients in the x-direction (K2) and the y-direction (K3) [11]: 
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The velocity profile in a channel of rectangular cross-section is given by [11]: 
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This implies that: 
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Substituting equation (27) into equation (25), comparing equation (15) and (16) with 
equation (25) and setting Lch = ½*h yields: 
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For an aspect ratio � ∞ the average velocity <u> equals 2/3umax. For an aspect ratio of 10 
it can be calculated that this is already accurate within 6.3 %. Consequently, the 
dispersion constant can be related to K1 as: 
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The solution found by Doshi for K1 can be related to the dispersion constant α0 as: 
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in which: 
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We can define a non-dimensionalized time t* according to: 
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This changes equation (30) into: 
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in which AR is the aspect ratio defined by AR = w/h. Thus the dispersion at a certain time 
t* is specified by the aspect ratio. 
 
This is shown in figure 3-4 for different aspect ratios. First the dispersion develops 
caused by the gradients in the y-direction. For later times the dispersion caused by 
gradients in the x-direction is added which for t* � ∞ leads to a constant dispersion: 

105
280 ∗≈α         (35) 

This result is also obtained in [10]. Depending on the aspect ratio a region of constant 
dispersion can be present for intermediate times. 
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figure 3-4: the dispersion coefficient according to [11] for different aspect ratios. 

 
If we consider a possible situation in which an analyte with a diffusivity of 3*10-11 m2/s is 
transported through a 1 µm high and 500 µm wide HDC separation channel during 100 
seconds it follows that t* = 0.05. We see that increasing the channel width to 1000 µm 
results in a 4 times smaller dimensionless time and a decrease in dispersion. Generally, it 
can be concluded from figure 3-4 that reduction of the channel width for channels having 
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an aspect ratio larger than 100 leads to an increase in dispersion for non-dimensional 
timescales 10-4 < t* < 10-1. From section 4, in which a separation optimum as a function 
of analysis time is estimated for a given geometry, it can be deduced that this is exactly 
the region in which HDC separations are performed. 
The dispersion curves in figure 3-4 are given for instantaneous dispersion constants. The 
dispersion coefficient averaged over a complete analysis would be: 
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Plotting the time-averaged dispersion for a real HDC channel for relevant analysis times 
is shown in figure 3-5. It is clear that this is the intermediate region in which the gradients 
in the x-direction are starting to add to the dispersion. 
It is convenient to approximate the time-averaged dispersion constants for the region  
0 < t < 240 s by using a fit of the form: 
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In this fit a diffusivity of D0 = 3*10-11 m2/s is used. The scaling factor D12/D0 can be 
applied to species with a different diffusion constant D12. For an aspect ratio of 500 c = 
0.28 and d = 0.47; for an aspect ratio of 1000 c = 0.082 and d = 0.58. 
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figure 3-5: increase in time of the time-averaged dispersion coefficient for an analyte with D12 = 3*10-11 m2/s 
for different channel aspect ratios. 

 
The analysis presented above gives a dispersion in a rectangular channel for point-size 
particles that do not have any interaction with the channel walls. Neglecting the 
additional interactions (hydrodynamic, inertial and electrostatic) mentioned in the 
previous section, a correction for the finite particle size can be derived.  
First of all the characteristic length Lch used in the definition of the Peclet number from 
equation (16) can be corrected by taking into account the effective channel cross-section 
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the particle can reach (refer to figure 3-2): 
)1()2( 2

1
2

1 λ−=−= hrhL effch       (38) 

The second correction can be made by observing that the dispersion is based on velocity 
differences. As was derived in the previous section, the HDC velocity consists of a 
constant part and a part that depends on the particle position in the channel:  
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For the dispersion only the non-constant term is important. Thus in the Pe-number 
<u>rel,HDC must be used. As can be derived from equation (7) this is related to the average 
velocity of the solvent as: 
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For the Pe-number this leads to a correction factor: 
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This correction factor corresponds to [1,2]. The correction factor calculated by Brenner 
and Gaydos [3] is more complicated, but corresponds to equation (41) in a first order 
approximation. 
Combination of equation (15), (37) and (41) finally leads to an effective, time-averaged 
effective diffusivity of: 
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Thus we see that the dispersion for a planar HDC configuration cannot be characterized 
by a dispersion constant, but that the transient dispersion for timescales given by equation 
(19) leads to a time-dependent increase in dispersion. Since the time-dependent part is 
based on a fit in a specific time-domain, equation (42) is only valid for timescales 0 < t < 
7.2*10-9/D12. As was noted before, equation (42) provides an upper limit to the Taylor-
Aris dispersion, because the contribution of the side-walls in the transient situation may 
be seen as an increased baseline, which does not necessarily affect the separation 
resolution. 
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4. RESOLUTION 
 
 
 
 
 
 
 
 
 
 
 

figure 3-6: Retention and efficiency parameters for two neighboring concentration peaks 

 
The most important parameters determining the separation performance are the resolution 
and the corresponding analysis time. Generally, resolution (in the time-domain) is 
defined by comparing the separation of the peaks to their width, defined by the standard 
deviation σt,i of peak i. The separation resolution is given by the difference in residence 
times tr,i: 
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Peaks are sufficiently separated if Rs = 1. For neighboring peaks equation (43) can be 
approximated by setting σt,1 = σt,2 as was done in the previous chapter. Equation (43) can 
be expressed in the relative residence times τ and the dispersion derived in the previous 
sections: 
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From this equation the scaling of the resolution with increasing channel length (and 
constant velocity) can be estimated by combining equation (10), (14) and (42). The time-
dependent factor in equation (42) ctd ~ Ld is an approximation and will be constant for 
larger times. Consequently, the resolution will increase with the square root of the 
channel length: 

LRs ~         (45) 

Furthermore it can be concluded from figure 3-5 that a larger channel width (for a fixed 
channel height) will increase the resolution.  
For better insight in the scaling of equation (44) with analyte size and separation channel 
height, the equation must be evaluated explicitly. This will be done separately for 
polymers (section 4.1) and for particles (section 4.2) as they show a different residence 
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behavior. It must kept in mind however, that relative residence time and dispersion are 
based on theories that have their limitations, which could influence the results, especially 
for charged particles. 
 
 
4.1 Molecular Mass Distribution 
For polymers, size characterization often aims at obtaining the Molecular Mass 
Distribution (MMD). A requirement for a good MMD is that polymers of a certain mass 
ratio are fully separated. Optimization of the resolution for this ratio when varying 
polymer mass and the channel height provides scaling information.  
As an example we will take a mass ratio of M1/M2 = 2. The polymer mass can be coupled 
to an effective analyte size reff used in the residence time and dispersion equations by 
using equation (12) and (13). The constants a and b from equation (42) are polymer 
dependent. Here we will take the constants used in [5] for polystyrenes: 
 

588.0111023.1 Mreff
−⋅=        (46) 

 

For the diffusion constants an experimental relation can be used between the diffusivity 
D12 and the mass of polystyrenes in THF at 25ºC [13]: 
 

 571.08
12 10861.3 −−⋅= MD        (47) 

 

In figure 3-7 the resolution between polystyrene masses M2 and masses M1 is shown as a 
function of analysis time, for a 1 µm high and 1 mm wide separation channel. In this 
analysis a fixed channel length of L = 8 cm is assumed. The maximum separation for this 
configuration is achieved for M2 = 15.3 MDa and an analysis time of 5 minutes. 
However, baseline separation (given by Rs = 1) is already reached for much shorter times. 
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figure 3-7: The separation between masses M1 and M2 (indicated value) for which M1 = 2M2 as a function of 
analysis time for a 1 µm high and 1 mm wide separation channel. 
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Since HDC normally operates with masses roughly up to 2 MDa, the optimum mass is 
very high. This implies that separation of polymers in this configuration would be 
extremely suitable for large polymers. Since separation of large molecules is difficult 
using conventional GPC equipment, planar HDC can prove to be advantageous especially 
for this application. 
The full mass range for which separation can be achieved in a certain channel is defined 
by Rs > 1. Thus separations within the more commonly applied mass range are possible 
as well, as is shown by the plots for 2 MDa and 100 kDa. Consequently, for this specific 
configuration separation can be performed down to approximately 100 kDa. An upper 
limit is found for M2 = 28 MDa. 
It turns out that for smaller channels the optimum mass and the optimum analysis time 
are reduced and the separation resolution is increased. In terms of the effective polymer 
radius the separation reaches an optimum at a reduced analyte size of λ = 0.41, for a 
channel height in a range of  0.4 – 1.2 µm. The influence of channel height on the 
separation performance and the optimum mass is shown in figure 3-8. 
Figure 3-8 shows that reduction of the channel height would render the HDC chip more 
suitable for smaller, more commonly applied polymer masses. For instance, for a 0.5 µm 
high channel the optimum mass is M2 = 4.7 MDa. The corresponding optimum analysis 
time would be 1¼ minutes. Reduction of the channel height also influences the total mass 
range for which separations can be performed. For a 0.5 µm high channel a range of 20 
kDa < M2 < 8.6 MDa is found. 
Figure 3-8 also shows that the separation performance increases with decreasing channel 
height. However, since the total analysis time has to decrease for smaller channels, the 
optimum separation velocity must increase. Simultaneous increase of the velocity and 
decrease of channel height requires a higher driving pressure. This driving pressure is 
limited by geometry. In figure 3-8 the effect of a pressure limit of 10 and 20 bar is added, 
showing a decreased performance for channels in which the optimum velocity cannot be 
reached. 
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figure 3-8: the maximum resolution between M1 and M2 , for which M1 = 2M2 , and the corresponding value of 
M2 for different channel heights. For smaller channels, limitation of the velocity by a maximum pressure results 
in a decreased separation performance. The pressure limit is based on a solvent (e.g. THF) viscosity of µ = 
0.55 mPas. 
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4.2 Particle separations 
The approach followed in the previous section applies to (polymer) size characterization 
across a large range of masses. It is informative however, to also estimate how a 
maximum separation between two closely eluting peaks can be achieved. To this purpose 
we rewrite equation (44) assuming τ1 ≈ τ2 and thus σx,1 ≈ σx,2: 
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The small difference in effective analyte radius is indicated by ∆reff. The selectivity S is a 
measure for the relative separation power for different sizes. In HDC this is defined for 
particles as: 
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figure 3-9: the minimum resolvable relative size difference ∆reff / reff as a function of analysis time for a 1 µm 
high and 1 mm wide separation channel. 

 
We will look at a maximum differential relative size separation. Thus we take Rs = 1 and 
try to maximize ∆reff/reff. The aspect ratio is fixed at 1000 and a constant channel length 
of L = 8 cm is used. 
For finite-size solid particles D12 can be calculated from the Stokes-Einstein equation: 

effr
kTD

⋅
=

πµ612
        (50) 

In this equation k is the Boltzmann constant, T the absolute temperature and µ the 
dynamic viscosity of the solvent. For the analysis a temperature of T = 298 K is used. 
The variation of the relative size separation with the total analysis time for different 
particle sizes is shown in figure 3-9 for a 1 µm high and 1 mm wide channel. For this 
configuration the minimum resolvable relative size difference (~ 5.5 %) is found for a 
particle size of 158 nm. Thus particles around this size, differing less than 9 nm in size, 
can be baseline separated within 25 minutes. Moreover, the curve shapes in figure 3-9 



 Chapter 3 

 

72

indicate that much faster separations are possible without considerable reduction in 
resolution. 
As for polymers, the optimum separation time and analyte size decrease for smaller 
channels. For instance, for a 0.5 µm high channel the optimum analysis time is 6 minutes. 
For a channel height in the range from 0.2 to 1.2 µm and a fixed aspect ratio of 1000 an 
optimum separation is found at a reduced analyte size of λ = 0.31.  
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figure 3-10: the minimum resolvable relative size difference for different channel heights. For smaller channels, 
limitation of the velocity by a maximum pressure results in a decreased separation performance. The pressure 
limit is based on the viscosity of water µ = 1.0 mPa*s . 

 
A combination of the separation data for different channel heights is given in figure 3-10. 
Smaller channels show a better relative size separation. As for polymers, a reduced 
analysis time for smaller channels requires an increased separation velocity and a higher 
driving pressure. A pressure limitation results in a decreased performance for smaller 
channels. 
 
 
4.3 Discussion 
It turns out that HDC separation channel heights of 1 µm are especially suitable for 
separation of very large polymers (around 15 MDa) and large particles (around 160 nm). 
Reduction of the channel height reduces this optimum mass or particle size. The optimum 
reduced analyte size is constant for channel heights in the range from 0.2 to 1.2 µm both 
for particles (λ = 0.31) and polymers (λ = 0.41). 
The separation resolution can be tuned by varying the velocity and the corresponding 
analysis time. Taking a higher velocity than the optimum velocity can reduce the analysis 
time without affecting separation resolution too much.  
It can also be concluded from the analysis in this chapter that smaller channels exhibit a 
better separation performance, since the optimum analysis time is reduced and the 
resolution is increased for smaller channels. The beneficial reduction of the channel 
width is limited by the increase in pressure necessary to run at the optimum velocity.  
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Table 3-1: List of variables 

Name Variable Unit 
Subscript time domain t - 
Subscript spatial domain x - 
Subscript species number 1,2 - 
   
Constant 1 relating rg and M a m 
Constant 2 relating rg and M b - 
Coefficients dispersion according to [11] Bm , Bn - 
Coefficient residence time equation C - 
Concentration C mol/m3 

Fitting parameters real-time dispersion c,d - 
Cross-section averaged concentration Cm mol/m3 

Binary diffusion constant D12 m2/s 
Effective diffusivity Deff m2/s 
Channel height h m 
Nondimensionalized dispersion components according to [11] K1 , K2 , K3 - 
Coefficients reduced mass transfer differential equation  kn - 
Channel length L m 
Characteristic length Lch m 
Mass M Da 
Pressure p Pa 
Peclet number Pe - 
Effective analyte size reff m 
Small difference in effective analyte size ∆reff m 
Radius of gyration rg m 
Selectivity S m 
Time t s 
Nondimensionalized time t* - 
Residence time tr s 
Speed u m/s 
Constant component HDC analyte speed uconst m/s 
Maximum speed umax m/s 
Average solvent speed <u> m/s 
Average analyte speed <u>HDC m/s 
Average HDC speed relative to uconst <u>rel,HDC m/s 
Channel width w m 
Dispersion constant α0 - 
Time-averaged dispersion constant 

0α  - 

Constant in DiMarzio-Guttman correction factor γ 

- 
Nondimensional analyte size λ 

- 
Viscosity µ 

Pa*s 
Standard deviation (either in time or spatial domain) σ 

m 
Relative residence time τ 

- 
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Chapter 4  
Bonding for microfluidic 
applications 
 
 
 
 
 
ABSTRACT 
 
A theoretical description of pressurized microchannels is 
presented, relating material parameters, channel geometry, 
bond strength and maximum pressure. This enables a 
calculation of the bond energy that is applicable to all types of 
wafer bonds. 
The model is used to estimate the strength of fusion bonds of 
oxidized silicon to glass and fused silica to fused silica, 
annealed at different temperatures. The model is substantiated 
by experimental pressure data obtained from the oxidized 
silicon-glass samples. 
Furthermore, local anodic bonding of a Kovar alloy to Pyrex is 
presented. This technique can be used for temperature-, solvent- 
and pressure-resistant microfluidic connections. Because of 
different thermal expansion coefficients of Kovar and Pyrex a 
structure is added in order to release the thermal stresses 
induced during bonding. 
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1. INTRODUCTION 
 
Bonding is an essential processing step in microtechnology. Channels and cavities 
created in one wafer can be closed by bonding a second wafer on top. Bonding is mostly 
performed on a wafer scale. However, in some cases local bonding can be advantageous, 
for instance for the application of connections without using additional adhesives. Fusion 
or direct bonding and anodic bonding are among the most commonly used bonding 
techniques.  
 
1.1 Anodic bonding 
Anodic bonding was already discovered in 1968 [1] by the observation that an 
electrostatic field between a metal foil and a sheet of glass produced a strong bond at a 
lower temperature than required for simple thermal bonding of metal and glass. 
A primary requirement of a good glass-metal seal is that the surfaces are brought into 
close contact. If this is not possible due to a rough surface, the temperature can be raised 
so that the viscous flow of the glass accommodates any irregularities. However, raising 
the temperature too much creates stresses induced by the thermal mismatch of the 
materials. Close contact at lower temperatures can be accomplished by anodic bonding: 
the electrostatic field across the metal-glass gap creates an electrostatic force pulling the 
surfaces together [2,3,4]. Creation of the bond is further enhanced by the electric field-
induced transport of ions to the metal-glass interface [5]. This is facilitated by the 
elevated temperature, which increases the mobility of the ions in the glass.  
Thermal mismatch of the bonded materials induces stresses that bend the bonded stack 
during cooling-down. This can be (partially) prevented by an annealing step before 
bonding [6]. If local bonding of a metal piece on glass is required, for instance for 
microfluidic connections, these stresses play an equally important role. This means that 
for local bonding a thermally matched metal is required. Kovar is a NiCoFe alloy with a 
thermal expansion coefficient close to the expansion coefficient of borosilicate glasses 
(e.g. Pyrex). 
In section 5 of this chapter this material is used to study the possibility of microfluidic 
connections using a machined Kovar connection piece, bonded to a Pyrex-silicon chip. 
Although in microfluidic applications anodic bonding is used more commonly [7-11], 
fusion bonding is important as well [12,13]. In some applications the high electrical fields 
required in anodic bonding are undesirable, e.g. because of the risk of dielectric 
breakdown or charging up of some parts of the chip in question, or because of the risk of 
bonding in unwanted areas (see figure 4-1). The latter especially will be the case in chips 
containing a very shallow channel, or chips containing flexible parts, like accelerometers 
[14] or pressure sensors [15]. For such applications fusion bonding generally is a better 
solution. 
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figure 4-1: an electric field across a shallow channel will induce electrostatic forces which can bend (A) and 
even partially close the channel (B). 

 
 
1.2 Fusion bonding 
Fusion or direct bonding relies on the smoothness of two contacting surfaces of glass, 
silicon or fused silica wafers. If the surfaces are smooth enough, a pre-bond will be 
formed at contact, as a result of the hydrogen bonds formed between silanol groups on 
the surface. These silanol groups are created by the reaction of water with residual 
valences of free SiO2 on the wafer surface. After an annealing step at an elevated 
temperature, atomic bonds can be formed, thus creating a strong bond [16]. 
Fusion bonding has been used in the fabrication of various microelectromechanical 
systems (MEMS), for instance for the fabrication of pressure sensors [15,17] or mechano-
optical modulators [18]. Therefore, extensive research related to the technology itself and 
the physical mechanisms behind it has been performed [13,19-23].  
A serious drawback of most of the fusion bonding methods is that they require, after a 
room-temperature pre-bond, a high-temperature annealing step, at 1000ºC or higher, to 
increase the bond strength [23]. High temperatures are undesirable in many applications 
(e.g. because of degradation of metal layers), and therefore significant effort has been 
spent on developing bonding processes that require lower temperatures. Chemical 
mechanical polishing [22] gave an essential improvement of the quality of wafer bonds 
and helped in the development of low temperature bonding procedures [23]. The question 
remains whether such low temperature bonding procedures lead to adequate bonding 
strengths.  
In order to be able to determine this, a method for characterization of the bond strength 
has been developed that is presented in section 2 of this chapter. It is applied to oxidized 
silicon-glass (section 3) and fused silica – fused silica (section 4) direct bonding. 
The model is validated by bond strength measurements of the oxidized silicon-glass 
samples, for which the theoretically predicted scaling is found to be correct. 
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2. DIRECT BONDING: BOND STRENGTH THEORY 
 
There are only a limited number of techniques that can be used for characterizing the 
bond strength. For direct bonding the double cantilever beam method, also known as the 
crack opening method, is used [24]. A thin blade is inserted into the bonding interface, 
generating a wedge. The wedge opening length is a measure for the bond strength. A 
disadvantage of this technique, besides its difficult reproducibility, is that it can only be 
used up to a certain bond strength. A nondestructive technique that does not have this 
limitation is described in [25,26]. The bond strength is characterized by observing the 
bonding across steps on the wafer surface. A qualitative measure of the bond strength can 
be obtained by using gaps differing in size, form and depth. A quantitative estimate of the 
bond strength can be obtained by tensile tests of bonded samples [3,27,28].  
In this section we present a new quantitative method to determine the effective bond 
energy using a microfluidic approach. Although in this case the method is applied to 
fusion bonding, it is generally applicable to all types of bonds. 
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figure 4-2: channel failure mechanisms. With mechanism A only the Pyrex breaks, mechanism B implies that 
first the bond interface opens before the Pyrex cracks. 

 
We focus on the failure mechanisms of pressurized microchannels. Because 
microchannels often are fabricated by bonding two wafers, the maximum pressure is 
directly related to the failure of either the bond or of one of the wafers. We consider a 
microchannel fabricated by bonding of a silicon and a Pyrex wafer. As Pyrex is by far the 
weakest material of the two, there are two failure mechanisms for a pressurized 
microchannel (see figure 4-2). One mechanism is cracking of the Pyrex right at the edge 
of the channel, as is depicted in figure 4-2A: the combined bending and shear stresses 
exceed the maximum stress [29] the Pyrex can withstand and the Pyrex breaks. 
The second mechanism is shown in figure 4-2B. If the pressure is large enough the 
bonding interface will open. Once that happens, the pressure acts on an increased area 
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and the interface will open further. During this process the stress in the Pyrex will 
increase until it exceeds the maximum stress at some point in the material. Depending on 
the geometry, the material properties and the bond strength involved, either the glass 
wafer breaks first, due to mechanism A, or the Pyrex wafer peels off (B). In the latter 
case, information about the bond strength can be extracted. Therefore, we have focused in 
this work on failure mode B. A theory relating geometry, material properties, maximum 
pressure and bond strength was developed. This approach is comparable to the so-called 
blister test for thin layers [30,31]. That test is only suitable for thin layers as a continuous 
debonding / bonding scheme is used. To this purpose a constant volumetric flow rate is 
alternatingly applied and reversed. 
In our model the bond strength is characterized by the effective bonding energy, which is 
defined as the separation energy per unit apparent contact area. The apparent contact area 
is the geometrical bonded area. For rough surfaces containing a certain density of 
asperities of different lengths the effective bond energy ∆γb is lower than the work of 
adhesion ∆γ [32,33], since the real contact area is smaller than the apparent contact area 
and because part of the work of adhesion is stored as elastic deformation energy needed 
to compress the higher asperities in contact. The work of adhesion is defined as the work 
needed to separate the contacting surfaces from full contact to infinity. 
By applying the energy model to bonded samples that are annealed at different 
temperatures, the dependence of the bond energy on the annealing temperature can be 
investigated. 
 
2.1 The energy balance 
The theory relating channel pressure, geometry, material properties and bond energy 
requires an energy balance. The total (free) energy for the situation of interest equals the 
sum of the elastic deformation energy, the surface energy and the hydraulic energy of the 
pressure source: 

),(),(),(),( yxVpyxUyxUyxU surfelasttot ∆−+=     (1) 

In this expression ∆V is the volume change due to deflection of the top wafer, p is the 
applied pressure, x is the detachment length and y the channel center deflection (figure 
4-3). In this situation the assumption is made that the bottom wafer does not contribute to 
the energy balance. If the bending of the bottom wafer does not create noticeable stresses 
at the bond interface, the assumption is justified. In other words this is allowed if the 
distance across which the bending of the bottom wafer occurs, is equal to w and not to b 
(figure 4-3). This will for instance be the case if a deep test channel is used. If the bottom 
wafer does contribute, the measured value for the bond strength will be too low. In that 
case a lower limit on the effective bond energy is obtained. 
A stable equilibrium is obtained for a minimum in the total energy for variation of x and 
y, which gives the situation we want to describe. This equation is equivalent to the so-
called Griffith energy balance [34] that is known from fracture mechanics. 
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figure 4-3: channel geometry. The distance across which the Pyrex is deflected b is related to the detachment 
length x and the actual channel width w as b = 2x + w. Also shown are the channel center deflection y, the 
pressure p and the distance across the channel from one detached side called z. 

 
2.2 Elastic deformation energy per unit channel length 
We start the calculation of the bending energy of the top wafer by considering the cross-
section of the channel as a beam that is rigidly clamped at both sides, and loaded with a 
uniform pressure p (figure 4-3). 
For a beam of length b, modulus of elasticity E and moment of inertia I, the elastic 
deformation energy per unit channel length L at small deflections is given by [35]: 
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in which v(z) is the deflection of the beam at a position z along the beam and b the 
distance across which the top wafer is deflected (figure 4-3). The deformation v(z) of a 
beam rigidly clamped on both sides and loaded with uniform pressure p' = p x beam 
width = p x channel length is given by [35]: 
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We have to express this in the internal variable y. This can be done by identifying that the 
maximum deflection vmax = y occurs at z=½b. Thus v(z) can be written as a function of y: 
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With the moment of inertia I = 1/12 L t3, where t is the thickness of the top wafer, it 
follows that: 
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2.3 Surface energy per unit channel length 
The energy per unit channel length needed to open the bonding interface by a distance x 
(on both sides) is given by the effective bond energy ∆γb multiplied with the exposed area 
2xL. Per unit channel length this is: 

bsurf xyxE γ∆= 2),(                  (6)     
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2.4 Hydraulic energy per unit channel length 
The volume change determining the hydraulic energy can be calculated by integrating 
expression (4) along the beam and multiplying with the channel length L. The hydraulic 
energy per unit channel length is then: 

pybyxVpyxUhydraulic 15
8),(),( =∆=      (7) 

 
2.5 Total energy 
For a stable situation, expression (1) for the total energy Utot (x, y) should be minimized 
for variation of x and y. For y this means: 

0),( =
∂

∂
y

yxUtot         (8) 

From this an expression for the channel center deflection y as a function of geometry, 
material constants and the pressure can be derived. The result corresponds to [35]. 
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figure 4-4: the total energy as a function of the detachment length. It is clear that in this particular situation for 
pressures below 11 bar a local equilibrium exists because x ≥ 0, as x < 0 does not have any concrete meaning. 
For higher pressures, no equilibrium exists, therefore x must increase and the bond opens. 

 
Substituting this channel center deflection y in the expression for the total energy gives 
Utot (x). The resulting total energy Utot (x) as a function of the detachment length x (figure 
4-3) is shown in figure 4-4 for different pressures.  
Initially, x = 0 (refer to figure 4-4). For a relatively low pressure p = 7 bar, a local energy 
minimum is obtained at x = 0, because the function is bound by the condition that x ≥ 0. 
At p = 11 bar, the situation is on the verge of becoming unstable.  
For a further increase in the pressure no minimum in the total energy can be found for x ≥ 
0. This results in an increase of x, implying that the bond interface is opened. From figure 
4-4 it can be concluded, that the point where the interface starts to open can be described 
by x = 0 and: 

0),( =
∂

∂
x

yxUtot         (9) 

Combining expressions (8) and (9) and substituting x = 0 gives an expression from which 



 Chapter 4 

 

82

the pressure p can be written as a function of geometry, material parameters and effective 
bond energy: 

2
3 124

w
Etp bγ∆=        (10) 

in which w is the actual channel width (figure 4-3). Thus, according to this model the 
critical pressure increases linearly with 1 / w2. In a plot of the maximum pressures against 
the reciprocal of the squared channel width, the effective bond energy can be extracted 
from the slope. For individual measurements the expression above can be rewritten for 
the effective bond energy as a function of channel width and pressure: 

3

24

24Et
pw

b =∆γ         (11) 

 
 
2.6 Adhesion energy 
Using the real contact area, the measured effective bonding energy ∆γb can be related to 
the adhesion energy ∆γ of the surfaces. That can be done by introducing the 
dimensionless adhesion parameter θ that is used in the elastic adhesive contact model 
presented in [32,33]. The adhesion parameter, that is a measure for the bondability of the 
interfaces, is defined by [36]: 

RD

31 σ
γ

θ
∆

=         (12) 

in which ∆γ is the adhesion energy, D the mechanical compliance, R the asperity radius 
and σ the standard deviation (SD) of the summit level. In θ, ∆γ is the adhesion energy of 
the contacting surfaces. This can be related to the effective bonding energy by using a 
normalized effective bonding energy wb* [32,33]: 

γ
γ

∆
∆= b

bw *         (13)  

The normalized effective bond energy and contact area as a function of θ are shown in 
figure 4-5 [32,33]. The normalized real area of contact Ab* is defined by [32,33]: 

a

r
b A

AA =*         (14) 

with Ar the real and Aa the apparent contact area. Three different bonding regimes can be 
distinguished in figure 4-5. A θ  > 12 implies that the effective bonding energy and the 
real contact area are practically zero. This is called the nonbonding regime. The bonding 
regime is defined by θ  < 1. The intermediate area 1 < θ  < 12 is called the adherence 
regime. In this region the real contact area and thus the effective bond energy vary with 
the adhesion parameter. Combination of formula (13), figure 4-5 and the adhesion 
parameter enables a calculation of the adhesion energy using the measured effective 
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bonding energy of a bonded structure. This is done in section 3.4 for various Pyrex-
silicon direct bonds and in section 4.4 for fused silica to fused silica direct bonds. 
For a Pyrex-oxidized silicon pre-bond, for which the work of adhesion is expected to be 
0.1 J/m2 [15], the theory can be used to estimate the effective bonding energy. Assuming 
that the silicon wafer is perfectly smooth, and taking the parameters from Table 4-1, an 
adhesion parameter of 3.6 and a relative real contact area Ar / Aa of 12% is calculated. 
The effective bond energy will be lower than the work of adhesion, both due to the 
incomplete contact and the elastic deformation of contacting asperities. For a work of 
adhesion of 0.1 J/m2 an effective bond energy of 0.019 J/m2 results. 
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figure 4-5: normalized effective bonding energy wb* and contact area Ab* vs. the adhesion parameter θ, for 
equilibrium with zero applied (external) load. Reproduced with permission from [32,33]. 

 
The model is valid only under the assumption that the deformation is completely elastic, 
which can be checked by comparing the maximum pressure resulting from the Hertzian 
contact q0 with the material hardness K: 

K
RD

Zq <= 22
4
9

0 π
       (15) 

in which Z is the indentation of the asperity. However, for most materials, including 
glasses, the hardness decreases with temperature, which is for glasses caused by a 
decreasing viscosity at elevated temperatures. This implies that the elastic contact model 
will not be valid at higher temperatures. In the limiting situation that all asperities are 
plastically deformed, no energy is stored in elastic deformation of the roughness features. 
This means that the adhesion energy equals the effective bond energy. The adhesion 
energy calculated using the room-temperature roughness data can therefore be seen as a 
maximum value, while the minimum adhesion energy is given by the measured effective 
bond energy. 
Unfortunately, for most materials no reliable data of the material hardness at elevated 
temperatures is available. Consequently, it is not clear up to which temperature the 
adhesion model can be used reliably. 
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3. BOND STRENGTH PYREX-SILICON DIRECT BONDING 
 
Until recently, Pyrex and silicon have been the most commonly used materials in 
microfluidics. As pointed out in the introduction it can be advantageous for some 
applications to use direct bonding instead of anodic bonding. 
Therefore, the dependence of the strength of Pyrex to oxidized silicon direct bonds on 
annealing temperature was studied by measuring the maximum failure pressure of 
samples that were annealed at different temperatures. The theory from section 2 was used 
to relate this to a bond strength. The measured strength is expressed as an effective bond 
energy and is related to the work of adhesion by incorporating roughness parameters. 
 
 
3.1 Sample fabrication 
All process steps except for the annealing were done in a cleanroom environment. The 
channels needed for the glass-silicon bond tests were etched into a 4" silicon wafer and 
closed by fusion bonding a 3" Pyrex wafer on top. 
First, a 160 nm low-stress silicon nitride layer was deposited on a 4" (100) silicon wafer 
and patterned with Reactive Ion Etching using a CHF3/O2 mixture. Subsequently, the 
wafers were etched in a 25 wt % KOH solution at 750C for 302 minutes, giving an etch 
depth of approximately 310 µm. After cleaning and stripping the nitride mask layer, a 1 
µm silicon oxide layer was grown by wet thermal oxidation at 11500C. Thus the silicon 
wafer and the Pyrex wafer were both hydrophilic. 
The Pyrex wafer was polished for 5 minutes using a Semi Sperse 25 (Cabot 
Microelectronics, Aurora, USA) polishing solution. After Piranha cleaning (H2SO4:H2O2 
= 1:3 for 20 minutes at 1000C), rinsing and dry-spinning both the silicon and the Pyrex 
wafer, they were contacted and a pre-bond was formed.  
Four wafer pairs were annealed for 2 hours at different temperatures: 3160C, 3630C, 
4250C and 4700C. The annealing temperature is limited by the strain point of the Pyrex, 
which is 5100C according to the manufacturer's (Corning, New York) specification. The 
strain point is the temperature at which thermal residual stresses become permanent upon 
cooling. At temperatures below the strain point, the glass can be temporarily heated and 
cooled without introducing permanent stress. Therefore, the strain point can be 
considered the maximum annealing temperature [37]. 
 

Pyrex

Si
w

525 µm

500 µm

310 µm

 
figure 4-6: channel cross-section. The silicon is patterned using KOH-etching leaving an anisotropic etch 
profile. 
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The channel height, given by the KOH etch depth, is designed for the use of common 
capillaries with an outer diameter ranging from 260 µm to 300 µm. This gives a channel 
cross-section as shown in figure 4-6. 
For connection of pressurized capillaries, the channel ends are 560 µm wide, for a 6 mm 
distance on both sides (figure 4-7). On a 4" wafer only 5 channels were created in order 
to leave sufficient bonding area. The channel widths are 560, 750, 1000, 1500, 2000 µm. 
The channels are linked by a thin (20 µm wide) channel to the outer world. This is done 
in order to release the pressure that would be generated during annealing. The resulting 
mask structure is shown in fig. 6. 
By dicing along the thin channel, the channels are opened. Before testing, capillaries 
were glued into both channel ends, using epoxy glue cured at 1000C. 
 

560 mµ

20 mµ

6 mm

 
figure 4-7: mask structure. Five channels having different widths are made. The channel ends are adapted to 
facilitate insertion of glass capillaries. 

 
3.2 Roughness characterization: adhesion energy 
Prior to bonding, the glass interface was characterized by AFM-measurements (figure 
4-8). This gives the possibility to estimate the real contact area in the bonded area using 
the elastic adhesive contact model presented in section 2.6. The roughness, elastic and 
adhesive parameters used in this model have been collected in Table 4-1.  
 

 
figure 4-8: cross-section of a Pyrex AFM-scan, from which the adhesion parameter can be calculated. 
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If elastic deformation occurs - necessary for application of the model - can be checked by 
comparing formula (15) to the Pyrex hardness K = 4.1 GPa [38]. The indentation of the 
highest asperities is approximately 1-2 nm giving a value of q0 = 1.1 GPa. Using the 
model the effective bond energies obtained in section 3.4 can be converted to an adhesion 
energy. However, as noted in section 2.6, this calculation may not be valid at elevated 
temperatures. 
 

Table 4-1: Roughness, elastic and adhesion parameters of the contacting surfaces. 

Property Symbol Value 
Compliance D 1.59 x 10-11 Pa-1 

Hardness [38] K 4.1 GPa 
RMS roughness σRMS 0.5 nm 
Asperity density η 

4 x 1013 m-2 

Asperity radius R 2 µm 
SD summit level σ 

0.4 nm 
 
 
3.3 Pressure test procedure 
 
3.3.1 Model remarks 
The fabricated structure from figure 4-6 shows that a relatively deep channel is etched 
into the silicon, leaving a thin silicon channel bottom.  
Thus, beside the Pyrex, the silicon will bend as well during pressurization. This bending 
will occur mainly at the thin channel bottom, because there the bending stiffness is 
approximately 15 times lower than that of the unetched part of the silicon. The bending of 
the channel bottom in itself does not alter the calculations. However, some of the stresses 
caused by that bending will be transferred along the channel walls to the point where the 
channel walls and the Pyrex meet. This will somewhat affect the pressure at which the 
bond opens. Because of the thin channel bottom, this effect will be negligibly small and it 
will therefore be neglected. 
 
3.3.2 Measurement setup 
For the pressure measurements deionized water was used  that was pressurized using a 
Spectroflow 400 solvent delivery system (Kratos, Germany) with a pressure range from 0 
to 400 bar and a flow rate from 0 to 4.99 ml/min. The pump was equipped with a 
Bourbon pressure gauge with electro-optical converter and a 3 digit display in bar.  
Providing a flow to a high resistance fluid recirculation loop resulted in a pressure drop. 
Splitting the loop at the high pressure side created a static pressurized liquid source. The 
flow resistance consisted of fused silica capillaries (75 µm ID, 55 cm long and 100 µm 
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ID, 32 cm long). The pressure was varied by changing the flow rate in the loop. Static 
pressure to the chip was applied by connecting the capillaries that were glued at both 
sides of the channel to the high pressure split from the source.  
 
3.3.3 Measurement procedure 
For each channel the pressure was increased in steps that depended on the expected 
maximum pressure. For maximum pressures that were expected from theory to lie below 
15 bars, the pressure was increased by 1 bar; otherwise, the step size was 2 bars. After 
each step the pressure was allowed to stabilize. 
Essential for the comparison of measurements and theory is failure of the channel 
according to mechanism B. Thus the bond interface should crack before the glass breaks, 
as shown in figure 4-2B. It turned out that for all measurements mechanism B was indeed 
the initial mechanism. In figure 4-9 this becomes clear because the crack in the Pyrex 
starts at a certain distance from the channel edge. Evidence for the fact that the interface 
indeed was opened was given by fluid flowing out of the glass crack along the Pyrex-
silicon interface. Consequently, the developed theory can be applied to the 
measurements. 
 

 
figure 4-9: Interface after pressure test (top view). It is clear that there is some distance between the onset of 
the crack and the channel edge. Thus initially a (local) delamination between the wafers occurred followed by a 
crack in the glass. 

 
3.3.4 Measurement accuracies 
Because of the measurement procedure described in section 3.3.3, in which the pressure 
was raised in steps, the uncertainty in the pressure measurement will be partially due to 
the step size with which the pressure was increased and partially due to the inaccuracy of 
the pressure measurement. For each measurement point the error was determined. Since 
pressure measurements were done for different channel widths, the channel width 
deviation should be known as well. This is mainly determined by the underetch after 
KOH etching. Thus the variation in the channel width w will be ± 2 µm. 
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The error in the resulting bond strength ∆γb can be determined from formula (10). The 
square root in that equation is the slope in a graph relating pressure p and 1/w2. Thus the 
relative error in bond strength is, using a first-order Taylor expansion: 

( )
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t
t

slope
slope

b

b ∆+∆+∆=
∆
∆∆ 32
γ
γ       (16) 

As the Young’s modulus for Pyrex (62.75 GPa) is specified by the supplier using 4 digits, 
the inaccuracy in Young’s modulus E is negligible. The thickness inaccuracy ∆t is 25 
µm, giving a total contribution of 15% to the bond strength error. Furthermore the 
uncertainty in the slope, which can be determined graphically, should be included. 
 
3.4 Bond strength  results 
The results of the pressure tests are shown in figure 4-10. The collapse pressure is 
smallest (9 bars) for the widest channel (2.0 mm). A graph (figure 4-11) relating the 
maximum pressures and the reciprocal of the channel width squared shows that the 
predicted linear dependence of the maximum pressure on 1/w2 is correct, especially for 
lower pressures. 
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figure 4-10: measured maximum pressures for different channel widths and annealing temperatures. The lines 
are guides to the eye. 

 
Deviations from the theory can be due to extra stresses in the silicon bottom wafer, as 
mentioned earlier. These, of course, will be more prominent at higher pressures, which 
could explain the deviations observed for such conditions in figure 4-11. Thus, for a 
better evaluation of the theory, thicker silicon wafers and more shallow channels should 
be used, so that really only the Pyrex bending is of influence. Another reason for 
deviations could be a nonuniform temperature distribution during annealing, resulting in 
local bond strength variations. Moreover, measurements based on mechanical failure are 
inherently inaccurate due to the large influence of local defects. This means that a local 
bond defect located close to the interface with the fluidic channel can cause destruction of 
the complete bond. 
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figure 4-11: Measured maximum pressures vs. 1/w2. It can be concluded that the predicted linear dependence of 
the maximum pressures on the reciprocal of the channel width squared is correct. The lines are linear fits. 

 
It can be concluded from figure 4-11 that the slope of the curves for the maximum 
pressure versus 1/w2 depends on the anneal temperature. Because the modulus of 
elasticity and the Pyrex thickness are assumed to be the same for all samples, this must be 
due to a difference in bond strength according to formula (10).  
This is shown in figure 4-12. The effective bond energy increases from 0.020 J/m2 to 0.21 
J/m2 with the anneal temperature increasing from 310ºC to 470ºC. This increase in bond 
strength with temperature is explained in [15,19,22] by the chemical formation of 
stronger bonds during annealing. The increase of the work of adhesion during annealing 
will increase the effective bond energy for the area already in contact. It will also lead to 
an increase in the effective bond energy by growth of the real contact area. An additional 
effect of the elevated temperature is the decreased viscosity of the Pyrex, which can 
result in a plastic deformation of the asperities and thus in decreased roughness. As 
explained in section 2.6 this means that the difference between the effective bond energy 
and the adhesion energy will be reduced. Thus the adhesion energy values corresponding 
to the effective bond energies shown in Table 4-2 must be seen as maximum values for 
the adhesion energy. The minimum value of the adhesion energy is given by the effective 
bond energy.  
Furthermore, there is always an inherent inaccuracy in the calculation of the adhesion 
energy. This inaccuracy is partially due to local measurement of the roughness 
parameters that are used in the calculation. An average roughness higher than the one 
used in the determination of the adhesion energy would mean that the estimated values 
are too low.  
These considerations are the main reason that comparison of the adhesion energies of 
Pyrex-oxidized silicon and those of fused silica obtained in section 4.4 is difficult, as the 
softening points of these materials, and thus the roughness and hardness variation with 
temperature, differ considerably. 
A reliable comparison would be possible by using roughness data obtained after bonding 
and annealing. It is questionable however if the annealed bonds can be separated without 
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disturbing the roughness features. Only by comparing a statistically relevant number of 
samples, it would be possible to perform a reliable calculation of the adhesion energy for 
both Pyrex to oxidized silicon and fused silica to fused silica direct bonds. 
As a result of the above mentioned possible errors in the calculation of the adhesion 
energy, the obtained values cannot be seen as typical for both Pyrex-oxidized silicon and 
fused silica. However, the determination of the effective bond energy for both material 
combinations is still valid. 
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figure 4-12: effective bond energy for different annealing temperatures calculated from the yield pressures 
shown in figure 4-11. The bond energy increases with increasing temperature. The drawn line is a guide to the 
eye and does not represent a physical model. The large error bar at 363ºC is caused by the spreading in the 
measured yield pressure at that annealing temperature. 

 
Keeping this in mind, the calculated energies can be compared to bond strength values 
from literature. The wafer pair annealed at 310°C has an effective bond energy that is 
slightly higher than the calculated pre-bond strength of 0.019 J/m2. This can be explained 
by the fact that the increase of bond strengthening by hydrogen bond formation between 
silanol groups increases the bond strength [15,19,22], but does not contribute 
considerably at this temperature. 
 

Table 4-2: Effective bond energies combined with adhesion energies for Pyrex-silicon samples annealed at 
different temperatures. 

Anneal T 
(ºC) 

Effective bond 
energy (J/m2) 

Adhesion 
parameter θ 

Maximum adhesion 
energy (J/m2) 

316 0.020 3.6 0.10 
363 0.023 3.4 0.11 
425 0.030 3.1 0.12 
470 0.21 1.4 0.26 
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For the highest annealing temperature an effective bond energy of 0.21 ± 0.05 J/m2 was 
found, which corresponds to a work of adhesion of 0.26 ± 0.06 J/m2. In [19] adhesion 
energies for hydrophilic-hydrophilic (oxidized silicon) wafer pairs are presented ranging 
from 0.1 to 0.3 J/m2 for an annealing temperature of 400ºC and ranging from 0.3 to 0.4 
J/m2 for a temperature of 600ºC. Thus this constitutes a good agreement with the limiting 
values for the adhesion energies shown in Table 4-2. 
 
3.5 Conclusions Pyrex-oxidized silicon bonding 
For pressurized microchannels, the relation between maximum pressure, channel 
geometry, materials elasticity and bond energy was investigated. The energy model 
developed in section 2 was substantiated by the measured yield pressures. The predicted 
linear dependence of the maximum pressures on the reciprocal of the squared channel 
width was found to be correct. The model was used to calculate the effective bond energy 
for fusion bonding of Pyrex to oxidized silicon. The effective bond energy increased from 
0.020 J/m2 to 0.21 J/m2 for an annealing temperature increasing from 310ºC to 470ºC. 
Corrected for the influence of surface roughness and assuming that the deformation of the 
roughness features remains elastic at elevated temperatures, this implies that the work of 
adhesion is increased from 0.10 J/m2 to 0.26 J/m2. 
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4. BOND STRENGTH FUSED SILICA DIRECT BONDING 
 
Fused silica is an extremely useful material in chromatographic applications as its wide 
optical transmission window (down to 180 nm) enables use in UV absorption detection. 
In order to be able to use this material in microfluidic applications however, the direct 
bonding of fused silica to fused silica has to be characterized. In this section the 
dependence of the bond strength on annealing temperature was studied by measuring the 
yield pressure of bonded samples annealed at different temperatures.  
The bond strength model developed in section 2 was used to convert these pressure data 
to an effective bond strength. The model was validated in the previous section using 
oxidized silicon-Pyrex samples. However, for the calculation of the effective bond 
strength no assumption on the condition of the interface is made, implying that the model 
can be applied to any type of bond. 
Due to a limited availability of fused silica test wafers, it was not possible to manufacture 
channels with different widths as was done in section 3 for oxidized silicon-glass 
samples. However, validation of the bond model in the previous section included the 
theoretically predicted scaling of the yield pressure as the reciprocal of the squared 
channel width. This means that the fused silica bond strengths obtained in this section can 
be applied to different channel widths than the ones tested. This provides a design tool for 
working with bonded fused silica samples. 
 
 
4.1 Sample fabrication 
The 4” fused silica wafers that were used for the bond tests were single-side polished 
wafers from Valley Design, Inc (CA, USA). As the polished side of these wafers was not 
bondable, a Chemical Mechanical Polishing (CMP) step had to be performed first. This 
was done by using a Semi Sperse 25 (Cabot Microelectronics, Aurora, USA) polishing 
solution. The Ra roughness after polishing is approximately 0.3 nm. 
After polishing the wafers were patterned. A lithography step on the bottom wafer using 
Olin 907-17 resist, followed by a 30 minutes prebake at 120ºC, defined 4 channels of 2 
mm width and 44 mm length, spaced 18 mm apart. They were etched to a depth of 
approximately 1 µm using BHF. Into the top wafer 8 through-holes were powder blasted 
[39] that fit to the channel ends defined into the bottom wafer.  
It was difficult to reliably bond small, diced samples that could be annealed individually 
at different temperatures. Therefore, wafer-scale bonding of the test wafer was 
performed. After Standard Wafer Cleaning (SWC) and Piranha cleaning (H2SO4:H2O2 = 
1:3 for 20 minutes at 1000C), rinsing and dry-spinning the two fused silica wafers were 
contacted and a pre-bond was formed. This pre-bond could be enhanced somewhat by 
rubbing air bubbles towards the outer edge of the wafer pair. 
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figure 4-13: fused silica bond test sample after annealing and gluing of the capillaries 

 
After annealing at 500ºC, the 4 channel samples were diced and 3 samples were annealed 
again at 700ºC, 900ºC and 1100ºC. In all cases the annealing time was 2 hours; a slow 
ramp-up and cooling-down rate of 3ºC / min relative to a stand-by temperature of 400ºC 
was used. A limitation for the maximum annealing temperature was given by the 
maximum furnace performance that is 1150˚C. Furthermore, the upper annealing 
temperature of fused silica was quoted by the supplier at 1050˚C. 
Finally, capillaries were glued to the powder blasted holes using Araldite Rapid glue. 
This resulted in four samples of which one is shown in figure 4-13. It is clear from figure 
4-13 that a void-free bonding interface is created. 
 
 
4.2 Roughness characterization: adhesion energy 
As was done in section 3.1 for Pyrex-silicon bond samples using the model presented in 
[32,33] a real contact area can be found for the bonded fused silica samples. This can be 
used to calculate adhesion energies corresponding to the effective bonding energies for 
fused silica. To that purpose, roughness, elastic and adhesion parameters can be estimated 
from a 2D cross-section scan taken from an AFM scan. This 2D scan is shown in figure 
4-14.  

 
figure 4-14: 2D scan taken from an AFM surface scan of the polished fused silica wafers. 
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The model is valid only if the deformation of the asperities is elastic. A value of 1.3 nm 
for the highest indentation is estimated from figure 4-14 which results in q0 = 0.14 GPa 
using formula (15). As this is smaller that the hardness of 5 GPa given in [40], the model 
is valid for these bonding conditions. However, as noted in section 2.6, this calculation 
may not be valid at elevated temperatures. The bonding parameters needed in this model 
are collected in Table 4-3. For the standard deviation of the summit level σ and the 
asperity radius R effective values are used [41] as we consider the roughness on both 
wafers. 
 

Table 4-3: Roughness, elastic and adhesion parameters for a CMP-polished fused silica surface 

Property Symbol Value 
Compliance [40] D 1.4*10-11 Pa-1 

Hardness [40] K 5 GPa 
RMS roughness σRMS 0.56 nm 
Asperity density η 

2.25 µm-2 

Asperity radius R 50 µm 
SD summit level σ 

0.23 nm 
 
4.3 Measurements 
 
4.3.1 Model remarks 
Since the pressurized channel in the fused silica samples is only 1 µm deep, we cannot 
assume that the relevant bending occurs only in the top wafer as was done for the Pyrex-
silicon samples. Taking into account the effects of both wafers, formula (1) has to be 
adapted as follows: 

),(2*),(),(*2),( yxVpyxUyxUyxU surfelasttot ∆−+=    (17) 

This results in an adapted form of formula (11): 
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Thus the effective bond energy can be directly related to the yield pressure, the Young’s 
modulus and the geometry. 
  
 
4.3.2 Measurement accuracies 
The relative error in the measurement of the bond energy can be calculated using formula 
(18): 
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Since the same characterization setup as for the Pyrex-silicon bond tests was used the 
error induced by the pressure measurements is comparable. The uncertainty in the 
channel width that is determined by the lithography and the isotropic etching is estimated 
to be 1 µm. The wafer thickness is quoted by the suppliers as 940 ± 25 µm which adds an 
error in the order of 8%. For the Young’s modulus no measurement error was specified 
by the supplier. However, considering the relative value (> 10 %) of the remaining 
contributions we assume this can be neglected. 
 
4.4 Results 
The results of the pressure tests on the fused silica channels are shown in Table 4-4 [42]. 
The calculated bond energy at different temperatures is shown in figure 4-15. 
 

Table 4-4: Maximum pressures and resulting bond energies of the bonded fused silica channels. 

Anneal T 
(ºC) 

Maximum 
pressure (bar) 

Effective bond 
energy (J/m2) 

Adhesion 
parameter θ 

Adhesion 
energy (J/m2) 

500 14 0.043 1.34 0.055 
700 21 0.098 0.75 0.098 
900 33 0.24 0.31 0.24 
1100 45 0.45 0.16 0.45 

 
It is clear that the bond energy increases more than linearly with the annealing 
temperature reaching a value of 0.45 J/m2 for annealing at 1100ºC. However, for that 
temperature, deformation of the channel occurred, which could be observed by the optical 
interference in the channel [42]. Repeated tests at this temperature showed the same 
deformation. The most likely cause for this is a visco-plastic deformation of the glass at 
1100ºC. Accordingly, the maximum annealing temperature should thus be limited to 
900ºC. 
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figure 4-15: Bond energy of CMP-treated fused silica after annealing at different temperatures. The drawn line 
is a guide to the eye and does not represent a physical model. 
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In [19] adhesion energies for hydrophilic-hydrophilic (oxidized silicon) wafer pairs are 
presented ranging from 0.1 to 0.3 J/m2 for an annealing temperature of 400ºC and ranging 
from 0.6 to 0.7 J/m2 for a temperature of 1000ºC. The comparably lower values for the 
adhesion energy given in Table 4-4 could be explained the inherent inaccuracy in the 
determination of the adhesion energy as explained in section 3.4. Furthermore a possible 
error is introduced by the fact that these values are based on individual measurements on 
samples from only one wafer pair. Thus any irregularity on one of the wafer surfaces 
affecting the bond strength will directly influence all measurements. 
 
 
4.5 Conclusions fused silica bonding 
Using CMP-treated wafers, fusion bonding of fused silica to fused silica could be 
performed successfully. The bond strength increases with annealing temperature. The 
maximum useful bond strength of 0.24 J/m2 is found at an annealing temperature of 
900ºC. Above this temperature visco-plastic deformation might occur, as was shown for 
the samples annealed at 1100ºC. The maximum bond strength of 0.24 J/m2 corresponds to 
a maximum pressure of 33 bar on 2 mm wide channel. It can therefore be concluded that 
the bond strength is sufficiently high for use in high-pressure microfluidic applications 
such as hydrodynamic chromatography. 
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5. KOVAR ANODIC BONDING FOR MICROFLUIDICS 
 
5.1 Introduction 
Connections are an often-underestimated part of a microfluidic device. The commonly 
used connection techniques all have their individual drawbacks. Among the connection 
techniques that are used are: 
• gluing [43,44] 
• soldering (eutectic bonding) on silicon [45] 
• press-fittings [46,47] 
• Kovar anodic bonding on glass [48] 
Glued connections are not chemically resistant to organic solvents and press-fittings 
cannot withstand high pressures. Eutectic bonding requires an intermediate material 
between the materials to be bonded, in order to create an eutecticum [45]. 
For some applications however, connections are needed that can resist organic solvents 
such as THF and DMSO, are leak-tight at high pressures and preferably are replaceable.  
Kovar anodic bonding could be a suitable technique, if pressure-, temperature- and 
solvent-resistant microfluidic connections are required on a chip that cannot endure 
higher processing temperatures (above 3000C). 
Kovar is a NiCoFe alloy with a thermal expansion coefficient close to the expansion of 
borosilicate glasses (e.g. Pyrex). The exact expansion depends on the relative amounts of 
Ni and Co. 
 

figure 4-16: commercial SwagelokTM low dead-volume connection (A) with threaded Kovar counterpart (B). In 
(C) a Kovar part is shown to which stainless steel capillaries are soldered. 

A

B 
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Next to its thermal expansion match, the main advantages of this material are its 
machineability and the possibility to solder stainless steel capillaries to it. 
Some examples of this are shown in figure 4-16. In figure 4-16A a standard SwagelokTM 
1/16" low dead-volume connection is shown. Its counterpart made in Kovar is shown in 
figure 4-16B. In figure 4-16C a Kovar piece is shown to which three stainless steel 
capillaries are soldered using silver solder. 
In [48] connections are made by bonding Kovar to a Pyrex part of the same size. Thus the 
total Pyrex area is covered. However, when a detection window is necessary, we must be 
able to bond a piece of Kovar locally. Our aim is to use an easily available type of Kovar 
for local anodic bonding to Pyrex. The stresses in the glass that are created at the edges of 
the Kovar piece due to different thermal expansion coefficients can be released by using a 
stress release structure. 
 
 
5.2 Stress release 
It turned out that the Kovar material that is most easily available (for instance at 
Goodfellow)  consists of  29 % Ni, 17 % Co and balance Fe. This type of Kovar has a 
thermal expansion coefficient of 5.1*10-6 /0C in the temperature range from 300C to 
3000C [49]. Considering a thermal expansion for Pyrex of 3.25*10-6 /0C in the 
temperature range from 200C to 3000C [50], this implies an incomplete thermal match. It 
turns out glass fracture is specifically sensitive to tensile stresses. Thus a structure must 
be added that reduces the (tensile) stresses induced by the bonding, otherwise the glass 
will break during cooling down after bonding. 
 

 
figure 4-17: a stress release ring powder blasted into Pyrex 

A structure as shown in figure 4-17 was chosen in which a ring-shaped groove is 
machined into the Pyrex. The ring extends slightly underneath the Kovar piece, thus 
specifically releasing the tensile stresses at the Kovar-Pyrex interface after bonding. 
The ring-shaped groove was machined into the glass using  powder blasting [39]. 
Pressurized air, mixed with small (9-30 µm) particles, is directed through a nozzle onto 
the target, for instance Pyrex (figure 4-18). At the impact of particles material is 
removed. Depending on the masking material and process parameters a selectivity in 
erosion rate of 30-70 relative to Pyrex can be achieved. By scanning the nozzle across the 
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surface, the whole target with all structures is evenly and simultaneously processed. 
Thus, thousands of through-holes can be created at once.  
The stress release ring and the through-holes were processed in the same run. After the 
required ring depth was reached, the mask window of the rings was covered with a steel 
sheet. Consequently, only the through-holes were powder blasted completely through the 
wafer. The deeper the ring, the better the stress will be released. However, a trade-off 
must be found between the ring depth and the remaining glass thickness. It turned out that 
in our case a ring depth of 170 ± 10 µm was sufficient. 
 

 
 

figure 4-18: the powderblasting process 

 
 
5.3 Measurements 
For all tests massive round Kovar pieces were used with a diameter of approximately 10 
mm. This geometry was chosen because it could be used for fluidic connections as shown 
in Figure 1. 
The bond surface of the Kovar was polished manually until a Ra < 100 nm in order to 
improve the surface roughness. Polishing was performed in three stages: after 15-20 min 
polishing with SiC 800, diamond paste with 2-4 µm particles was used. The last polishing 
step was done using diamond paste with 0-0.5 particles. The initial tests were performed 
on Pyrex with holes or through-holes ranging from 0.5 to 1 mm in diameter. 
Anodic bonding of Kovar to Pyrex was done by applying a positive voltage to the Kovar 
relative to Pyrex for a certain time at an elevated temperature. Thus the process 
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parameters were temperature, bonding time and bonding voltage. The bonding time was 
set at 3 hours and chosen considerable larger than those used in silicon-Pyrex bonding in 
order to eliminate the influence of bonding time. Only temperature and voltage were 
varied. Generally, a higher temperature and / or voltage results in a higher bond strength. 
Since we were interested in bonding at lower temperatures, we chose a bonding voltage 
that was as high as possible, limited by the voltage source (3.0 kV), and varied the 
temperature. In that way the temperature window available for bonding could be found. 
For a Pyrex wafer with a thickness of 500 µm and elevated temperatures around 2500C, 
breakdown of the air under atmospheric pressure in the through-holes between the Kovar 
and the bottom electrode already starts at 800 V. Thus the bonding was performed in a 
vacuum chamber where the pressure during bonding was kept below 10-5 mbar. 
 
 
5.4 Results 
 
5.4.1 Bond tests 
The results of the bonding tests of polished Kovar samples on Pyrex using a stress release 
ring are shown in Table 4-5. At 4000C the sample cracked due to the differing thermal 
expansion of Pyrex and Kovar, despite the stress release structure. Consequently, a 
temperature window for bonding of this type of Kovar from 2000C to 3000C was found. 
For a number of applications, the Pyrex will be bonded to a silicon substrate before the 
connections are made. From figure 4-19 it becomes clear that positively charged ions in 
the glass, which is mainly Na+, will be transported to the silicon-Pyrex interface. This 
mechanism affects the silicon-Pyrex bond interface, as shown in figure 4-20. At voltages 
above 1.5 kV regions with a high reflectance (probably Na) and brown spots are created, 
which deteriorates the bond. Additionally, in some cases small cracks in the Pyrex at the 
interface could be observed. These results are in agreement with the findings in [51].  
From these results it was decided to reduce the bond voltage to 1.5 kV. This resulted in a 
smaller temperature window as shown in Table 4-5. Only at 2500C a satisfactory bond 
was created. It is thought however, that better polishing techniques could lower this 
bonding temperature. A thorough explanation of the relation between roughness and bond 
energy is given in  [33]. 
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figure 4-19: local anodic bonding of Kovar on a bonded Pyrex-silicon fluidic structure. 
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Table 4-5: Bonding results of individual samples at different temperatures for 3 hours at 3.0 kV and 1.5 kV on 
Pyrex and on anodically bonded Pyrex-silicon wafers, respectively. 

Bond temperature  Result at 3.0 kV Result at 1.5 kV 
200ºC good bond not bonded 
225ºC good bond loose after 15 min 
250ºC good bond good bond 
300ºC good bond cracked 
400ºC cracked not tested 

 
 

 
figure 4-20: the interface of a Pyrex-silicon wafer pair after applying a voltage as seen through the Pyrex. A 
negative potential relative to the silicon was applied to the Pyrex by a silicon electrode. Applied voltages were 
1.5 kV (A), 2.0 kV (B) and 3.0 kV (C). Dimensions of the pictures are approximately 1 x 1 mm. 

 
5.4.2 Bond strength 
Because we were aiming at pressure-, temperature- and solvent-resistant microfluidic 
connections it was important to test our Kovar bonds with respect to these requirements. 
Because no glue is used, the connections will undoubtedly be resistant to solvents 
commonly used in chromatography. 
For the samples from Table 4-5 bonded at 2000C, 2500C and 3000C at 3 kV the 
temperature resistance was tested. During heating the bond strength was tested manually. 
For the sample bonded at 2000C the bond released at 2000C. The samples bonded at 
2500C and 3000C were tested up to 3000C. No release of the bond could be observed at 
that temperature. From these tests it can be concluded that the samples can at least 
withstand operating temperatures equal to the bond temperature. 
The pressure resistance was estimated by testing the bond strength for the sample from 
Table 4-5 bonded at 2500C and 1.5 kV. This was done by pulling the Kovar and the 
silicon-Pyrex wafer pair from each other while measuring the force. A force of 27 ± 1 N 
was obtained for a bonded area corresponding to a circle with a 8 mm diameter. This 
would correspond to a bond strength of 0.54 ± 0.02 MPa. However, only the outer part of 
the Kovar-Pyrex bond was released. A part of the silicon-Pyrex bond in the middle is 
destroyed as well, meaning that part of the Pyrex is broken. Consequently, at the edges 
the bond strength of the silicon-Pyrex bond is stronger while in the middle the Kovar-

A B C 
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Pyrex bond is better. This is probably due to a slight curvature in the Kovar bond surface. 
Weakening of the silicon-Pyrex bond due to the high bonding voltage used for Kovar 
bonding could have an impact as well. Thus it is questionable if the result of this pull test 
can be directly related to the bond strength of the Kovar-Pyrex bond. 
However, we can still relate the strength of the whole structure to a pressure by assuming 
for instance 4 connections in the Kovar piece, each 0.5 mm in diameter. This pull test 
then implies a pressure resistance of over 200 bar for each connection. Fluidic pressure 
tests must be performed for more accurate values of the pressure resistance of Kovar 
connections, as bonding-induced cracks in the glass could result in leaks. 
 
 
5.5 Kovar microfluidic connections 
Using the parameters obtained above, it was possible to bond Kovar fluidic connections 
to a glass-silicon chip without creating cracks in the glass. However, when using the 
connections in a measurement setup, the bond interface could not withstand the 
associated handling forces [52]. 
This was partially due to the capillaries that were soldered to the Kovar, which 
complicated the manual polishing of the Kovar. Moreover, the surface roughness that 
could be obtained using this manual polishing process was not optimal. In [53] a 
comparable study aimed at Kovar for (fluidic) connections was carried out, coincident 
with the study presented here. The authors state a roughness of better than 5 nm for their 
samples. Considering the roughness of better than 100 nm for the manually polished 
samples, the more difficult bonding of our samples is not remarkable. 
 
 
5.6 Conclusions regarding Kovar bonding 
Local anodic bonding of a common Kovar alloy to Pyrex was studied. Because of 
different thermal expansion coefficients of Kovar and Pyrex a structure was added in 
order to release the thermal stresses induced during bonding. Optimum bonding 
conditions on Pyrex and on a Pyrex-silicon bonded wafer pair were investigated by 
applying a bond voltage as high as possible and varying the bond temperature. Bond 
voltages above 1.5 kV turned out to affect the Pyrex-silicon bond negatively. 
Consequently, Kovar bonding on Pyrex in vacuum is possible by applying 3.0 kV for 3 
hours at 2000C - 3000C. On a Pyrex-silicon bonded structure, bonding in vacuum can be 
done by applying 1.5 kV for 3 hours at 2500C. 
Application of this technology to microfluidic connections however, turned out to be 
difficult. The external stresses introduced by handling of the chip in a measurement setup 
destroyed the bond. For use as reliable microfluidic connections a higher bond strength is 
needed. This could be realized by improving the polishing process resulting in a lower 
roughness of the Kovar bonding interface. 
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6. CONCLUSIONS 
 
Several aspects of bonding, focused on microfluidic applications, have been studied in 
this chapter. First of all a method was developed for characterization of the bond strength 
of various samples. The energy model that was used relates maximum pressure, channel 
geometry, materials elasticity and bond energy of pressurized microchannels. It was 
validated by the maximum pressures measured for channels created by fusion bonding of 
Pyrex to oxidized silicon. 
The model was used to calculate the effective bond energy for fusion bonding of Pyrex to 
oxidized silicon and of fused silica to fused silica. The effective bond energies for Pyrex-
silicon and fused silica were found to increase with annealing temperature. The 
maximum values of 0.21 J/m2 (Pyrex-silicon) and 0.24 J/m2 (fused silica) were found at 
470ºC and 900ºC respectively, which were the maximum annealing temperatures that 
could be applied. 
The results indicate that the studied bonding techniques are well suitable for use in high-
pressure microfluidics. 
In the second major part of this chapter local anodic bonding of a Kovar alloy to Pyrex 
was studied. Bonding conditions of 1.5 kV for 3 hours at 250ºC in vacuum were found to 
lead to a strong bond onto a Pyrex-silicon structure. However, for use as microfluidic 
connections the resulting technology was not reliable enough. The main reason for this is 
that the roughness of the bonding surface of Kovar connection parts could not be 
sufficiently controlled. 
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Table 4-6: List of variables 

Name Variable Unit 
Apparent area of contact Aa m2 
Normalized real area of contact Ab

* - 
Real area of contact Ar m2 
Beam length b m 
Mechanical compliance D Pa-1 
Young’s modulus E Pa 
Electric field E  V/m 
Moment of inertia I m4 

Hardness K Pa 
Channel length L m 
Pressure p Pa 
Force per length unit p’ N/m 
Hertzian pressure q0 Pa 
Asperity radius R m 
Beam thickness t m 
Elastic energy Uelast J 
Surface energy Usurf J 
Total energy Utot J 
Beam deflection v(z) m 
Maximum beam deflection vmax m 
Channel width w m 
Normalized effective bonding energy wb

* - 
Spatial coordinates x,y m 
Coordinate along bending beam z m 
Indentation of an asperity Z m 
Volume change ∆V m3 

Adhesion energy ∆γ J/m2 
Effective bonding energy ∆γb J/m2 

Asperity density η 

m-1 

Standard deviation (SD) of the summit level σ m 
RMS roughness σRMS m 
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Chapter 5  
The Hydrodynamic 
Chromatography Chip 
 
 
 
 
 
ABSTRACT 
 
In this chapter the design and fabrication of a planar 
hydrodynamic chromatography chip is described. A design is 
presented incorporating a 1 µm deep and 500 or 1000 µm wide 
separation channel with an integrated sub-nanoliter injection 
structure.  
The fabrication of this HDC design is described using a Pyrex-
silicon structure. Subsequently, the fabrication of a fused silica 
HDC chip is presented that employs an enhanced design 
containing an integrated optical detection cell.  
The chips were successfully characterized using fluorescence 
microscopy and UV absorption detection. The separation 
performance was demonstrated by successful separation of 
various particles and molecules. 
 

 
 



 Chapter 5 

 

110

1. INTRODUCTION 
 
In this chapter a chromatography chip is presented in which the HDC separation 
principle, as discussed in chapter 1, 2 and 3, is used in a planar configuration. As shown 
in chapter 3 the separation capability of the HDC technique is purely based on geometry, 
so that no packing material is necessary in the separation column. Injection is performed 
on-chip enabling sub-nanoliter injection volumes. Further advantages are fast analysis, a 
potentially high separation efficiency, negligible solvent consumption and easy 
temperature control necessary for future high temperature applications. 
As discussed in chapter 3 separation of molecules and nanoparticles requires one channel 
dimension in the micrometer range. For a circular channel this means that the detection 
suffers from the low signal levels generated in the small detection volume [1,2]. By using 
a planar configuration with a depth in the micrometer range and a channel that is as wide 
as possible, the detection volume can be increased while maintaining the geometrical 
separation. A schematic drawing of the chip is shown in figure 5-1. An injection structure 
is added that is capable of defining a sample plug directly at the beginning of the 
separation channel.  
Detection is performed externally by using either fluorescently labeled or UV-absorbing 
materials. In a first design, realized in silicon and glass, external fluorescence detection in 
the shallow channel is used that does not profit from a wider channel. Nevertheless, the 
device is designed using a maximized channel width. This is done, because the 
fabrication of such a wide, shallow channel reveals the limits of the microfabrication 
technology. Any processing nonuniformities could influence the separation performance. 
The large channel width is utilized in a second design where a detection cell is 
incorporated after the separation channel, which increases the optical path length by 
using a narrower and deeper channel. The second design is realized using fused silica 
micromachining. 

 
figure 5-1: a planar HDC-chip. The micrometer high separation channel is shown together with the waste slit 
and the injection slits buffer in (1), sample in (3) and sample out (2) that are etched into the bottom wafer. 
These slits are connected to a pump-valve system by through-holes in the top wafer (not shown). 
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2. HDC CHIP DESIGN 
 
The HDC chip from figure 5-1 consists of two basic parts: the injection structure and the 
separation channel. Additionally, a detection cell can be added at the exit of the 
separation channel. Several fabrication issues affecting the dimensions of the separation 
channel are described in the first paragraph of this section. The second paragraph deals 
with the injection principle and possible injection configurations. In the third paragraph 
the detection cell is described. This leads to the chip dimensions described in the final 
paragraph. 
 
 
2.1 Fabrication 
As shown in figure 5-1 we need to define the injection slits (shown on the left) and the 
separation channel by etching down to two different levels in the bottom wafer. 
Furthermore, because we want to use external optical detection, at least one side of the 
chip should be transparent. Finally, through-holes in the top wafer (not shown) must 
provide entrance and exit holes. Thus, a material or material combination is required that 
is transparent and enables definition of a well-defined geometry. 
One option for fabrication of the HDC chip is the use of glass and silicon 
microtechnology. This well-known technology can be applied to create a well-defined 
geometry. Moreover, it is compatible with organic solvents and it is suitable for operation 
at elevated temperatures. Using a silicon wafer on one side enables a well-defined fluidic 
structure, while a glass wafer on the other side can close the structure and enable external 
optical detection. The disadvantage of using two wafers of different materials is the 
mismatch of the thermal expansion coefficients, which can induce stresses when the chip 
is subjected to higher temperatures. Using the same materials for both top and bottom 
wafers could circumvent this problem. 
This can be realized by using fused silica. The solvent-compatibility and temperature 
resistance of silicon and glass apply to fused silica as well. An additional advantage of 
fused silica is the better optical transmission. For UV grade fused silica a transmission 
region of 0.18 – 2.5 µm is possible [3]. This would enable absorption detection in the 
deep-UV spectral region. 
The main disadvantage of using fused silica is the less well-established processing 
technology. The application to fused silica of well-known silicon and glass 
microtechnology steps, such as wet etching, Deep Reactive Ion Etching and bonding, is 
relatively new for the MESA+ cleanroom in which the processing was performed. 
Consequently, a first HDC chip design is realized in silicon and glass. A second, more 
enhanced design is realized in fused silica. Because of the relative novelty of the fused 
silica microtechnology, a thorough explanation of the processing steps is included. 
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2.2 Injection principle 
As discussed in chapter 1, the first step in analytical separations is the definition and 
injection of a plug with sample material at the entrance of the separation channel. The 
boundaries of the plug and the buffer solution in the separation channel must be well 
defined. This means that both a well-defined injection geometry preventing convective 
mixing and a short injection time limiting diffusive mixing are needed. 
As we have a shallow, wide separation channel, and since we are using pressure-driven 
flows a simple T-injection as used in on-chip capillary electrophoresis [4] is not 
sufficient. Therefore the injection configuration as shown in a side view in figure 5-2 was 
designed. 
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figure 5-2: injection schematic: the three injection slits as depicted in figure 5-1 are shown in a cross-section 
along the channel. In the first step sample is introduced between slit 2 and slit 3. In the second and third step 
slit 2 is closed and solvent is pushed through slit 1 moving part of the sample into the separation channel. The 
remaining part is pushed through a well-defined resistance connected to slit 3 in order to prevent tailing of the 
sample plug. 

 
In the first step sample is introduced from slit 3 to slit 2 thus defining a sample plug. In 
the second and third step slit 2 is closed and buffer is pumped through slit 1 moving the 
sample plug to the separation channel. A fluidic resistance behind slit 3 creates a well-
defined leak that prevents tailing at the trailing edge of the plug. This principle can be 
applied only if the fluidic resistance of the injection slits is negligible compared to that of 
the separation channel part between slit 1 and slit 2. 
A 3D simulation of the injection using the FLUENTTM software package (Fluent Inc., 
Lebanon, USA, version 5.5.14) is shown in a top view in figure 5-3 [5]. For this 
simulation, a sample with a diffusion constant of 5*10-10 m2/s in water is injected into a 1 
µm high and 0.5 mm wide channel. The injection slits are 10 µm wide and 20 µm deep. 
Slit 2 and slit 3 are spaced 300 µm apart. The fluidic resistance in slit 3 has the same 
resistance value as the separation channel. The sequence on the left shows the filling of 
the space between slit 2 and slit 3. The sequence on the right shows the injection of a 
rectangular plug into the first part of the separation channel. It is clear that in the final 
step a well-defined sample plug is introduced into the channel. 
How this can be translated to a planar structure is shown in a top view in figure 5-4, 
which shows a first design of the injection region of the HDC chip. The deep injection 
slits are shown darker than the shallow HDC separation channel. The fluidic resistance 
behind slit 3 is created by defining a 50 µm wide channel with the same width : length 
ratio as the separation channel. If this channel is etched to the same depth as the 
separation channel, the fluidic resistance of both channels will be the same. 
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figure 5-3: 3D injection simulation showing slit 2 and slit 3 in a top view. The sequence on the left shows the 
filling of the space between slit 2 and slit 3. The sequence on the right shows injection of a rectangular plug into 
the first part of the separation channel. In this simulation the fluidic resistance in slit 3 has the same resistance 
value as the separation channel. 

 
The injection slits are connected to through-holes in the top Pyrex wafer. For slit 3 two 
through-holes are used that are interconnected using a wide, low hydraulic resistance 
channel and that are connected to slit 3. This enables a fast transport of the sample to slit 
3 by flushing the interconnection channel with sample solution. After blocking of one of 
the holes the sample can be introduced into slit 3.  
 
 
 
 
 
 
 

figure 5-4: mask layout (top view) of the first design of the HDC chip injection region. Darker structures are 
etched deeper. 

 
The injection design shown in figure 5-4 is realized in silicon. The main flaw in this 
design is the transition from the shallow resistance channel to the deeper sections of slit 
3. The sharp-edged structure creates regions of stagnant flow complicating removal of 
used sample from the slit. For the HDC chip defined in fused silica therefore an adapted 
design is used as shown in figure 5-5. The deeper sections of slit 3 and the resistance 
channel are aligned, thus eliminating unnecessary corners.  
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Furthermore, in order to reduce sudden steps in the channel depth, the deeper region 
extends into the shallow channel as shown in the inset in figure 5-5. It is based on the so-
called RIE-lag, causing a smaller channel to be etched less deep, that is encountered 
when using the Reactive Ion Etching (RIE) process for definition of the slits [6,7]. Thus 
the channel will gradually increase in depth going from the resistance part to the injection 
slit. 
 
 
 
 
 
 
 

 

figure 5-5: mask layout (top view) of the second design of the HDC chip injection region. Darker structures are 
etched deeper. 

 
 
2.3 Detection 
Optical detection without the use of integrated optical components, such as waveguides, 
must be performed externally. In such a configuration the channel height defines the 
optical path length. In that case, the optical detection does not benefit from the large 
aspect ratio (and the corresponding large channel width) as detection is performed with 
the optical beam aligned perpendicular to the chip surface. 
Therefore an optical detection cell was integrated into the fused silica HDC chip by 
creating a deeper slit, connected to the separation channel. For a comparable spatial 
resolution the lengths of the separated plugs must be preserved. This implies that the slit 
needs to be narrower than the separation channel. 
In order not to disturb the separation profile before the plugs are detected, the plugs must 
be guided from the wide, shallow separation channel to the narrower, deeper slit. This 
can be realized in two stages: the first transition is from a wide to a narrower channel; in 
the second stage the plugs are guided from a shallow to a deeper structure. 
 
 
 
 
 
 

figure 5-6: top view of a possible transition from a wide, shallow separation channel to a narrower and deeper 
optical detection cell. Darker regions indicate a deeper structure. 
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This can be realized as shown in figure 5-6 in which deeper regions are shown darker. A 
structured nozzle directly after the separation channel provides the width transition. The 
structures reduce path length differences leading to a limited additional peak broadening 
as is shown in figure 5-7. Computational Fluid Dynamics (CFD) using the FLUENTTM 
software package (Fluent Inc., Lebanon, USA, version 5.5.14) showed an increase in the 
peak width of 1 % for an 8 cm long separation channel [8]. A nozzle without structures 
causes an approximately 5 times larger peak broadening [8]. 
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figure 5-7: a comparison of the transition of a sample zone from a 1 µm high and 500 µm wide channel to a 25 
times narrower channel using a nozzle without (A) and with (B) structures. The original zone is rectangular, 50 
µm long, with a uniform mass fraction of 0.001. The diffusion constant is 3.5*10-11 m2/s.  

 
A structure providing a depth transition from a 1 µm high to a 30 µm deep channel is 
shown in figure 5-8. It exploits the RIE lag occurring in the narrower parts of the deeper 
triangular structures shown in figure 5-6. This means that a more gradual increase in 
depth is created. The depth profile for the detection cell is approximated with an 
ellipsoidal shape. The minimum channel depth (15 µm) is half of the maximum depth. 
This is calculated from the estimated maximum aspect ratio (15) and lithography 
resolution of 1 µm. 
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figure 5-8: calculated velocity distributions for a straight (A) and a gradual (B) increase in depth going from a 
30 µm wide and 1 µm deep channel to a 30 times deeper and equally wide channel. 

 
From figure 5-8 it can be concluded that the structured cell (figure 5-8B) performs better 
than a non-structured one (figure 5-8A). This is clear from a comparison of the cross-
sections of the velocity profile, perpendicular to the flow direction, which show a large 
region of slow flow directly after the straight transition. CFD simulations show that the 
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structured transition generates a 4 % increase in peak width [8].  
Addition of the individual contributions of the two transition structures to the peak 
variance shows that the complete transition from the separation channel to the detection 
cell gives an increase in peak width of approximately 5 %. 
The structure outlined above does give an improvement in detection limits, but it is also 
certainly not optimized. In [8] several possibilities for optimization are presented, either 
based on this optical detection cell or on an adapted shape of the waste slit. 
 
 
2.4 Chip layout  
In this paragraph dimensions will be assigned to the structures designed in the previous 
paragraph. 
 
2.4.1 Separation channel dimensions 
As discussed in chapter 3, the separation performance increases with channel length 
implying that the channel should be as long as the wafer size permits.  
The required channel height is determined by the analyte size. For a prototype HDC 
channel however, no specific working range is given. Therefore a channel height of 1 µm 
is chosen, which, following the theory from chapter 3, would be an optimal height for 
polystyrenes in a mass range from 100 kDa to 28 MDa. In a 1 µm high channel an 
optimum separation of particles that are comparable in size is realized around an effective 
radius of 160 nm. In order to be able to reach and occasionally exceed the optimum 
velocity associated with this channel height, a pressure of at least 10 bar is required, as 
can be derived from figures 3-8 and 3-10 from chapter 3. 
Since the detection volume should be maximized, the channel width needs to be as large 
as possible. This is among others mechanically limited by the maximum pressure of 10 
bar. However, since any nonuniformity in channel height across the channel width 
disturbs the shape of the zone profiles and because it can be expected that this effect 
increases with increasing channel width, the width needs to be limited. As the exact effect 
of a nonuniform cross-section on the shapes of the separated zones will only be clear 
after separations are performed, the choice will be made that the total deviation should 
not exceed 1% of the channel height. The factors determining the cross-section 
uniformity will be discussed in the following section. 
 
2.4.2 Constraints on the channel width 
The channel width of the Pyrex-silicon chip is influenced by several constraints: 
1. The bond strength required to withstand the pressure in the channel. In section 3 of 
chapter 4 maximum pressures, channel width, bond strength and material parameters for 
Pyrex to silicon direct bonding are related. From these data it can be concluded that for a 
maximum pressure of 10 bar the channel should be smaller than 1.0 mm. 



The Hydrodynamic Chromatography Chip      117 

 

2. The uniformity of the channel height. As discussed above, the channel height should 
be uniform as possible across the channel width. The uniformity is influenced by: 
- the uniformity of the channel definition in silicon oxide. For thermal oxidation the 

thickness profile is centrosymmetric, which means that a channel running through 
the wafer center will exhibit the lowest nonuniformity. In that case the channel 
height variation will be well below the nanometer for a 1.0 mm wide channel.  

- the deformation of the channel during pressurization. This can be calculated exactly 
by using the theory presented in [9]. For a 1.0 mm and a 0.5 mm wide channel using 
a 500 µm Pyrex wafer (Young’s modulus 75 GPa) the deflection will be in the order 
of 3 nm and 0.2 nm respectively for a pressure of 10 bar. 

- the deformation of the closed channel due to the thermal stresses induced during 
bonding. This is shown in figure 5-9 for different channel widths and annealing 
temperatures of the silicon to Pyrex fusion bonding process. It turns out that 
minimum deformation occurs at an anneal temperature of 4250C for relatively small 
channels. 

Altogether this leads to an approximate total channel height variation of 10 nm and 5 nm 
for a 1.0 mm and 0.5 mm Pyrex-silicon channel respectively. 

 
figure 5-9: measured maximum deviation of the cross-section of the channel from the ideal flat shape at 
different annealing temperatures, derived from surface scan data. 

 
The channel width of the fused silica channels is limited by: 
1. The bond strength needed to withstand the pressure in the channel. In section 4 of 
chapter 4 the yield pressures for bonded fused silica channels are estimated. For the 
lowest annealing temperature used (500ºC) a maximum pressure of 14 bar is found for a 
2 mm wide channel, which is sufficient for this HDC chip. 
2. The uniformity of the channel height. This uniformity is influenced by: 
- the uniformity of the channel definition. As the channel is etched into fused silica 

using an isotropic etchant, the height variation will be random and therefore does not 
constrain the channel width. 

- the deformation of the channel during pressurization. As for Pyrex-silicon this can be 
calculated exactly by using the theory presented in [9]. For a 940 µm fused silica 
wafer (Young’s modulus 72 GPa) and a pressure of 10 bar, a maximum deflection of 
10 nm requires an approximate channel width of 1.8 mm. 
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Thermal stresses do not play a role as both top and bottom wafers are fused silica wafers 
having the same  thermal expansion coefficients. 
From the constraints outlined above, a maximum channel width of 1.8 mm can be derived 
for fused silica, which is mainly determined by the pressure deformation. However, for 
the fused silica chip a width of 0.5 mm is chosen since this is thought to enable a better 
comparison between the Pyrex-silicon and the fused silica chips. 
 
 
2.4.3 Injection and detection structure dimensions 
The dimensions of the injection slits are a compromise between a low hydraulic 
resistance relative to the separation channel (on which the injection principle is based) 
and a low internal volume, thus minimizing the injection dead volume. According to the 
simulations from figure 5-3, 10 µm wide and 20 µm deep slits enable injection of a well-
defined plug. The spacing Li between slit 2 and slit 3 defines the length of the plug. In [5] 
an optimum spacing of 150-300 µm is derived. Therefore, Li = 300 µm was chosen for 
the silicon prototype; for the fused silica version Li = 150 µm was used. 
As the simulations in [8] indicated that a 30 µm deep and 30 µm deep optical detection 
performs well, this geometry was used. The total length of the cell (1.23 mm) includes a 
230 µm long nozzle and a 60 µm long depth transition region. 
 
 
2.4.4 Overall dimensions 
All processing is performed on 10 cm wafers. Leaving sufficient handling space around 
the wafer edges requires a minimum distance of 10 mm between the HDC structures and 
the edges. This leads to the device dimensions shown in Table 5-1.  
 

Table 5-1: Relevant dimensions for the HDC chip design for fabrication in Pyrex-silicon and fused silica. 

Dimension Pyrex-silicon Fused silica 
Separation channel height 1 µm 1 µm 
Separation channel width 0.5 or 1.0 mm 0.5 mm 
Separation channel length 80 mm 71.6 mm 
Injection length 300 µm 150 µm 
Injection slit width 10 µm 10 µm 
Injection slit depth 20 µm 30 µm 

 
Because of the uniformity considerations for channel definition in silicon mentioned in 
section 2.4.2 the separation channel will have to coincide with the center of the wafer. 
Thus only one HDC device will fit on a wafer. As this constraint does not apply to fused 
silica, two HDC devices can be processed on one fused silica wafer. 
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3. FABRICATION 
 
As different fabrication processes are used for the Pyrex-silicon and fused silica designs, 
these will be outlined in different sections. Both designs use fusion bonding [10,11], 
which is described in more detail in section 1 of chapter 4. For the combination of Pyrex-
silicon this is done because the electrostatic forces that are applied during anodic bonding 
could deform or even close the shallow channel (figure 3-1). Since fused silica does not 
contain sodium ions, fusion bonding is needed for the fused silica chip as well. 
Appendix A1 and A2 contain the process sheets that describe the used settings in more 
detail. 
 
 
3.1 Pyrex-silicon HDC chip 
After standard HNO3 cleaning, 4” silicon wafers were thermally oxidized creating an 
approximately 1 µm thick thermal oxide layer. Lithography created the first masking 
layer used for local BHF etching of the silicon oxide layer, defining the separation 
channel and the injection slits. A new lithography step defined the etch openings for the 
injection slits. These were etched to a depth of approximately 20 µm using cryogenic 
Deep Reactive Ion Etching [6,7]. Polished Pyrex wafers were patterned using 
powderblasting [12-14] defining entrance and exit through-holes. 
 

Table 5-2: Channel yield pressures for direct bonded Pyrex-silicon annealed at different temperatures. 

Yield pressure (bar) Anneal T 
(ºC) 

Effective bond 
energy (J/m2) 0.5 mm width 1.0 mm width 

316 0.020 78 19 
363 0.023 83 21 
425 0.030 95 24 
470 0.21 253 63 

 
After bonding annealing was done at 4250C in accordance with figure 5-9 for minimum 
channel disturbance due to thermal stresses. The bonding results outlined in section 3.4 of 
chapter 4 are converted to yield pressures for different channel widths and shown in 
Table 5-2. For the applied annealing temperature, a maximum pressure of 24 bar for the 
1.0 mm and 95 bar for the 0.5 mm wide channels are obtained. 
A SEM picture of a part of the fabricated silicon chip after channel definition and slit 
etching is shown in figure 5-10. Part of the left and side wall of the channel defined in the 
silicon oxide layer is visible. Furthermore, the leftmost injection slit (slit nr. 1) is shown. 
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figure 5-10: SEM picture showing slit 1 etched into the bottom of the separation channel. 

 
3.2 Fused silica HDC chip 
As for the Pyrex-silicon HDC chip, both a top and a bottom wafer must be processed. 
The top wafer only contains powderblasted holes. The processing of the channel 
structures into the fused silica bottom wafer is described in the following sections. 
 
3.2.1 Channel definition 
After standard HNO3 cleaning, 4” fused silica wafers were patterned creating the first 
masking layer. Subsequently, the separation channel was defined by local BHF etching of 
the fused silica bottom wafer [15,16]. The etching was performed in a beaker in which 
the fluid was continuously stirred. This lead to a uniformity in etching depth along the 
channel length of better than 7 %, which is sufficient for the HDC chip, since this 
variation only causes a change in velocity of the complete plug. Because of problems 
with the surface profiler the more important uniformity in depth across the channel width 
could not be determined reliably. The resulting structure after 16 min of BHF etching is 
shown in figure 5-11A. Well-defined channels were obtained. On a local scale however, 
pinholes, probably caused by stress concentrations, were found as shown in figure 5-11B. 
The depth of the pinholes cannot be estimated from these SEM pictures. The presence of 
these pinholes could be a source of peak dispersion. A quantitative measure for the 
influence of the pinholes and the depth nonuniformity on the separation will become 
clear from the separation results presented in section 4.6. 
 

 
figure 5-11: SEM picture of the nozzle (A) at the end of the separation channel after BHF etching. In (B) an 
enlarged part of the etched surface is depicted, showing a pinhole. 
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3.2.2 Deep Reactive Ion Etching 
In the next step the deeper injection slits and the optical detection cell must be defined 
down to a depth of 30 µm. This is done using Deep Reactive Ion Etching. Since no 
experience with fused silica processing was present within the MESA+ Institute, etch 
parameters were optimized with respect to etching speed and directionality using a 
statistical model, the so-called Central Composite Design (CCD). Initial etching was 
performed on oxidized silicon wafers. A thorough description of the complete procedure 
is given in [17]. 
From this investigation a process was chosen that was applied to several masking 
materials. The used parameter settings and the etching selectivities of the tested masking 
materials, defined as the fused silica etch rate relative to the mask etch rates, are given in 
Table 5-3 [17]. Both Ti and TiO2 were completely removed after 10 minutes of etching. 
Furthermore, it is clear from Table 5-3 that Ni (using an adhesion layer of 20 nm Cr) has 
the highest selectivity and is thus the best mask material. 
 

Table 5-3: Etching selectivities [17] for various masking materials etched using the parameters settings: CCP 
power 50 W, ICP power 1400 W, pressure 5 mTorr, temperature 20ºC, SF6 flow 40 sccm and Ar flow 20 sccm. 
The etching time was 10 minutes. 

 Al Al2O3 Cr Ni Ti TiO2 

Thickness (nm) 580 290 350 198 370 370 
Selectivity 19 17 38 75 - - 

 
For a required etch depth of 30 µm a minimum mask thickness of 400 nm is required. 
Consequently, thicknesses of 20 nm and 470 nm were chosen for the Cr and Ni layers, 
respectively.  
The patterning of the Ni and the Cr forming the chosen metal mask was performed 
independently. The patterning of the Ni layer is the most critical step is this process. 
 
 

 
figure 5-12: Metal lines after wet etching of the Ni and Cr layers. In (A) the result is shown after Ni etching at a 
temperature of 50ºC. In (B) a pattern etched at 45 ºC is shown. 
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After standard lithography and a thorough postbake, the Ni layer is etched using a 50% 
solution in water of a standard Aluminum etchant (Merck, product number 115435) at 
45ºC. A short (15 seconds) dip in DI water at 50ºC prior to the Ni-etch enhances the 
etching considerably. After rinsing with DI water the Cr-layer is etched. If the DI dip 
prior to the Ni-etch is dropped or if the temperature of the etchant is too high, a result as 
shown in figure 5-12A is obtained. A well-defined geometry by correctly following the 
protocol described above is shown in figure 5-12B. 
The subsequent etching of the fused silica was done using the process parameters given 
in Appendix A2. Etching was performed in cycles of 5 minutes followed by 5 minutes of 
idle time, in order to prevent overheating of the ICP power supply. Furthermore a quartz 
plate was used that covers the outer edge of the wafers. This reduces redeposition of the 
mask material onto the wafer. The chosen process creates a bias voltage of 130-160 V 
and etches fused silica at 320 nm/min [17]. 
 

 
figure 5-13: Microscope picture of part of the nozzle at the end of the separation channel showing a Ni mask 
into which the “bird beaks” are defined as described in section 2.3. The radius of the rounded parts of the bird 
beaks is approximately 2 µm 

 
A part of the fused silica chip after wet etching of both the Ni and Cr layers and DRIE 
etching to a depth of 30 µm is shown in figure 5-13. It shows the transition region with 
the bird beaks that are described in section 2.3, between the nozzle and the deeper optical 
slit. The rounded parts of the bird beaks (diameter approximately 4 µm) are caused by a 
combined action of the lithography and the used isotropic etchants. 
After DRIE etching the metal mask can be removed by using the same process as used 
for patterning of the mask. An increased etch time is necessary however, probably due to 
redeposition of silica on the Ni surface. SEM pictures of the same region as shown in 
figure 5-13 are shown in figure 5-14. From figure 5-14A it is clear that the effect of the 
RIE-lag is not as prominent as was assumed in the simulations from section 2.3.  
This is mainly due to the rounded corners of the bird beaks that create an approximately 4 
µm wide mask opening. Combined with the 30 µm etch depth an aspect ratio of 8 results, 
at which only a small effect of the RIE-lag is visible. 
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figure 5-14: Etching results in fused silica of the transition region between the nozzle at the end of the 
separation channel and the optical detection slit. From (A) it is clear that the effect of the RIE-lag is not as 
prominent as desired. In (B) an enlargement of the bottom of the optical detection slit is shown. Apart from 
some scattered pinholes, the surface appears to be smooth. 

 
Apart from some scattered pinholes, the surface of the bottom of the optical detection slit 
is smooth. This is important in order to reduce detection scattering losses. 
 
 
3.2.3 Bonding 
As removal of the masking layer after DRIE etching could influence the bondability of 
the wafer surfaces, AFM scans made before and after deposition and removal of the 
metal mask were compared. No indication for a change in surface roughness was found. 
A detailed description of the bonding process is given in Appendix A2. Basically, a 
prebond is formed after contacting two thoroughly cleaned wafers. Strengthening of the 
bond is done by annealing the wafers at an elevated temperature. 
It is desirable to have an indication about the bond strength of the bonded HDC chips. To 
this purpose, the effective bond energies obtained in section 4.4 for bonded fused silica 
samples could be used. However, different wafer batches, polished to different degrees of 
roughness were used for the determination of the fused silica bond energy. 
 

 
figure 5-15: 2D scan taken from an AFM scan of a fused silica surface from the second wafer batch. 
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Both wafer batches were obtained from the same supplier. The bond surface of the 1st 
batch, used for characterization of the bond strength was polished to a 40/20 scratch/dig 
roughness. The 2nd batch, used for the HDC chips, was polished to a 10/5 scratch/dig 
roughness. The surface roughness quoted by the supplier describes the minimum width of 
a scratch and the minimum diameter of a dig on the surface.  
As this does not directly give an indication about the bondability of the interface AFM 
scans were made. From the AFM scan a 2D section as shown in figure 5-15 can be used 
to estimate bonding parameters. These parameters are shown in Table 5-4. Comparison of 
Table 5-4 with Table 4-3 from chapter 4 shows that the wafers of the 2nd batch are 
rougher than of the 1st batch. 
 

Table 5-4: Roughness, elastic and adhesion parameters for a fused silica surface 

Property Symbol Value 
Compliance [3] D 1.4*10-11 Pa-1 

Hardness [3] K 5 GPa 
RMS roughness σRMS 1.18 nm 
Asperity density η 

0.77 µm-2 

Asperity radius R 85 µm 
SD summit level σ 

0.81 nm 
 
From the bonding parameters and the adhesion energies, calculated in section 4 of 
chapter 4 for bonded fused silica samples of the 1st batch annealed at different 
temperatures, an adhesion parameter can be estimated as was done in section 4.4 from 
chapter 4. The adhesion parameter can be used to relate the adhesion energies to an 
effective bond energy. The effective bond energy can be expressed as a yield pressure by 
using the theory presented in the first sections of chapter 4. It should be noted however 
that the calculation of the adhesion energies is not very reliable for reasons mentioned in 
section 3.4 of chapter 4. 
The results for the 2nd wafer batch are shown in Table 5-5. The maximum pressures 
presented in this table are based on a 0.5 mm wide separation channel, as was used in the 
HDC chips. Although the wafers of the 2nd bath are rougher than those of the 1st batch, a 
sufficiently high yield pressure is obtained for the fused silica HDC chips, even if a 
relatively low annealing temperature of 500ºC is used. 
For the fused silica HDC chips an annealing temperature of 700ºC for 2 hours is chosen. 
A slow ramp-up and ramp-down rate from 400ºC of 3ºC/min is used. The temperature is 
limited in order to reduce thermal deformation effects. These are noticeable after 
annealing at 1100ºC by observation of the non-uniform interference pattern in the 
shallow channel [17]. 
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Table 5-5: Maximum pressures and resulting bond energies of the bonded fused silica channels calculated from 
the yield pressures measured in chapter 4 for 2 mm wide fused silica channels. 

Anneal 
T (ºC) 

Adhesion 
energy (J/m2) 

Adhesion 
parameter θ 

Effective bond 
energy (J/m2) 

Calculated max. 
pressure (bar) 

500 0.055 7.8 0.0013 39 
700 0.098 4.4 0.012 117 
900 0.24 1.8 0.12 373 
1100 0.45 0.96 0.45 723 
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4. RESULTS 
 
4.1 Characterization setup 
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figure 5-16: the characterization setup. The HDC chip contains a separation channel, a resistance channel (R) 
and inlet and outlet slits for sample (S2, S3) and carrier liquid (S1). The chip is connected to a flow-actuation 
system, using two 6-port two-way valves. Solvent is introduced by pressurizing two solvent reservoirs. An 
imaging microscope is used to view the separations. 

 
In the characterization setup, HDC chips were attached to a macro flow-actuating system 
as shown in figure 5-16. Pressure inside the He-system was monitored using a pressure 
meter (type PM100D, resolution 1 kPa, World Precision Instruments, USA). An upright 
fluorescence imaging microscope (BX51, Olympus, Zoetermeer, The Netherlands) 
equipped with a thermoelectrically cooled CCD camera (Colorview 12) and a computer 
image acquisition and processing system (Olympus) was used to view the separations of 
fluorescent analytes. The internal microscope mercury lamp served as illumination, in 
some experiments an additional external light source, Efos Elite (Efos, Gent, Belgium), 
was used to increase the illumination intensity.  
In the setup for the UV detection (figure 5-17), the microscope was replaced by an 
external optical fiber and a photocell, connected to a standard HPLC detector system 
(type Spectra 100, Spectra Physics). A rectangular aperture of 100 x 200 µm, defined in a 
100 µm thick steel blade, was placed between the chip and the photocell and aligned with 
the longer side parallel to the outlet slit, directly after the depth transition structure. As 
typically the detection volume must be comparable to the injection volume in order to 
reduce injection- and detection-induced peak broadening, a detection length of ~ 80 µm 
would be required for the 150 µm injection length used in the fused silica chip. However, 
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since the column dispersion is larger than the theoretical minimum as we will see in the 
subsequent paragraphs, the detection length of 200 µm will not influence the total peak 
broadening too much. 
All tubing and valves were stainless steel standard HPLC 1/16" components (Valco, 
Switzerland). The connections of the solvent and sample inlet and outlet tubing turned 
out to be problematic if glued fused silica capillaries were used, since all glues were 
eventually attacked by THF. Next, anodic bonding of a Kovar connection piece to a glass 
wafer using soldered HPLC tubing was used as described in chapter 4 [18]. However, 
residual stress caused cracks when connecting to the pump-valve system.  
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figure 5-17: the additional components used for UV detection in the fused silica chip. 

 
Alternatively, a stainless steel connection piece with KalrezTM O-rings was used. This 
provided a chemically resistant connection even after immersion in THF for several 
months. 
 
 
4.2 Chemicals 
Polystyrene latex particle standards of nominal sizes 61 nm (Polysciences, USA) and 155 
nm (Duke Scientific, USA), fluorescently labeled polystyrene latex nanoparticles 
(Carboxylate Modified FluoroSpheres YellowGreen Fluorescent) of nominal diameters 
26, 44 and 110 nm and fluorescently labeled bovine serum albumin (BSA) and bovine 
eye alpha-crystaline (Molecular Probes, Leiden, The Netherlands) were used as test 
analytes, together with t0 markers 4(5)-carboxyfluorescein (Sigma-Aldrich) and sodium 
benzoate.  
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Several aqueous buffers were used as eluents: 10 mM phosphate buffer pH = 7.0, 10 mM 
and 1 mM MOPS buffer pH = 7.0, 10 mM and 0.1 mM borate buffer pH = 9.2. All water 
was deionized and subboil-distilled. Tetrahydrofuran (HPLC grade, Bioscience, 
Netherlands) and methanol (P.A. grade, Acros, Belgium) were used in the studies of the 
elution of small molecules.  
 
 
4.3 Procedures  
Before the first elution experiments, the new chips were flushed with a buffer of pH 9 in 
order to maximize the number of silanol groups on the channel surface. These groups 
should reduce the possible interaction of a negatively charged marker with a surface, 
because they are dissociated at the pH 7 and 9 used in the study.  
All eluents were filtered prior to use through a 0.02 µm membrane filter (Anotop 25, 
Whatman). Upstream each reservoir a 0.5 µm in-line filter (Upchurch, USA) was placed. 
The aqueous samples with particles were sonicated and filtered through a 0.45 µm 
hydrophilic syringe filter (type Millex LH, Fisher Scientific) and the samples in organic 
solvents with a 0.2 µm hydrophobic filter (Millex FG Fisher Scientific) before injection. 
When UV detection was used instead of fluorescence imaging, and thus a visual control 
of the injection process on the chip was not possible, the injection steps were controlled 
by timed switching of the valves.  
 
 
4.4 Plug definition 
The injection simulations were validated by injection of a fluorescent dye into both the 
Pyrex-silicon and the fused silica HDC chips. The only difference between the actual 
injection configurations of both chip types was the depth of the injection slits (20 µm for 
the Pyrex-silicon and 30 µm for the fused silica chips). Further design optimizations 
applied to the injection region of the fused silica chip should not influence the shape of 
the injected plug. It could thus be expected that the plug injection in both HDC chip types 
is similar. This was indeed confirmed qualitatively by the dye visualizations. 
In figure 5-18 an injection sequence into a Pyrex-silicon HDC chip is shown, for which 
0.5 mass % fluorescein (Acros Organics, Geel, Belgium) was used that was dissolved in 
deionized water. In this figure the injection region of a 0.5 mm wide channel is shown of 
which only slit 2 and 3 from figure 5-2 are visible. For clarity the channel boundary is 
shown dashed.  
Comparison of figure 5-18 with figure 5-3 shows that filling of the injection region 
corresponds qualitatively to the predicted profile. A slight difference is caused by the 
dispersion of the sample during transport through the slits to the injection region while 
for the simulations a perfect concentration step was assumed [5]. 
A more apparent difference is the “J” shaped tail of the zone during injection of the 
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sample into the separation channel. This can be explained by a flow non-uniformity in the 
shallow part of the injector space, caused by the compressibility of the fluid in slit 2. 
Incorporation of the fluid compressibility in the simulation boundary conditions indeed 
shows the same non-uniformity [5]. 
The uniformity of the injected sample plug could easily be improved by connecting a 
fluidic resistance to slit 2, located close to the injection region, as was done for slit 3. 
This would reduce the flow velocity into slit 2 during transport of the plug. 
Altogether it is shown in [5] that reproducible sample plugs can be defined of which the 
shape is controlled well enough for use in flow visualization and separations. 
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figure 5-18: fluorescence top view of the injection region of the Pyrex-silicon chip showing injection of 0.5 % 
fluorescein. The boundary of the channel is shown dashed for clarity. On the left, filling of the injection region 
is shown. Transport of the sample plug to the separation channel is shown on the right. The working pressure is 
2 bar. 

 
 
4.5 Validity of flow equations on the microscale 
The validity of the relation between flow speed < u >, geometry (channel height h), fluid 
viscosity µ and applied pressure ∆p was investigated by observing the elution time of a 
marker in a known buffer. Theoretically, these quantities are related by: 

L
phu
µ12

2∆>=<         (1) 

This formula holds for laminar flow between two parallel plates, which is a good 
approximation of the 500 µm or 1000 µm wide and 1 µm high separation channels. 
Strictly speaking, correspondence between theory and experiment does not necessarily 
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imply that the classical flow equations are valid on the microscale, since unknown 
retention of the marker can influence the results as well. 
However, since the elution times of different markers in different solvents comply well 
with the theoretical flow predictions (figure 5-19) it is likely that the flow equations hold 
for the 1 µm scale. 
For the theoretical curves in figure 5-19, the temperature of the device was assumed 
equilibrated with the laboratory temperature (21-23°C), and in equation (1) a viscosity of 
0.50 mPas for THF and 0.93 mPas for pure water was used, obtained by linear 
interpolation for 22°C from values given for 20°C and 25°C [19]. 
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figure 5-19: comparison of the theoretical (——) and the experimental (X,◊) pressure-velocity relation. Data 
are obtained  from the elution times of toluene in THF (X) and carboxyfluorescein and benzoate in aqueous 
buffers (◊); pH is ~ 9 (gray filling) or ~ 7; solid shapes indicate UV detection in fused silica. 

 
 
4.6 Separations 
For the first separation experiments fluorescent particles were chosen, because of their 
well-defined size and easy detectability. Initial separations were performed in 1.0 mm 
wide, 1 µm high HDC channels, defined in Pyrex-silicon. These first on-chip HDC 
separations have been published in [20]. 
The thermal expansion mismatch between the top (Pyrex) and bottom (silicon) wafers 
caused an increased height at the center of the channel, after high-temperature bonding 
and annealing steps. The resulting higher flow velocity in the channel center induced a 
deformation of the samples zones causing a crescent zone shape. As shown in figure 5-9, 
a 0.5 mm wide channel should have a less deformed channel cross-section. Hence 
separations of fluorescent particles have been performed in both 0.5 mm and 1.0 mm 
channels. Results of these separations in Pyrex-silicon and fused silica chips are 
presented in section 4.6.1 
These separations can be used to investigate the retention behavior of the HDC chips. 
However, because of the limited sensitivity of the fluorescence imaging in 1 µm deep 
channels due to nonuniformity of the illumination and insufficient camera sensitivity, 



The Hydrodynamic Chromatography Chip      131 

 

these results cannot be used to give an estimate for the separation efficiency. 
For that purpose particle separations have been performed that were detected using UV 
absorption detection in the detection cell, which is integrated in the fused silica HDC chip 
(section 4.6.2). A combined description of the retention and dispersion behavior of the 
chips is given in section 4.6.3. Additional separations of biopolymers and small 
molecules are presented in sections 4.6.4 and 4.6.5, respectively. 
 
 
4.6.1 Separation of fluorescent particles 
Separation of 26, 44 and 110 nm diameter fluorescent particles was performed in 0.5 mm 
and 1.0 mm wide Pyrex-silicon channels. Contrary to previous measurements, presented 
in [20], dicarboxyfluorescein was used as a t0-marker. This compound is more negatively 
charged than the previously used fluorescein and should thus interact less with the 
negatively charged surface. In this situation, only hydrodynamic and diffusion effects 
should contribute to its dispersion. 
The largest sources of dispersion, next to the “normal” Taylor-Aris dispersion, caused by 
concentration gradients across the channel height, are the previously mentioned 
nonuniformity of the channel cross-section and the retentive effect of the side-walls.  
The zone profiles in the 0.5 mm wide channel in figure 5-20 clearly show the transient 
form of the side-wall effect, which applies for h2 << D12t << w2 and illustrate the 
limitations of its theoretical description. The effective diffusivity for which in section 3 of 
chapter 3 of this thesis a complex analytical expression is derived [21], is not very 
informative in the earlier part of the transient period (figure 5-20 below, 25 mm), because 
it is largely formed by the contribution of the long, narrow tail along the side walls 
(figure 5-20, 75 mm). In practice, this form of tailing would rather increase the baseline 
than broaden the peaks. Nevertheless, further down the channel, the side wall effect 
becomes significant across the complete channel width and thus reduces the final 
efficiency. 
From figure 5-20 it can be concluded that a narrower channel is affected less by 
deformation of the wafers. The lateral profiles of the zones of the separated particles as 
well as the marker are much less deformed in the 0.5 mm channel. The largest dispersion 
source in the 1.0 mm wide channels therefore is the zone deformation by the channel 
nonuniformity, while in the 0.5 mm channel the wall effect dominates. 
For a comparison, a similar separation, performed in a fused silica chip, is shown in 
figure 5-21. In this chip, the zone distortion is much smaller than in the 1 mm wide 
channel in the Pyrex-silicon chip. Unfortunately, no 1.0 mm wide fused silica channels 
were available so that a good comparison of the cross-section nonuniformity is difficult. 
It can be expected however, that the influence of the thermal deformation is reduced as 
top and bottom wafers are thermally matched. 
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figure 5-20: top view of the HDC separation of fluorescent nanoparticles and a marker (carboxyfluorescein, 
CFL) in a 1 mm wide (above) and 0.5 mm wide (below) channel in the silicon-glass chip.  Buffer was 10 mM 
borate at pH = 9.2, the working pressure was 3.5 bar. 

 
 

 
figure 5-21: Similar separation as in figure 5-20, performed in a fused silica chip. Buffer was 10 mM borate at 
pH = 9.2, the working pressure was 6.5 bar. In the upper picture, the zone shapes appear somewhat deformed 
due to nonuniformity of the illumination. 
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4.6.2 Separations using UV absorption detection 
The same fused silica chip that was used for separation and subsequent fluorescence 
detection of particles was used in a UV absorption detection setup. Chromatograms 
showing separation of polystyrene latex particle standards and benzoate, used as t0 
marker, are presented in figure 5-22. The 26 nm fluorescently labeled polystyrene 
particles were added for comparison with the previous fluorescence measurements. 
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figure 5-22: Chromatograms obtained in the fused silica HDC chip using UV detection. Separation of 
polystyrene latex standards of a size 155 nm (1) and 61 nm (2), the previously used fluorescent particles 26 nm 
(3) and benzoate (marker, 4) in 1 mM MOPS buffer, pH = 7. Detection at 230 nm and working pressure 6.1 bar 
(A-above), 1.7 bar (A-below), 4.6 bar (B). The three curves in B illustrate the variation in the noise level 
between three comparable separation runs. 

 
As can be seen, reproducible chromatograms at different flow velocities can be obtained 
with this basic setup. However, the noise level of the detection is high and unstable 
during the experiments. This is because the optical components in the prototype are not 
fixed directly to the chip but to the common base, which also supports the 
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multicomponent positioning system of the chip. This complicated configuration enables 
both UV detection and inspection of the chip with the microscope. However, vibrations 
and misalignments cannot be avoided. The sensitivity is also limited by stray light 
bypassing the cell because of the larger aperture, and by the fact that no focusing is used 
for the excitation beam.  
Considering the simplicity of the system, the obtained results are very promising and 
motivate further developments. This should also involve additional computational fluid 
dynamics studies, aimed at an increase in optical cell dimensions or at optimization of the 
shape. Modification of the design of the transition from the flat channel may be also 
necessary. 
Because of the importance of UV detection for liquid chromatography of small 
molecules, the fused silica chip presents an opportunity for ultimate miniaturization in 
this field (µLC). 
 
 
4.6.3 Retention and dispersion 
As was already noted in the theoretical section, the elution behavior of particles in 
aqueous buffers is much more complicated than what the simplest HDC theories predict. 
This is illustrated in figure 5-23 where the experimental data obtained from various chips 
under various conditions are plotted together with the simple theoretical predictions.  

0.01

0.1

1

0.700 0.750 0.800 0.850 0.900 0.950 1.000

Relative residence time ττττ

R
ed

uc
ed

 a
na

ly
te

 s
iz

e 
λλ λλ

<10-5 M   10-4 M   10-3 M         10-2 M

C = 0.5 C = 1 C = 2

 
figure 5-23: Relative residence time of colloidal particles in HDC-chip separations in aqueous eluents under 
different conditions. Data from silicon-glass chips (+,X) and a fused silica chip (∆,�,�). Ionic strength of the 
eluent is indicated in the picture (measurement in water is assigned I<10-5 M); pH is ~ 9 (gray filling) or ~ 7. 
Linear flow velocity is ~0.21 mm/s(�); ~0.46 mm/s (�,+,×); ~0.72 mm/s (∆). In the measurements with UV 
detection (solid shapes) benzoate was used as t0-marker. Carboxyfluorescein was used as a marker in all other 
measurements. Drawn lines indicate the theoretical retention equation with  
C = 0.5, 1 and 2. 
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The strong influence of ionic strength can be explained by the repulsion of the expanded 
electrical double layers at the channel wall and the particle surface. This repulsion 
restricts the particles to a narrower inner core of the channel than the steric exclusion 
from the wall would do and effectively reduces the channel dimensions. Although this 
increases the selectivity of the method, the results in very weak buffers (I < 1 mM) are 
less reproducible than in stronger buffers.  
An influence of pH on the elution of the 44 nm particles is observed, possibly due to 
different surface properties of those particles compared to the 26 and 110 nm particles 
from the same manufacturer. The influence of the flow velocity is almost negligible in 
the studied region of conditions. This suggests that radial hydrodynamic forces, such as 
the "tubular pinch", are small. However lateral forces such as the retarding particle-wall 
hydrodynamic interaction (see Brenner [22]) may be present. In fact, the slope of 
trendlines of the experimental data is higher than the slope of the basic model with C=1 
(which corresponds to an absence of hydrodynamic particle-wall interaction). In the plot 
a value C=2 is used for comparison. Clearly, a better theoretical  description of elution of 
particles in aqueous buffers is needed for the HDC chip. 
From the chromatograms obtained using UV absorption detection a preliminary 
quantification of the dispersion in the fused silica chip is possible. For determination of 
the peak widths, Gaussian fits were used. The results are shown in figure 5-24 for the two 
sizes (61 and 155 nm) of non-fluorescent particles, for 26 nm fluorescent particles and for 
benzoate, which was used as a t0-marker. 
The data are compared with theoretical values, calculated using the expression for the 
effective diffusivity given in section 3 of chapter 3. The particle diffusion constants are 
determined according to formula (50) from chapter 3.  
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figure 5-24: The dispersion expressed in the number of theoretical plates for the 0.5 mm wide separation 
channel defined in the fused silica HDC chip. The measured values are obtained under the same conditions as 
in figure 5-22. Plate numbers are obtained at different velocities: 0.72 mm/s (�), 0.46 mm/s (�) and 0.21 mm/s 
(∆). The theoretical dispersion is indicated by dotted lines. 
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Considering the noise level of the UV measurements, a reasonable correspondence 
between theoretical and experimental dispersion is found for both non-fluorescent 
particles and for the marker. There is a large difference however between theory and 
reality for the fluorescent 26 nm particles for which no easy explanation can be found. 
The theoretical expression for the dispersion describes the transient situation in which 
vertical concentration gradients are fully leveled out and horizontal gradients are starting 
to add to the dispersion. It turns out that neglecting these horizontal contributions leads to 
even higher theoretical plate numbers. The same applies if the correction for finite 
particles sizes is not implemented. It can therefore be concluded that the incorporated 
correction terms are qualitatively correct. 
The theoretical dispersion only accounts for Taylor-Aris dispersion. However, injection, 
detection and nonuniformity of the separation channel also increase the total peak 
broadening. Provided the theory gives an accurate description, the remaining difference 
between theoretical and actual plate numbers can be attributed to these dispersion 
sources. 
The highest achieved plate numbers in the experiments with 61 nm and 155 nm  particles 
were ~80 000, in some experiments with 110 nm particles plate numbers up to ~130 000 
were obtained. Nevertheless, the efficiencies ~ 10 000 plates obtained for the smaller 
analytes are too low. 
The relative influence of the Taylor-Aris dispersion compared to other dispersion sources 
suggests that improvements can be found in both areas. Thus an improvement in channel 
uniformity will be beneficial. A reduction of the contribution of the side-walls to the 
dispersion can be achieved by using wider channels 
 
 
4.6.4 Separations of biopolymers 
Attempts to apply HDC chromatography to separation of bio-macromolecules such as 
proteins, DNA, TMV or even cells can be found in literature [23-26]. In the work of 
Kraak et. al. [24], a preliminary separation of proteins was obtained in packed column 
HDC with 2 µm packing size. We have performed a comparable separation under similar 
conditions in the 1 µm deep, 0.5 mm wide channel of the Pyrex-silicon HDC chip (figure 
5-25). 
 

 
figure 5-25: separation of 2 proteins and the t0-marker CFL in a Pyrex-silicon chip with a 0.5 mm wide 
separation channel. Conditions: 10 mM borate buffer  pH = 9.2, working pressure 8 bar. 
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A clear separation is obtained, although the residence times of the molecules do not differ 
much. This is because the proteins are small with respect to the channel depth and do not 
differ much in size. Bovine eye alpha crystaline, despite of its large molecular mass (800 
kDa) is a very compact prolate molecule with dimensions of only ~9 x 18 nm. So it is 
only slightly larger than the bovine serum albumin molecule (BSA, 60 kDa) which has a 
diameter ~ 8 nm.  
With respect to selectivity and efficiency, channels of sub micron depth would be 
preferred for the separation of proteins [24], since protein molecules are usually not 
larger than a few tens of nanometer. 
 
 
4.6.5 Separations in organic solvents: small molecules 
The fluidic part of the system has proven to be resistant to organic solvents. This was 
tested by continuous flushing with methanol and subsequently tetrahydrofuran (THF) for 
several weeks. The necessity to loosen the chip clamp when replacing solvents, in order 
allow fast purging of the connection tubing is a considerable drawback of the setup when 
working with organic solvents.  
For this reason only preliminary experiments with organic solvents were performed. In 
the Pyrex-silicon chips interactions (adsorption chromatography) of small molecules with 
the chip surface were studied using fluorescence microscopy. Three compounds were 
found that allow simple multicolor fluorescence imaging using a single excitation and 
emission filter. These compounds were Coumarine 7, Nile Red and 8-methoxypyrene-
1,3,6-trisulfonic acid giving green, red and blue fluorescence respectively using a 
mercury lamp for excitation and a single filter set (330-385 nm band excitation filter, 420 
nm cut-off emission filter). This allows an easy identification in case of co-elution or 
change in the elution order and would be useful for studies involving application of a 
stationary phase on the same device.  
Visual separation of the three compounds was achieved after 90 seconds separation time 
across 65 mm separation channel length. An image of the separation will not be shown 
since the multi-color image is not clearly reproduced in grayscale. Separation was 
performed in fused silica and in Pyrex-silicon HDC chips. In both chip types retention 
and zone shape were comparable. 
Next, the elution of toluene in THF was studied in the fused silica chip using UV 
detection (figure 5-26). The elution was reproducible and consistent with a flow velocity 
according to equation (1). On the assumption that this equation holds for channel heights 
of 1 µm and that the measurement of the chip height is correct, this suggests that the 
molecule does not interact with the chip surface. Toluene has been used as a t0-marker in 
THF both in packed column HDC (silica packing) [27] and micro-capillary HDC of 
synthetic polymers [1]. In these systems the authors obtained results consistent with an 
assumption that toluene was not retained on the packing or the capillary surface.  
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figure 5-26: The elution of the t0-marker toluene in THF in the fused silica HDC-chip. UV detection was 
performed at 260 nm. Working pressure was 4.5 bar, the elution time 65 sec. 

 
 
5. DISCUSSION 
 
In this section a discussion of the characterization results combined with options for 
optimization of the HDC chip performance is presented. In chapter 7 more possible 
improvements are outlined. These include basic ideas of enhanced fabrication, injection 
and detection techniques. 
The separation performance of the Pyrex-silicon and fused silica HDC chips was 
characterized using separations of various particles. However, since the retention 
behavior of particles is not well-understood, a reliable calculation of the separation 
resolution is difficult. This means that optimization of the device performance by 
observing the scaling behavior of the resolution, as was done in section 4 of chapter 3 for 
both particles and polymers, is difficult. 
The possibility exists however, that the retention behavior of polymers is less 
complicated than for particles, as was already noted in [1].  It is therefore desirable that, 
next to a more detailed description of the retention behavior of particles, the retention of 
polymer standards (such as polystyrenes) is investigated in the future. 
To this purpose connections are required that enable better handling of polymer solvents 
such as THF. This can be done by adding on-chip flushing channels, so that the 
connections do not need to be removed when replacing solvents. 
Further improvements are reduction of the dispersion and optimization of the detection. 
The dispersion can be reduced by using wider separation channels. Redesign of the 
detection cell can give a simultaneous improvement in detection peak broadening and 
detection limits. Although the optical detection cell performs well, additional 
computational fluid dynamics studies could assist in choosing better optical cell 
dimensions or in optimization of the channel shape. Modification of the design of the 
transition from the flat channel towards the deeper detection cell may be helpful as well. 
An improved detection cell will only be useful if the noise level of the measurements can 
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be lowered. This could be done by integrating the holders for the optical components, 
such as the optical fibers, and the connection clamp. 
 
 
6. CONCLUSIONS 
 
The feasibility of planar hydrodynamic chromatography in Pyrex-silicon and fused silica 
chips has been demonstrated. Design constraints were discussed for a Pyrex-silicon chip 
incorporating an injection structure and a separation channel and for a fused silica chip 
into which an optical detection cell was integrated as well. After fabrication the chips 
were characterized by fluorescence measurements. It was shown that well-defined sample 
plugs could be injected. 
Separations of nanoparticles were obtained under a wide range of experimental 
conditions. Detection was performed either using fluorescence microscopy or  UV 
absorption detection. Plate numbers ranging from 10.000 for small analytes to more than 
100.000 for large particles were obtained. 
It turned out that the interpretation of the retention data requires a more complex theory. 
Furthermore it was shown that thermal deformation of the separation channel, resulting in 
a higher dispersion, is less pronounced in narrower channels. Narrower channels however 
exhibit a relatively large influence of the side-walls on the total peak broadening. 
Accordingly, the preferred material for the HDC chip is fused silica, for which the 
thermal match between top and bottom wafers allows a larger channel width without 
giving rise to structural deformation. Further improvements in the design are desirable as 
well. These could include improved connections and optimization of the optical cell 
dimensions. 
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Chapter 6  
A viscosity detector for 
miniaturized chemical separation 
systems 
 
 
 
 
 
ABSTRACT 
 
A novel micromachined viscosity detector is presented that is 
suitable for integration with the micromachined Pyrex-silicon 
hydrodynamic chromatography system presented in chapter 5. 
However, the principle can be used in any application in which 
differential viscosity detection is needed. It is especially 
suitable for use in liquid chromatography systems for 
separation of polymers. Viscosity detection is demonstrated 
using a prototype that shows an estimated resolution in the 
specific viscosity of 3.0*10-3. 
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1. INTRODUCTION 
 
After a separation has been concluded, the different fractions have to be detected. For 
polymer separations several detection techniques are available. Refractive index 
detection, UV absorption, fluorescence and viscometric detection are the most commonly 
used ones. Refractive index and viscometric detection are in principle applicable to all 
kinds of polymers whereas for UV absorption and fluorescence detection UV absorbing 
or fluorescing compounds are needed. 
In this chapter a micromachined viscosity detector is presented, suitable for integration 
into the micromachined hydrodynamic chromatography system described in chapter 5. 
The general design is applicable to any liquid chromatography system, in particular those 
used for separation of polymers. 
 
 
1.1 Viscosity detection 
Viscometric detection is based on the fact that a polymer plug in solution has a slightly 
higher viscosity than the solvent itself. Accordingly, the viscosity η of a dilute polymer 
solution consists of a constant solvent viscosity η0 and a specific viscosity ηsp resulting 
from the polymers in solution [1]: 

])[1()1( 00 ηηηηη csp +=+=       (1) 

The specific viscosity, which determines the required sensitivity of the viscosity detector, 
is proportional to the polymer concentration c and the intrinsic viscosity [η]. The intrinsic 
viscosity is related to the polymer mass M through the Mark-Houwink equation [1]: 

akM=][η         (2) 
In this equation k and a (a,k > 0) are empirically determined constants that give 
information about the polymer structure, for example long chain branching. 
 
1.2 Integration with on-chip HDC 
The requirements of the detector design are related to the type of on-chip separation 
system the detector has to be integrated with. In this case we aim at integration with a 
silicon-glass hydrodynamic chromatography chip as described in chapter 5. First of all 
this means that the fabrication sequence should be compatible. Furthermore, the cross-
section of the entrance of the viscosity detector should be identical to the outlet of the 
separation channel that is 1 µm high and 1 mm wide. The detector should be matched to 
the flow speeds of 0.01-1 mm/s generally used in the HDC chip. A final requirement that 
applies to all polymer chromatography techniques is that shear stresses in the channels 
should be limited as so-called “shear-thinning” can deform the polymers thus influencing 
their viscosity [2].   
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2. INTEGRATED VISCOSITY DETECTION 
 
2.1 Viscosity detection principles 
Several viscosity detection principles exist that are suitable for microtechnology 
fabrication. First of all, the fluidic resistance of a channel depends on the viscosity. Thus 
by measuring the pressure drop along a channel, the viscosity can be monitored [3,4]. 
Secondly, the shear stress on a channel wall is a measure for the viscosity of the fluid 
moving along that wall. Several micromachined devices have been presented that are 
capable of measuring this shear stress [5-12]. Furthermore viscosity sensors have been 
described using shear acoustic waves that are sensitive to viscosity and / or density 
changes [13-18]. 
In [19,20] a microfabricated viscosity sensor is used that is capable of measuring a 
viscosity ratio between a sample and a reference stream combined in one channel. The 
sensing is based on the observation that the position of the dividing line depends on the 
flow and the viscosity ratio of the streams. This however only works on compounds that 
can be visualized. Moreover, optical detection is difficult if low volume flows are used as 
is necessary for coupling to a HDC chip. 
All but the last of these techniques have the important disadvantage that they measure the 
absolute viscosity. Since for viscosity detection in polymer chromatography only a small 
change in viscosity on a large baseline signal must be detected, the sensitivity of these 
techniques will not be sufficient. Accordingly a differential technique is required. In 
[21,22] a Wheatstone bridge configuration as shown in figure 6-1 is presented. Four 
equal fluidic resistances are arranged in a bridge. Initially, when no viscosity changes are 
present, the bridge is balanced and the differential pressure ∆P equals zero. A polymer 
plug entering the bridge is delayed in the lower branch but changes the resistance in the 
upper branch thus changing the differential pressure ∆P. The pressure change is a direct 
measure for the specific viscosity of the polymer plug in the fluidic resistance. 
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figure 6-1: differential viscosity detection by using a Wheatstone bridge of fluidic resistances 
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This principle is applied in a commercial viscosity detector [23] as well. That device is 
intended for use with conventional polymer chromatography systems and is, because of 
its size, not directly suitable for integration with micromachined separation systems. 
Consequently, an alternative design using the Wheatstone bridge configuration was used, 
which is described in section 3 of this chapter [24]. 
 
 
2.2 Wheatstone bridge response 
In this section the specific viscosity ηsp from formula (1), which is the parameter we want 
to detect, is related to the differential pressure ∆P and the bridge pressure P1. A 
schematic of the system is shown in figure 6-2. The pressure sensors are represented by 
capacitances C1 and C2, as we will be using membrane-type pressure sensors. In those 
sensors a deflection gives rise to a volume change under the membrane, which can be 
modeled by a hydraulic capacitance. The effect of a polymer peak is represented by a 
resistance change ∆R. We can distinguish three parts in the total system: the separation 
channel including the injection, the measurement of the bridge pressure and the 
Wheatstone bridge.  
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figure 6-2: equivalent electrical network of a Wheatstone bridge viscosity detector 

 
First of all we have to define the fluidic resistances. The resistance of a channel is defined 
by the pressure drop divided by the volume flow. For a channel of rectangular cross-
section and length LR for which the height h << width w the resistance R is [25]: 

3

12
wh

LR Rη=         (3) 

The injection and separation part can be represented by the fluidic resistances R1, R2 and 
R3. The part of the separation channel that is used as injection region is represented by R1. 
Resistance R3 is added in order to enhance the injection sequence, as will be explained in 
section 3.1. The separation channel itself is modeled by R2.  
In order to determine the behavior of the system the response of the bridge pressure P1 on 
a step in the input pressure for the complete system must be known. This is equivalent to 
starting a separation run after which the separated plugs, with a certain time delay, will 
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arrive at the detection structure represented by the Wheatstone bridge. 
Generally, a viscosity change causes a resistance change for which ∆R << R4 applies. 
Furthermore, if the bridge pressure P1 is stable before the plugs enter the detector ∆R can 
be assumed to be ∆R ≈ 0 for the calculation of P1. For ∆R << R4 the total fluidic 
resistance of the bridge equals R4. Therefore, the time response of the first two parts of 
the system on a pressure step in P0 on t = 0 can be calculated as done in Appendix B1, 
giving: 
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This defines the input pressure of the Wheatstone bridge. Using Kirchoff’s law the 
response of the Wheatstone bridge on a change in ∆R in the Laplace domain can be 
calculated as is done appendix B2. Again for ∆R << R4 this leads to: 
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Combination of (4) and (5) and using { })(tRLR ∆≡∆  gives: 
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At this point we need to estimate how the additional resistance ∆R changes over time. If 
we assume that a plug with a different viscosity enters the measurement resistance at t = 
T1 the change in resistance as a function of the specific viscosity can be found by 
combining equation (1) and (3): 
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This implies that: 
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figure 6-3: the resistance change due to fluid with a different viscosity entering the Wheatstone bridge. 
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However, since it takes some time for the resistance channels to be filled completely, the 
change in resistance will show a gradual increase as shown in figure 6-3. This assumes a 
perfectly steep transition between the two fluid zones with different viscosity. The 
change from a more viscous flow towards lower viscosity will show a similar behavior 
but from a high ∆R value towards zero. 
 
For a ∆R(t) as shown in figure 6-3 and using formula (1) and (6) this results in: 
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in which H(t) is the Heaviside function and A0 = T1, A1 = T1 + T2. This is shown in figure 
6-4. 
 
 
 
 
 
 
 
  

figure 6-4: the normalized response ∆P(t) of the system from figure 6-2 on a pressure step at t = 0 and a ∆R 
according to figure 6-3 in which T1 = 2 s and T2 = 10 s. The time constants τ1 and τ2 are 8 s and 5 s 
respectively. 

 
For the case in which t � ∞ this can be rewritten and simplified. In practice this 
restriction implies that ∆P does not noticeably change any more. Furthermore, this 
equation is valid only for small viscosity changes (ηsp << 1), which is implicated by the 
assumption ∆R << R4 mentioned before. For the following expression the exact form of 
∆R(t) is not important: 
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This gives the desired expression for the specific viscosity as a function of the total 
bridge pressure and the differential pressure. Since generally ∆P << P0 the main factor 
determining the resolution in the viscosity sensing is the resolution of the differential 
pressure measurement. In some cases however the assumption ∆R << R4 and thus ηsp << 
1 does not hold. In this case equation (10a) can be adapted. For t � ∞ this gives 
(Appendix B2): 
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Formulas (10a) and (10b) can be further simplified for a stand-alone viscosity detector, 
by which a detector without a preceding separation channel is meant. Without a 
separation channel R1,R2 << R3,R4 and K1 and τ1 become K1 ≈ 1 and τ1 ≈ (R1+R2)C1. Thus 
for a stand-alone detector the specific viscosity depends on the differential pressure and 
the total bridge pressure as: 
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2.3 Membrane pressure sensing 
Two parameters are important when discussing pressure sensing with a membrane: 
1. the sensitivity to pressure changes 
2. the hydraulic capacitance 
These parameters depend on the membrane geometry and the intrinsic stress in the 
membrane. The sensitivity also depends on the sensing principle that is used. As we have 
employed optical detection of the membrane deflection, the sensitivity is determined by 
the angular deflection dv/dx. 
The hydraulic capacitance of membrane type pressure sensors determines the speed of the 
system as is clear from the definition of the time constants in the previous section. The 
hydraulic capacitance C of those sensors is defined by: 

P
VC

∂
∂=         (11) 

in which V is the volume displacement of the membrane. This volume displacement can 
be calculated from the deflection surface v(x,y) of a membrane under pressure.  
In [26] a 2D expression v(x) is derived for the deflection of a membrane that is clamped 
on two sides, under the combined action of a uniform load and a uniform intrinsic stress. 
A 3D pressure sensing membrane will however be clamped on all four edges. 
Comparison with an expression in [27] for a membrane without an intrinsic stress that is 
clamped on all four sides shows that the deflection calculated in [26] is correct within 
10%. As the resulting expression v(x) from [26] only describes a 2D case, the volume 
displacement for a square membrane (width a) in 3D is: 
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Combination of formula (11) and (12) gives the hydraulic capacitance of a membrane-
type pressure sensor.  
The theory from [26] accounts for the intrinsic stress σ0 that is present in the membrane 
material. In [26] an intrinsic stress range of 60-180 MPa is quoted for the used membrane 
material (silicon nitride). Both the hydraulic capacitance and the sensitivity are 
influenced by this stress. Thus, in order to be able to accurately estimate those values, the 
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stress should be known. One possible route is determining the membrane step response 
time τ across a known resistance R. Subsequently, the hydraulic capacitance C can be 
calculated using τ = RC. For a known membrane geometry, the intrinsic stress can then 
be estimated using the theory from [26]. This enables a calculation of the sensitivity 
dv/dx. 
For a prototype viscosity detector, that does not need to be optimized, the exact intrinsic 
stress is not important, as long as we are able to compare the performance of different 
sensors. This can be done by observing that for a membrane thickness ranging from 50-
400 nm and a width of 100-200 µm, both the hydraulic capacitance and the sensitivity are 
approximately inversely proportional to the intrinsic stress (figure 6-5). Keeping this in 
mind, we will use the averaged value of 120 MPa for further calculations. 
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figure 6-5: scaling behavior of the hydraulic capacitance and the pressure sensing sensitivity for a 200 µm 
square membrane subjected to an intrinsic stress σ0. 

 
Both the capacitance and the sensitivity increase with decreasing membrane thickness 
and increasing width. Since the sensitivity should be maximized and the hydraulic 
capacitance should be minimized the pressure sensing membrane has to be small and 
thin. The minimum membrane thickness is limited by microfabrication considerations. 
The space needed for the detection sets a lower limit on the membrane size. 
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3. DESIGN OF THE MICRO VISCOSITY DETECTOR 
 
In order to be able to analyze the performance of the sensor, a stand-alone viscosity 
detector was designed i.e. without a HDC separation channel. However, in order to 
ensure integration, the fabrication process was kept identical to the process used for the 
silicon HDC chip described in chapter 4. This means that two different channel depths 
were defined in a silicon wafer and that the channels were closed by bonding a Pyrex 
wafer on top. The smallest channel depth is the one used for the HDC separation, which 
is 1 µm. The deeper channel depth can be chosen in the range 20-50 µm depending on the 
viscometer requirements. 
 
 
3.1 The injection structure 
Because the actual separation channel is not incorporated in this device, a fluidic 
structure has to precede the Wheatstone bridge that is capable of generating a viscosity 
transition similar to the one encountered at the end of a HDC separation channel. For that 
purpose the injection structure described in chapter 5 was used. The injection structure is 
constructed in a flat, wide channel part with the same cross-sectional dimensions as a 
HDC separation channel (1 µm high, 1 mm wide). In this channel three deep slits are 
etched. 
The injection sequence is shown in figure 6-6 in a side view of a cross-section through 
the length of the channel: in the first step sample is introduced from slit 3 to slit 2 thus 
defining a sample plug. In the second and third step slit 2 is closed and buffer is pumped 
through slit 1 moving the sample plug to the separation channel. A fluidic resistance 
behind slit 3 creates a well-defined leak thus preventing tailing at the trailing edge of the 
plug. 
 

 
figure 6-6: schematic of the injection (side view). Step 1: plug definition, step 2: transport of the plug, step 3: 
introduction of the plug into the separation channel. 
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3.2 The connection between injection and bridge 
Since a minimum channel height of 1 µm was used for the injection channel part 
preceding the bridge, the only way to create extra fluidic resistance is by narrowing the 
channel. This however disturbs the plug definition. In order to minimize dispersion 
nozzle structures are added that have to guide the plug into the resistance channels. For 
the nozzle shown in figure 6-7 the shape was used of which the reduced peak broadening 
was shown in section 2.3 of chapter 5. 
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figure 6-7: top view of the transition region from the injection to the entrance of the bridge, consisting of a 
nozzle leading to a fluidic resistance and a deeper (40 µm) delay volume. The lighter region is 1 µm deep. 

 
Directly after the injection the plug is split; one half of the flow enters the measurement 
resistance, the other half has to be absorbed by a delay volume that has negligible fluidic 
resistance compared to the bridge resistance. This is achieved by creating a deeper 
channel structure. 
In the delay volumes all fractions created during one separation run must be delayed. The 
maximum spatial separation in an on-chip HDC separation is estimated at 20 mm, which 
corresponds to a volume of 20 nl. For a delay volume depth of 40 µm and a width of 500 
µm, a minimum length of 1 mm is required. This can be increased in order to better fit 
the complete design.  
 
 
3.3 The Wheatstone bridge 
In polymer viscosity detection, the parameter that has to be measured is the specific 
viscosity ηsp. Formula (2) shows that ηsp depends on the molecular mass. This means first 
of all, that the detector will be more sensitive for larger molecular masses. Furthermore, it 
is clear that it is difficult to design a viscosity detector for the complete mass range. 
Consequently, the detector we are aiming at is designed for a resolution in specific 
viscosity of 10-4 which means that a concentration of 3 µg/ml polystyrene of mass M=105 
Dalton in toluene can be detected. This concentration is 10 % of the expected peak 
concentration in a typical polymer separation. Toluene produces a background constant 



A viscosity detector for miniaturized chemical separation systems      153 

 

viscosity η0 of 5.5*102 µPas, resulting in a required sensitivity of 0.055 µPas. This 
should be translated to dimensions for the flow resistances as shown in figure 6-8. 
 
 
 
 
 
 
 
 
 
 
 
 
 

figure 6-8: top view of the injection region and the first half of the bridge. The lighter regions are 1 µm deep; 
the darker regions are 40 µm deep. The dashed region is the region where the viscosity plug is defined between 
slit 2 and 3 using the injection scheme described in figure 6-6. 

 
The following effects determine the required dimensions of the resistance channels:  
1. From section 2.2 it follows that the resolution in ηsp is determined by the relative 

error in the differential pressure measurement. Consequently, the total differential 
pressure should be maximized. This means that the fluidic resistances R4 should be 
as large as possible. 

2. Because the resistance R4 + ∆R only senses an average of the viscosity of the part of 
the plug that runs through the resistance channel, the internal volume of the 
resistances should be small compared to the volume of the viscosity plug. 

3. The speed in the resistance channels should be limited because of the shear-thinning 
effects mentioned in paragraph 1.2. This sets a lower limit on the cross-section of the 
resistance channels. 

The dimensions d1 and d3 can be chosen arbitrarily. The distance d2 must be equal to the 
typical length of a plug after the HDC separation, which means d2 = 1.2 mm.  
As the total pressure drop across the bridge P1 must be maximized, formula (3) can be 
used, combined with the volume flow Φ0 in the channel preceding the bridge. The fluidic 
resistance of the bridge is equal to R4 (figure 6-2) for ∆R << R4: 
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Maximization of this pressure P1 by variation of e, LR and of the velocity in the channel 
before the bridge vchannel is limited by the requirements 2 and 3. The sample volume Vs 
can be used to eliminate the resistance length:  
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g: delay volume and injection slit depth

h: shallow channel depth
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Rs ehLV =         (14) 

The velocity vchannel can be related to the velocity in the resistances vR as: 
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According to requirement 3, vR is limited by the shear stress τ. We will use the maximum 
value that is used in commercial viscosity detectors [28] of 3000 s-1. In a shallow channel 
the following expression for the shear stress can be used: 

130006 −<= s
h
vRτ        (16) 

This implies that vR < 0.5 mm/s. Combination of formula (10a) and (13)-(16) finally 
gives the required differential pressure sensitivity for a maximized bridge pressure:  

e
vV

P Rssp µη∆
=∆∆

1810*6
)(       (16) 

If we take ∆ηsp = 10-4 as described earlier, µ = 0.55 mPas (for toluene), vR = 0.5 mm/s 
and Vs = 75 pl, a resistance channel width of 20 µm requires a pressure resolution of 0.6 
Pa. This corresponds to a velocity in the HDC channel of 20 µm/s. Although the required 
resolution would benefit from a smaller channel width, the velocity in the preceding 
channel would have to be lowered correspondingly, which is not desirable. 
If we combine this resistance geometry with the time constant τ2, constraints for the 
pressure sensor ∆P can be defined. This will be done in the next paragraph. Altogether 
this leads to the specifications for this viscosity detector given in Table 6-1. 
 

Table 6-1: chosen dimensions of the viscometer design 

d1 1 mm f 3.8 mm 
d2 1.2 mm g 40 µm 
d3 0.6 mm h 1 µm 
e 20 µm w 1 mm 

 
 
3.4 Pressure measurements  
As there is no constraint on the hydraulic capacitance of the sensor P1, a commercial 
pressure sensor can be used, such as the Honeywell 24PC series. 
For the measurement of ∆P however a sensor is needed that is both sensitive and has a 
low hydraulic capacitance. In the previous paragraph it was concluded that the required 
resolution is 0.6 Pa for a resistance width e = 20 µm. Combining the resulting resistance 
value with a required time constant τ2 < 0.15 s gives a desired capacitance of C2 < 10-19 
m3/Pa. 
As it was not possible to find commercial pressure sensors that combine a resolution of 
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0.6 Pa with a hydraulic capacitance of 10-19 m3/Pa we developed a membrane pressure 
sensor using a silicon nitride membrane (Young’s modulus 290 GPa and Poisson’s ratio 
0.24). The angular deflection was measured optically using a focused laser beam and a 
split photodiode. The fabrication principle of this differential pressure sensor is presented 
in section 4.1. Characterization of stand-alone types of these pressure sensors is described 
in section 5.1. For these sensors 200 nm thick, 215 x 215 µm and 125 x 125 µm 
membranes were used. Their respective theoretical hydraulic capacitances of 40*10-19 
and 4.2*10-19 m3/Pa were derived using formula (11) and the theory presented in [26]. 
For a first prototype that is aimed at proving the feasibility of on-chip viscosity sensing, 
less strict requirements on the pressure sensing ∆P were used. The time constant was 
increased to τ2 = 3 s since the maximum allowed velocity in the separation channel of 20 
µm/s is considerably lower than the maximum speed of 1.0 mm/s at which the HDC chip 
operates. This means the hydraulic capacitance C2 can be larger. A 206 x 206 µm wide 
and 470 nm thick membrane was used, that has a theoretical hydraulic capacitance of C2 
≈ 14*10-19 m3/Pa. 
 
 
3.5 Mask layout 
 

 
figure 6-9: layout of the mask used for a stand-alone viscosity detector.  

 
The final mask layout is shown in figure 6-9. The structure, realized in silicon and 
covered with a glass wafer, is connected to the outside world by through-holes in the 
glass. The two levels of channel depths are shown as shades of gray: the lighter regions 
are 1 µm deep, the darker regions (the injection slits, the delay volumes and the waste 
channel) are 40 µm deep. The injection slits are designated as in figure 6-6. In slit 3 a 
fluidic resistance Rinjection is defined by creating a 1 µm deep channel part such that 
Rinjection = 2 Rbridge. 
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The differential pressure sensor is bonded to the bridge structure, the pressure sensing 
membrane is aligned to the bottom one of the two through-holes in the middle of the 
bridge. A via-hole in the pressure sensor that connects the other through-hole to the top 
side of the membrane ensures differential pressure measurement. For the absolute bridge 
pressure a Honeywell sensor is either glued or anodically bonded on top of a hole in the 
first delay volume. 
 
 
4. FABRICATION 
 
As is clear from the previous paragraph the viscosity detector consists of two 
micromachined elements: the differential pressure sensor and the Wheatstone channel 
structure. In section 4.1 the fabrication sequence of a stand-alone pressure sensor is 
described. In section 4.2 the fabrication sequence for the channel structure will be 
outlined. In that same section the bonding of both elements will be described, followed 
by the final steps that are necessary for connecting the device to the measurement setup. 
The original process sheets describing the fabrication of the pressure sensor and the 
channel structure can be found in Appendix A3 and A4. 
 
 
4.1 The low hydraulic capacitance differential pressure sensor 

 
figure 6-10: Side view of a micromachined low hydraulic capacitance pressure sensor. The deflection of a 
silicon nitride membrane is optically measured through the top Pyrex wafer. A pressure difference is applied 
through the connection capillaries. 

 
A side-view of the stand-alone differential pressure sensor is schematically shown in 
figure 6-10. The top-view of the device is clear from figure 6-9. The sensors were 
fabricated in a 3” <100> Si wafer (Silicon Valley Microelectronics Inc., San Jose, 
California, USA). After thermal oxidation the oxide was stripped from the backside. 
Subsequently, a silicon nitride layer was deposited into which the shape of the through-
hole, the membrane cavity and the channel connecting them, was defined at the top side 
using Reactive Ion Etching (RIE). The through-hole was patterned on the backside as 
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well. BHF was used to remove the SiO2 at the positions of the membrane cavity and the 
through-hole. During the first KOH-etch of the membrane cavity and the through-hole, 
the bare silicon oxide layer between the two cavities was removed thus creating the 
interconnection channel. A thin silicon layer remained inside the cavities for protection of 
the silicon nitride membrane during the subsequent RIE step in which the remaining 
silicon nitride was removed. After a second KOH-step releasing the membrane, the 
remaining SiO2 was stripped.  
Subsequently, a Pyrex wafer (Corning, New York, USA) was anodically bonded on top 
of the processed wafer. For the stand-alone pressure sensor shown in figure 6-10 a second 
Pyrex wafer, used for connection of the test capillaries, was anodically bonded onto the 
silicon wafer. A short thermal oxidation step was used to enhance the bonding of the 
silicon nitride layer to Pyrex [29]. Finally, a 20 nm Cr layer was sputtered onto the 
backside of the wafers in order to increase the reflectivity of the membrane.  
For a sensor that is integrated into a viscosity detector however, the second Pyrex wafer 
is not necessary because the silicon-Pyrex wafer pair is anodically bonded to the bridge 
channel structure.  
 
 
4.2 The viscosity detector 
The fabrication sequence of the channel structure is basically the same as for the HDC 
chip described in chapter 4. Thermal oxidation of 4” <100> silicon wafers (Silicon 
Valley Microelectronics Inc., San Jose, California, USA) created a 1 µm oxide layer. The 
first masking layer was used for local BHF etching of the silicon oxide layer, defining the 
injection channel and the resistances. A new lithography step defined the etch openings 
for the injection slits and the delay volumes. These were etched to a depth of 
approximately 40 µm using cryogenic Deep Reactive Ion Etching [30,31]. A SEM 
picture of the channel structure in silicon is shown in figure 6-11. 
 

 
figure 6-11: SEM picture of a part of the viscosity detector. Top left the 1 µm deep injection channel is visible, 
connected to two narrower fluidic resistances by a nozzle and a deeper delay volume. 
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Pyrex wafers (Corning, New York, USA) were polished using a Semi Sperse 25 (Cabot 
Microelectronics, Aurora, USA) polishing solution. Subsequently, 20 nm Cr followed by 
200 nm Pt was sputtered defining contact pads for the Honeywell pressure sensor. 
Through-holes were defined using powderblasting [32-34]. The Pyrex and silicon wafers 
were fusion-bonded and annealed at 425ºC.  
After dicing, the differential pressure sensor was bonded. For the prototype viscosity 
detector a 206 x 206 µm silicon nitride membrane of 470 ± 30 nm thickness was used. In 
order to facilitate bonding and contrary to the stand-alone sensor, no metal layer was 
sputtered onto the silicon nitride membrane. The bonding was performed anodically with 
a slightly modified configuration as shown in figure 6-12. This prevents sodium that is 
transported to the cathode from blocking the shallow bridge resistances. Bonding was 
performed at 400ºC and 1.2 kV for 1 hour.  
 

Silicon

Silicon
Glass

GlassDifferential
pressure sensor

Channel
structure

Insulating ceramic
Ground plate  

figure 6-12: anodic bond scheme of the bonded differential pressure sensor to the directly bonded wafer pair 
containing the channel structure. This process was chosen in order to prevent sodium transport to the shallow 
fluidic channels in the bottom silicon wafer. 

 
The Honeywell sensor was glued to the chip using epoxy glue (Araldite Rapid, Ciba 
Specialty Chemicals, Switzerland) together with an electrical connector that is connected 
to the metal layer on the glass using conductive silver glue (Leitsilber, Degussa-Huls 
Benelux BV, Amsterdam). The Honeywell sensor itself is electrically connected to the 
metal layer using wire bonds. 
At this point the viscosity sensor had to be filled. This could not be done later on since 
otherwise air bubbles would be trapped in the various dead volumes in the system. A 
filling recipe was developed that uses the good solubility of carbon dioxide in basic 
solutions. The chip was put in an empty glass beaker in a vacuum chamber that was 
evacuated down to p = 2*10-3 mbar. Subsequently, the chamber was vented with CO2. 
Immediately after venting, 0.1 M Na2CO3 in DI water (pH = 11) was added. After 24 
hours most of the trapped bubbles had disappeared. The remaining bubbles could be 
dissolved by pressurizing the chip in the test system that is described in section 5.2. 
Finally, capillaries were glued onto the chip using Araldite Rapid epoxy glue. A picture 
of the finished chip is shown in figure 6-13. 
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figure 6-13: close-up of a ready-to-use viscosity detector 

 
 
5. CHARACTERIZATION 
 
First, the stand-alone differential pressure sensor membranes from section 4.1 were 
characterized. This gave an estimate for the possible pressure sensing resolution. 
Subsequently, the viscosity detector, with integrated pressure sensing membrane, was 
characterized using a predefined viscosity step. This enabled an estimate for the 
resolution in the specific viscosity sensing. 
 
 
5.1 The stand-alone differential pressure sensor 
Two sensor geometries of the stand-alone differential pressure sensor of figure 6-10 were 
characterized. Membranes with a thickness of 200 nm and sizes of 215 x 215 µm and 125 
x 125 µm were used having theoretical hydraulic capacitances of 40*10-19 and 4.2*10-19 
m3/Pa respectively. 
For generating a beam as shown in figure 6-10 a He-Ne laser and a 50 mm lens were 
used. This optical system has a theoretical focus size of 25 µm [35]. As for maximum 
response only part of the membrane must be illuminated, membranes smaller than 
approximately 100 µm could not be used in the setup. In order to minimize reflections the 
Brewster angle of 56° for an air-Pyrex boundary was used as the angle of the incident 
parallel-polarized laser beam.  
An accurate differential pressure was applied using two identical water columns 
connected to the pressure sensor with glass capillaries. Air bubbles were removed from 
the sensor using a vacuum pump. In dynamical measurements, as in a typical separation, 
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the additional hydraulic capacity introduced by a compressible gas would be too large. 
Furthermore, a medium with a high refractive index is needed to avoid blocking of the 
beam by the KOH-edges of the membrane cavity. The refractive indices of the widely 
used polymer solvents toluene and THF are large enough to make shadowing a negligible 
factor. 
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figure 6-14: Split photodiode output for differential pressure measurements on a 125 x 125 µm membrane. 

 
Pressure measurements were performed on both membrane geometries. The pressure 
response of the largest membrane was measured in a range from -1000 to +800 Pa and of 
the smaller membrane in a range from –300 to +500 Pa (figure 6-14). A linearity of 1% 
over the measured range and a resolution of 2 Pa was found for both membranes for a 
measurement time of 400 seconds. This measurement time is estimated from the expected 
total analysis time in a HDC system. Although the resolution is somewhat lower than the 
required 0.6 Pa, it is still sufficient for a functional detector. 
The pressure sensing membrane used in the integrated viscosity detector is thicker and 
has approximately the same width as the stand-alone sensors so that the resolution will be 
lower. However, since we are dealing with a stand-alone detector, the principle of the 
viscosity detector can be tested with a larger viscosity difference, which puts less strict 
demands on the resolution of the pressure sensing. 
Altogether the stand-alone pressure sensors and the sensors used for integration with the 
viscosity detector differ at 3 points: 
1. The integrated membrane is not coated with a metal layer. The decreasing 

reflectivity will affect the measurement sensitivity. 
2. The different membrane geometry gives rise to a theoretically 3 times lower 

sensitivity for the integrated sensor. Based on the performance of the stand-alone 
sensor, the integrated membrane should have a resolution of 6 Pa. 

3. The optical part of the characterization setup used for the viscosity detector differs 
from that used for characterization of the stand-alone sensors as will be discussed in 
the next paragraph. 
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5.2 Test setup for the viscosity detector 
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figure 6-15: schematic of the characterization setup. 

 
The test setup that is described in more detail in [36] uses a digital pressure controller 
(Bronkhorst P-612C, Veenendaal, The Netherlands) that is capable of individually 
pressurizing with He-gas two pressure vessels filled with the buffer solution. For 
addressing the pressure vessels a switch-board containing 4 gas valves is used (Swagelok 
B41S2, Solon, USA). Each vessel is coupled to the capillaries, which are glued to the 
injection slits, by a 6-port two-way valve (Valco C6W, Houston, USA) as shown in 
figure 6-15. These valves enable the injection scheme of figure 6-7. 
The Honeywell sensor is supplied with 10 V by a Delta Elektronika E018-0.6D voltage 
supply (Zierikzee, The Netherlands). The output voltage is recorded using an HP 34401A 
multimeter (Palo Alto, USA). The membrane deflection of the differential pressure 
sensor is measured optically. For that purpose a laser diode operating at a wavelength of 
670 nm (supply voltage = 4 Vpp) is modulated with a block wave at 5010 Hz. A laser 
diode is used instead of a He-Ne laser in order to make the setup more compact. The laser 
beam is focused at the membrane using a 25 mm focal length lens. The output is recorded 
by a split photodiode coupled to a lock-in amplifier (Stanford Research Systems SR830 
DSP, Sunnyvale, USA). All signals from the digital pressure controller, the Honeywell 
output and the lock-in amplifier are collected at a sample rate of 0.5 Hz using a HPVEE 
program. 
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5.3 The performance of the viscosity detector 
 
5.3.1 Introduction 
The performance of the sensor consists of two parts: the resolution in the measurement of 
the specific viscosity ∆ηsp and the speed of the system that is mainly determined by the 
time constant τ2. Because the detector initially is designed as a stand-alone sensor, the 
performance can be tested by injecting a plug of liquid with a known viscosity into 
another known liquid that serves as the running buffer, thus creating a known viscosity 
difference expressed as a specific viscosity ηsp. 
In order to determine ∆ηsp the resolution in the pressure sensing ∆(∆P) must be known. 
They can be related by using equation (10c) and observing that ∆(∆P) << P0: 

max,0
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P
sp

∆∆=∆η         (18) 

The maximum bridge pressure P0,max follows from the requirement that the velocity in the 
fluidic resistance cannot exceed 0.5 mm/s. The resolution in ∆P can be estimated from 
the resolution in the lock-in amplifier output voltage Vlock-in. We define: 

inlockkVP −=∆         (19) 

in which k does not necessarily have to be a constant. Combination of equation (10c) and 
(19) gives: 
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Hence k can be determined from a graph of lock-in amplifier data obtained at different 
run pressures for a known viscosity plug. Equation (19) can be used to calculate ∆(∆P) 
Subsequently, the resolution ∆ηsp can be estimated using equation (18). 
As the sensor is filled with deionized (DI) water in the final stage of the fabrication 
process DI water is used as the baseline fluid. Since for a polymer viscosity detector the 
viscosity differences that have to be measured are small, the viscosity of the liquid that is 
injected has to be close to that of water. For this reason we choose methanol and ethanol 
as calibration substances. Both methanol and ethanol easily mix with water. Although at 
first sight non-miscible fluids enable a better definition of a viscosity step, surface tension 
effects could complicate the injection. Therefore fluids that are miscible with water are 
preferred. 
The difference in viscosity relative to DI water is expressed in the specific viscosity ηsp 
from equation (1) as shown in Table 6-2. Although this formula strictly speaking is only 
used for dilute polymer solutions, expression of the detection performance as a specific 
viscosity enables a better extension to the use of a viscosity detector in polymer 
chromatography. 
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Table 6-2: Viscosities [37] of the liquids that were used in testing the viscosity detector at T = 23°C. The binary 
diffusion coefficients [38] in water are taken at T = 25°C. 

Compound Viscosity  
(mPa*s) 

Specific  
viscosity ηsp 

Binary diffusion  
coefficient (10-9 m2/s) 

Methanol 0.57 0.61 1.54 
Ethanol 1.13 1.20 1.22 
DI water 0.94 - - 

 
Because of diffusion and dispersion in the injection slits it is impossible to inject a plug 
that has an infinitely steep transition in viscosity (figure 6-16). If this affects the detection 
depends on the size of the transition region relative to the spatial resolution. The size of 
transition region depends on the geometry of the injection region, the injection time and 
the binary diffusion coefficients in water (Table 6-2).  
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figure 6-16: schematic of the concentration profile of the injected plug. 

 
Visualization is difficult because the proximity of the injection region and the capillaries 
prevents use of a fluorescence microscope. Therefore the precise shape of the 
concentration profile will be unknown. Consequently, formula (9) cannot be used so that 
the time constant τ2 cannot be determined experimentally.  
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figure 6-17: the viscosity of mixtures of ethanol / DI water and methanol / DI water at various mole fractions. 
The ethanol / DI water data were obtained using a Contraves LS40 reometer, the data for methanol / DI were 
taken from [39]. 
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The existence of a transition region has an additional effect. This is shown in figure 6-17 
where the viscosity of a mixture of ethanol or methanol with water shows a maximum 
that is larger than the individual viscosities. This effect will be visible if the transition 
region is large and the system fast enough to detect these sudden viscosity changes. 
 
5.3.2 Resolution of the specific viscosity measurement 
The output from the absolute pressure sensor (P1) and from the lock-in amplifier output 
(Vlock-in), are measured in time. From the resulting graph of the lock-in output data for 
different pressures P1 the resolution can be derived using formulas (18)-(20).  
 
Methanol injection 
A typical result for a run at P0 = 0.43 bar using a methanol plug that was injected for 1 
minute at 2 bar is shown in figure 6-18. The viscosity is higher at the boundaries of the 
plug, where mixing of methanol and water increases the viscosity, as was shown in figure 
6-17. The methanol viscosity, that is lower than the water viscosity should give a 
negative signal for the output of the lock-in amplifier. This is however not the case. First 
of all, this is caused by the relatively large transition regions. Furthermore the system is 
not fast enough to reach a stable, negative value for the methanol viscosity before the 
trailing transition region enters the measurement resistance. 
Even for different injection times and injection pressures and different run pressures, no 
stable value for the methanol viscosity could be measured. Consequently it is not possible 
to derive any quantitative data from these measurements, as the concentration profile in 
the transition region between methanol and water is not known. 
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figure 6-18: injection of a methanol plug. The mixing effect from figure 6-17 is clearly visible at the leading and 
trailing edges of the plug. 

 
Ethanol injection 
When ethanol was injected, the same mixing effect could be observed. However, this 
could be avoided by shortening the injection time thus limiting the diffusional broadening 
of the transition zone. Compared to methanol this effect was reduced because of the 
lower diffusion coefficient for ethanol. The reduction of the mixing effect for ethanol can 
also be explained by the direction of the viscosity change. As mixing will mainly increase 
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the viscosity and since the ethanol viscosity is higher than that of water, the mixing effect 
will be masked by the ethanol signal. As for methanol a decrease in viscosity should be 
observed, the mixing effect is much more pronounced. 
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figure 6-19: injection of an ethanol plug that was run at 0.39 bar. A viscosity peak is clearly visible. 

 
It turned out that injection at 2.2 bar for 1 minute sufficiently limited the size of the 
transition region. The resulting output from the lock-in amplifier and the Honeywell 
sensor (P1) from a plug that was run at P0 = 0.39 bar is shown in figure 6-19. 
The part of the graph we are interested in, is the constant part between t = 900 and 930 s. 
The delay in the pressure response of the Honeywell sensor that was described by the 
time constant τ1 is maximum 5 % for all measurements performed. As the formulas 
(10a)-(10c) are derived for t � ∞, an additional error is introduced by this same 
percentage. From bridge pressure response curves as shown in figure 6-19 a value for τ1 
can be determined. From measurements performed at 4 different pressures (0.26 bar, 0.39 
bar, 0.79 bar and 0.98 bar) τ1 = 7.4 ± 0.7 s is deduced. This can be translated to a 
hydraulic capacitance for the Honeywell pressure sensor of C1 = (2.3 ± 0.3)*10-16 m3/Pa 
using equation (3) and (4). As mentioned before, τ2 and thus C2 cannot be determined 
because of the unknown concentration profile of the plug.  
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figure 6-20: maximum lock-in amplifier output against the bridge pressure for ethanol injected at four different 
pressures. 
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The maximum lock-in amplifier output for injection of ethanol plugs in DI water at four 
different pressures: 0.26 bar, 0.39 bar, 0.79 bar and 0.98 bar is shown in figure 6-20. 
Because we are dealing with relatively large pressure differences ∆P the response is not 
linear with P1 (and thus with ∆P). Consequently for operation as a viscosity detector for 
polymer separations we are interested in the range where ∆P and thus Vlock-in is small. For 
this region k is a constant: k = 11.3 ± 0.6 Pa/µV. 
The noise in the lock-in output signal is ∆Vlock-in = 3 µV which is independent of the 
pressure on the bridge. Equation (19) gives ∆(∆P) = 34 ± 2 Pa. The maximum value of 
the bridge pressure (P0,max) is determined by the maximum velocity in the resistances 
vR,max = 0.5 mm/s, which can be calculated to be P0,max = 0.45 ± 0.1 bar. With equation 
(18) the resolution of the viscosity sensing is ∆ηsp = 3.0 ± 0.3 * 10-3. 
The velocity is calculated by relating the measured bridge pressure and the velocity 
through the calculated fluidic resistance. The validity of this approach can be determined 
by observing that the bridge pressure P0 has to be inversely proportional to the time 
duration of the plug tplug. From this a plug length can be calculated which should be 
independent of the pressure. The slope in figure 6-21 indeed gives a constant plug length 
of lp = 2.1 mm. The linearity of figure 6-21 qualitatively validates the velocity 
calculations. The injection length of 2.1 mm is larger than the injection region length d2 
of 1.2 mm (figure 6-8), which can be explained by a combination of diffusive and 
convective mixing during the injection. 
Altogether this shows that a functional prototype viscosity detector has been created. 
Although the resolution is not as good as the desired ∆ηsp = 10-4 there are several 
possibilities for improvement that will be discussed in the next section. 
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figure 6-21: The inverse duration of the viscosity plugs for different run pressures shows a linear trend 
indicating that the pressure and the velocity in the channels are proportional. 
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6. DISCUSSION 
 

6.1 Discussion of the characterization results 
A summary of the results for this viscosity detector is given in Table 6-3. Comparing the 
realized resolution in specific viscosity of 3.0*10-3 to the desired value of 10-4, it is clear 
that this device needs to be improved for use as a detector for on-chip HDC. This is due 
to the fact that the resolution in the differential pressure sensing was ∆(∆P) ≈ 34 Pa 
instead of 2 Pa, as was the case for the stand-alone pressure sensing membranes. This is 
partially due to the fact that a theoretically 3 times less sensitive membrane was used in 
the integrated detector compared to the stand-alone sensors.  
 

Table 6-3: Main results for the prototype viscosity detector 

∆Vlock-in  3 µV 
∆(∆P)   34 ± 2 Pa 
∆ηsp  3.0 ± 0.3 * 10-3 
τ2 (theoretical) 3 s 

 
The remaining loss in sensitivity compared to the stand-alone differential pressure sensor 
opens up several possibilities for improvement: 
• Use of a stronger and more stable laser system as the one that was used for the stand-

alone pressure sensors instead of the laser diode applied with the integrated viscosity 
detector. 

• Application of a thin metal layer to the silicon nitride membrane as was done with 
the stand-alone sensors. This increases the amount of light reflected from the 
membrane relative to the light that is reflected by the glass wafer. 

• Resizing the membrane of the pressure sensor ∆P. Taking a smaller and thinner 
membrane would enable a simultaneous improvement of the hydraulic capacitance 
and the sensitivity. Replacing the membrane (206 x 206 µm, thickness 470 nm) by a 
100 x 100 µm, 55 nm thick membrane (which is technologically feasible [40]) would 
meet the requirements for the hydraulic capacitance and give a 5-fold improvement 
in sensitivity.  

In this membrane scaling calculation an intrinsic stress of 120 MPa is assumed as 
discussed in section 2.3. Although the intrinsic stress does not influence the scaling 
behavior within the stress range 60-180 MPa, as is clear from figure 6-5, it certainly does 
so outside of this range. Moreover, the stress determines the absolute values of the 
hydraulic capacitance and the sensitivity. Thus, for a further development of the viscosity 
detector, the first priority must be characterization of the relation between membrane 
stress, the geometry and the deflection for these silicon-nitride membranes. This can be 
done as indicated in section 2.3 by measuring the membrane step response time τ across a 
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known resistance R from which the hydraulic capacitance C can be calculated using τ = 
RC. 
 
6.2 Scaling 
It is useful to calculate how the performance scales if the detector would be coupled to a 
conventional liquid chromatography (LC) system. As the design constraints imposed by 
the HDC separation channel do not apply, the geometry can be rescaled at will. For that 
purpose we adapt the formulas (13)-(16), giving for the bridge pressure P1: 

0

6

1
10*3
ϕ

µ sVP =         (21) 

Assuming that Φ0 and Vs both scale with the column area, an increase in column area 
would mean that P1 remains approximately equal. Given the fact that Φ0 increases, the 
fluidic resistance must decrease. For a comparable response time this means that the 
hydraulic capacitance of the membrane pressure sensor can be enlarged, enabling a more 
sensitive measurement of the differential pressure. Altogether the resolution of the 
viscosity detector is increased. 
The scaling can be illustrated using a 70 µm ID LC column, with 20 nl injection volume 
operated at 0.5 mm/s. The resistance is increased by a factor of 100. A response time of 1 
second gives a hydraulic capacitance for the pressure sensor of 3.2*10-17 m3/Pa. Using a 
250 µm wide and 55 nm thick membrane a 16-fold improvement in sensitivity is possible 
based on the performance of the integrated viscosity detector presented in this chapter. 
This would lead to a sensing resolution of ∆ηsp = 2*10-4. Combined with further 
possibilities for improvement of the pressure detection mentioned in paragraph 6.1, this 
would enable a functional micromachined viscosity detector for use in LC applications. 
 
 
7. CONCLUSIONS 
 
A functional viscosity detector was manufactured and tested that is suitable for 
integration with an on-chip hydrodynamic chromatography system. Using a non-
optimized system, differential viscosity sensing was demonstrated leading to a resolution 
in specific viscosity of 3.0 * 10-3. Sufficient possibilities for improvement exist in order 
to obtain the desired resolution of 10-4. Furthermore it is shown theoretically that the 
scaling behavior of this system is beneficial for larger, conventional polymer separation 
systems. 



A viscosity detector for miniaturized chemical separation systems      169 

 

Table 6-4: List of variables 

Name Variable Unit 
square membrane width a m 
polymer concentration c kg/l 
hydraulic capacitance pressure sensor P1 C1 m3/Pa 
hydraulic capacitance pressure sensor ∆P C2 m3/Pa 
distance between slit 1 and 2 d1 m 
distance between slit 2 and 3 d2 m 
distance between slit 3 and bridge d3 m 
resistance width e m 
resistance length f m 
delay volume depth g m 
height separation channel h m 
Mark-Houwink constant 1 k ml*mol/g2 
Mark-Houwink constant 2 a - 
plug length lp m 
length fluidic resistance LR m 
polymer molecular mass M g/mol = Da 
pressure P Pa 
input pressure P0 Pa 
maximum allowable input pressure P0,max Pa 
bridge pressure P1 Pa 
bridge differential pressure ∆P Pa 
resolution in ∆P ∆(∆P) Pa 
fluidic resistance R Pa*s/m3 
fluidic resistance change ∆R Pa*s/m3 
complex frequency s Hz 
time t s 
onset of the resistance change ∆R T1 s 
end of the resistance change ∆R T2 s 
plug duration tp s 
membrane volume displacement V m3 
membrane deflection v(x,y) m 
velocity separation channel vchannel m/s 
maximum membrane deflection vmax m 
velocity resistances vR m/s 
sample volume Vs m3 

width separation channel w m 
cross-sectional area scaling x1

2 m2 
longitudinal scaling x2 m 
velocity scaling x3 m 
noise in the lock-in amplifier output voltage ∆Vlock-in V 
viscosity η Pa*s 
intrinsic viscosity [η] l/kg 
solvent viscosity η0 Pa*s 
specific viscosity ηsp - 
resolution in specific viscosity ∆ηsp - 
intrinsic membrane stress σ0 

Pa 
time constant pressure sensor P1 τ1 s 
time constant pressure sensor ∆P τ2 s 
volume flow Φ0 

m3/s 
frequency ω 

Hz 
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Chapter 7  
Discussion and conclusions 
 
 
 
 
 
ABSTRACT 
 
In this final chapter the results obtained in the previous 
chapters are discussed and compared with the project aims 
stated in the first chapter. Furthermore, a range of possibilities 
and improvements is presented for future development of on-
chip HDC separation and detection. 
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1. SUMMARY 
 
The feasibility of on-chip analytical separations using planar hydrodynamic 
chromatography (HDC) in Pyrex-silicon and fused silica chips has been demonstrated. In 
order to sketch the analytical separations area in which the HDC chip has to operate, an 
introduction was given of important macro-scale separation techniques and their 
microfabricated counterparts. Furthermore, an impression of separation techniques that 
are enabled specifically by microtechnology was presented. One of these techniques is 
on-chip planar hydrodynamic chromatography. Other techniques are mainly aimed at 
DNA analysis using differences in transport of DNA through various constraining 
(microfabricated) geometries. 
Two types of HDC chips have been fabricated. The first type employs a Pyrex top wafer 
and a silicon bottom wafer, while the second type is fabricated using fused silica for both 
top and bottom wafers. Separation and injection channels were defined in the bottom 
wafer, whereas the top wafer provided through-holes for external connections. One 
particular part of the fabrication technology, fusion bonding of Pyrex to silicon and of 
fused silica to fused silica, was thoroughly investigated both theoretically and 
experimentally.  
Bonding of Pyrex to silicon induces thermal stresses, which cause a slight deformation of 
the channel geometry. This deforms the sample zones thus decreasing the device 
performance. The thermal deformation was reduced by using fused silica. This has the 
additional advantage of a good transparency down to the deep-UV. Fabrication of the 
fused silica HDC chip required additional processing development, especially aimed at 
Reactive Ion Etching of deeper structures. 
The HDC chip designs were made using a combination of computational fluid dynamics 
and analytical expressions. Investigation of the chromatographic and technological 
constraints lead to a first Pyrex-silicon HDC chip design, incorporating a 1 µm deep and 
0.5 or 1 mm wide separation channel and a deeper (20 µm) integrated injection 
configuration.  Apart from an enhanced injection structure, the fused silica HDC chip 
also incorporated an optical detection cell, located directly after the separation channel. 
This detection cell had roughly the same cross-sectional area as the separation channel, 
but was 30 µm deep, thereby giving a 30-fold increase in the path length for external 
optical detection. 
All characterization steps were performed optically. For the Pyrex-silicon chip 
fluorescence imaging directly inside the 1 µm deep separation channel was used. The 
correct operation of the injection structure for the Pyrex-silicon and fused silica chips was 
demonstrated by visualization of the concentration distribution of a fluorescent dye. 
Subsequently, the separation capabilities in both chip types were demonstrated by 
separation of various polystyrene nanoparticles. In the fused silica chip detection of the 
particles was performed using UV absorption detection through the integrated optical 
detection cell. In the Pyrex-silicon chip separation of large biomolecules was shown as 
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well. Additionally, it was shown that relatively small molecules could be separated, not 
by using the hydrodynamic separation effect, but by interaction with the relatively large 
channel wall surface area (adsorption chromatography). 
The retention data for the particle separations showed that the influence of electrostatic 
and hydrodynamic particle-wall interactions on the particle retention behavior is not yet 
well understood and needs further research.  
The particle separations, detected using UV absorption through the detection cell, 
enabled a quantitative estimate of the peak broadening. Plate numbers ranging from 
10.000 for small analytes to more than 100.000 for large fluorescent and non-fluorescent 
polystyrene nanoparticles were obtained. 
Qualitative comparison of (fluorescent) zone shapes showed that thermal deformation of 
the Pyrex-silicon separation channel, resulting in a higher dispersion, is less pronounced 
in narrower channels. Narrower channels however exhibit a relatively large influence of 
the side-walls on the total peak broadening, which leads to smaller plate numbers. 
Improvement of the separation resolution must therefore be aimed at reduction of the 
side-wall induced dispersion and of the thermal deformation. This could be realized by 
using wider channels, defined in fused silica. 
For integration with the Pyrex-silicon HDC chip a prototype stand-alone viscosity 
detector was developed using a technologically compatible fabrication process. The 
functionality of the differential detector was demonstrated by measuring the viscosity 
change caused by an ethanol plug in deionized water. A viscosity sensing resolution of 
∆ηsp = 3*10-3 was estimated from those measurements. For the HDC chip a resolution of 
10-4 is required. The difference can be explained by the extremely low volume flows and 
sample volumes required in on-chip HDC. 
Upscaling of the viscosity detector for higher volume flows theoretically improves the 
detection limits. Upscaling could thus create a functional viscosity detector with sample 
volumes that are much smaller than required for commercial viscodetectors. This could 
enable application of the detector for miniaturized (not necessarily micromachined) liquid 
chromatography systems for polymer analysis. 
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2. ACCOMPLISHED PROJECT AIMS 
 
A summary of the project can also be expressed by using the project aims given in 
chapter 1 [1]: 
 
Practical targets: 
1. Fabrication of a prototype HDC chip, creating a well-defined channel and an 

integrated injection structure. The separation channel should be as wide as 
possible thus maximizing the detection volume. 

The first prototype HDC chip was fabricated in silicon and glass and incorporated a 1 µm 
deep and 0.5 or 1.0 mm wide separation channel integrated with an injection structure. 
2. Characterization of the prototype with respect to flow properties using a 

fluorescent dye. 
The injection was characterized using fluorescein. It was shown that a well-defined plug 
could be reproducibly injected. 
3. Characterization of the transport of small molecules in order to characterize the 

column efficiency. 
The column efficiency was characterized using separations of nanoparticles and t0-
markers in the fused silica chip. 
4. Optimization of the device and subsequent separation of polymers and particles. 
In the Pyrex-silicon HDC chip separations were shown of small molecules, large 
(bio)molecules and particles. An optimized HDC design was fabricated in fused silica. 
This design included an optimized injection structure and an integrated optical detection 
cell. Using this fused silica HDC chip, separation of various particles was shown. 
Detection of the particles and the t0-marker by UV absorption detection in the optical 
detection cell enabled an estimate of the column efficiency in terms of the plate number. 
5. Demonstration of the separation performance in actual practice enabling a  

comparison with SEC. 
Unfortunately, there was not sufficient time to include an actual comparison between 
SEC and on-chip HDC in this thesis. 
6. Development of integrated or stand-alone detection techniques. These could be 

either optical or based on viscosity detection. 
A stand-alone differential viscosity detector was realized of which the fabrication was 
directly compatible with the silicon-glass HDC chip. The measured detection limits 
however are not sufficient for an on-chip HDC detector. The positive influence of 
upscaling of the device however could enable the application of the stand-alone device as 
a detector for miniaturized (not necessarily micromachined) liquid chromatography 
systems for polymers. 
Optical detection was integrated by using an optical detection cell. This enabled the UV 
absorption detection of polystyrene particles. 
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7. Further reduction of the channel height enabling separation of smaller molecules 
and reptational separations.  

HDC channels of approximately 100 nm height were fabricated. As pressure limitations 
would prevent operation of these channels in the optimum velocity region, the channel 
designs were adapted for electro-hydrodynamic transport. This mode of operation could 
give a combination of electrophoretic and HDC separation effects. More details about the 
possibilities of this separation technique are given in the next section. Characterization of 
these “nanochannels” has not been performed yet. 
 
Theoretical targets: 
1. Description of the calibration relation between particle size and residence time. 
In the Pyrex-silicon and fused silica HDC chips retention curves were measured for HDC 
separation of particles under various conditions. It turned out that particularly the ionic 
strength had a large influence on the retention behavior, as this effectively reduces the 
channel part accessible to charged particles. The pH value influenced retention only for 
specific particles. Velocity effects were not noticeable, implying that inertial (tubular 
pinch) effects do not play a role in these on-chip HDC separations. As no polymer 
separations have been performed yet, a calibration relation between polymer mass and 
residence time could not be determined. 
2. Description of the zone broadening process. 
The total zone broadening process is a combination of Taylor-Aris dispersion, both 
across the channel width (the “side-wall effect”) and across the channel height, and the 
zone deformation by a non-uniform channel geometry. 
It was shown that the relative influence of the edge effect is reduced for larger aspect 
ratio separation channels. However, geometry deviations will be larger in wider channels. 
As the geometrical non-uniformity is better controllable in fused silica chips, these chips 
theoretically enable more efficient separations. Unfortunately this could not be verified as 
only 0.5 mm wide separation channels were fabricated in fused silica, in which the side-
wall induced dispersion masks the contributions of geometry variations. 
3. Investigation of shear rate effects and polymer degradation if large velocity 

gradients are applied in the channel. 
Large velocity gradients were present in the viscosity detector as its design included four 
fluidic resistances. Since this stand-alone detector was not applied to polymers, no shear 
degradation effects could be investigated. 
4. Investigation of reptational chromatography. 
As no experimental results with channels smaller than 1 µm in height could be obtained 
in time, comparison of experiments with theoretical descriptions of the reptation effect 
was not possible. 
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3. OUTLOOK 
 
3.1 Geometrical improvements of the separation channel 
The main limit on the separation channel width was determined by the channel 
deformation due to different thermal expansion coefficients. As this restriction does not 
apply to fused silica, wider channels could be used. When mechanical deformation due to 
pressure can be limited, wider channels have two advantages: 
1.   larger sample volume 
2.   reduced side-wall effects 
The total sample volume and the mechanical stiffness can be increased by using an array 
of parallel channels, in which a dividing wall gives the necessary support to prevent too 
much pressure deformation. This however increases the side-wall-induced dispersion. 
Uniformity between the individual channels is essential to minimize band broadening 
after merging of the fluid flows. 
 
 
3.2 Injection system 
Although the integrated injection system is capable of injecting sub-nanoliter sample 
volumes, the actual injected amount is much larger. This is first of all due to the 
macroscopic valving system coupled to the injection slits that has an internal volume of 
several µl. The injection slit through which the sample is filled has an internal volume of 
approximately 0.1 µl. Reduction of the injection slit lengths would therefore only be 
useful if the external valving could be eliminated. 
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figure 7-1: injection schematic: the three injection slits are shown in a cross-section along the channel. In the 
first step sample is introduced between slit 2 and slit 3. In the second and third step slit 2 is closed and solvent 
is pushed through slit 1 moving part of the sample into the separation channel. The remaining part is pushed 
through a well-defined resistance connected to slit 3 in order to prevent tailing of the sample plug 

 
This could be done by using the holes in the top wafer, which connect the channels to the 
outside world, as fluidic reservoirs. In that case the chip would be connected to a 
pneumatic pressure source. For the injection system described in chapter 5 (figure 7-1), 
this can be done for the connections to slits 1 and 3. Slit 2 still needs to be connected to a 
valve, but this connection does not necessarily need to be filled with sample completely, 
as it only serves as an outlet during the injection phase. Additionally, the possibility 
exists to provide slit 2 with an integrated (silicon) microvalve. 
The main disadvantage of this configuration would be that replacement of the samples 
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and solvents requires removal of the connections. This would increase the possibility of 
contamination and clogging of the shallow channels and would require operation in a 
dust-free environment. A possible solution to this problem could be an enhanced 
connector, in which a needle-like fluidic structure is integrated inside the connector that 
connects a chip through-hole to the external pressure source. The needles extend as far as 
possible into each on-chip fluidic reservoir. A valve connects each needle to a syringe or 
to a waste.  
Filling the on-chip fluidic reservoirs can be done through the needle using the syringe. 
Flushing is done by pneumatic actuation forcing the fluid through the needle towards the 
waste. 
 
 
3.3 Enhanced detection cell 
The optical detection cell integrated with the fused silica HDC chip theoretically and 
experimentally works well, but fabrication is difficult as the sharp structures needed for 
application of the RIE-lag cannot be etched as precisely as required. 
An alternative would be using an optimized outlet slit geometry as described in [2]. A 
deeper waste slit creates a larger optical path length just as the optical cell does. The 
waste slit as used in the HDC chip design is simply a deeper slit running across the 
complete width of the end of the separation channel. As the slit is positioned 
perpendicular to the separation channel, it creates a large increase in peak width. An 
optimum channel shape and width can be found by taking into account the continuity 
requirements for mass and momentum. These have to be combined with the requirement 
that at every position along the slit the sample that elutes from the flat channel is joined 
with previously collected sample from the same longitudinal position in the separation 
channel (indicated by the parallel gray lines in figure 7-2). 
According to the simulations presented in [2], the optimized waste slit geometry exhibits 
even less dispersion than the detection cell applied in the fused silica HDC chip. 
 
 

 
figure 7-2: A schematic of the optimized waste geometry. The slit is positioned under an angle and increases in 
width and depth towards the exit. The external shape of the slit is not a straight line but is estimated in [2] by 
combining continuity requirements. 
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3.4 Viscometer for µ-LC 
As discussed previously, the current performance of the developed differential viscosity 
detector is insufficient for on-chip HDC. Although the sensor performance increases with 
increasing volume flows and sample volumes, upscaling of the sensor for HDC 
applications is limited by the prescribed optimum velocity and channel geometry for the 
HDC separations. However, it is possible to redesign the sensor in such a way, that the 
required resolution for polymer analysis is obtained, while a sample volume is used that 
is much smaller than that of commercial viscosity detectors. 
Commercial viscodetectors are designed for conventional LC systems using columns of 
several millimeters inner diameter. There is a drive in LC to use smaller columns or 
capillaries as this can possibly speed up separations [3]. These so-called µ-LC separations 
are normally performed not in micromachined systems but in capillaries. Coupling of a 
redesigned stand-alone microviscometer to a µ-LC system would extend the use of 
viscometry to smaller sample volumes. 
The main challenges for this approach are the low dead-volume coupling of the stand-
alone sensor to the separation column and the solvent compatibility. In the prototype 
sensor presented in chapter 6, only aqueous solutions were used. If the use of adhesive 
bonding for the commercial pressure sensor can be replaced by a solvent-resistant 
connection technique, a µ-LC viscodetector would come within reach. 
 
 
3.5 Integrated optical detection 
In this section a short and certainly not complete overview of possibilities for integrating 
optical detection techniques with the HDC chip will be given. 
Integration of optical detection techniques would extend the application range of HDC 
separations. So far only fluorescence and UV absorption detection have been used, 
limiting the separations to analytes with fluorescing or (UV-)absorbing properties. 
Especially integration of universal detection techniques such as refractive index detection 
(RI) and light scattering (LS) would be beneficial. 
Integration in HDC has proven to be not straightforward. For optical detection a long 
path length is necessary. This has been partially realized by integrating an optical 
detection cell with the fused silica HDC chip, which is used for UV-absorption detection. 
With some modifications, the optical cell could be used for light scattering as well: a 
laser beam could be directed into the cell volume. If the outer edges of the cell would be 
machined in such a way that the light scattered in the wafer plane could be collected, 
Right Angle Laser Light Scattering (RALLS) could be possible. 
A detection cell could also improve external fluorescence detection. The fluorescence 
detection could be even further enhanced by integrating micromachined optical 
components such as lenses and filters as was done in [4]. 
For RI detection no increased optical path length is necessary as refraction is induced at 
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an interface. The most sensitive commercial RI detectors use a differential technique in 
which basically the refraction at the interface between the sample and a reference fluidic 
stream is detected. A possible micromachined configuration in which this could be 
realized is shown in figure 7-3. A mirror-like surface is created by using anisotropic 
etching in silicon. The reference liquid (preferably the solvent) is introduced into a 
reference cell on top of the Pyrex wafer. 
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figure 7-3: A possible micromachined RI detector. A focused laser beam is aimed at a mirror-like, 
anisotropically etched silicon surface. Sensitive differential detection is created by including a reference liquid 
having the same refractive index as the solvent in the sensing region. 

 
The above mentioned techniques all rely on external optics. From an integration point of 
view it would be nice if integrated optical components could be used. The use of 
integrated optical waveguides could enable better collection of the light and reduce the 
required external optical components. Although examples exist where integrated optics 
and complicated fluidic parts are combined [5-12], it is clear that integration with the 
HDC chip is not straightforward. 
Provided that the fabrication challenges can be dealt with, several options for integrated 
optical waveguide detection in HDC could be imagined. 
 
 

       
figure 7-4: Possible configurations using integrated optical waveguides. On the left an absorption detection 
configuration is shown; on the right the waveguides are used for collection of scattered light from a laser beam. 
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One option uses a waveguide crossing the separation channel. Waveguides crossing a 
fluidic channel have been shown in [5,6]. These could be used for absorption detection as 
shown in figure 7-4A, or for collection of the scattered light from a laser beam (figure 
7-4B). The main challenge for these techniques would be the collection efficiency of the 
waveguides. 
A second possible integrated optical technique for HDC would be RI detection. Several 
detection options exits, either based on Surface Plasmon Resonance [8,13,14], whispering 
gallery modes [15] or evanescent wave sensing [9,16-18]. Waveguide evanescent wave 
sensing would be especially suitable for HDC sensing, as the evanescent wave, extending 
from a waveguide that crosses the separation channel, will probe a relatively large part of 
the shallow channel (figure 7-5). 

 
figure 7-5: A waveguide integrated into the top wafer crosses the separation channel. The evanescent field 
detects the refractive index change induced by the analytes that are passing by. 

 
3.6 Hydrodynamic separation by charge 
In figure 5-23 of this thesis a large influence of ionic strength of the buffer and thus the 
size of the double layer on negatively charged particles is shown. An increasing double 
layer effectively reduces the accessible channel cross-section. This naturally suggests a 
way of separating analytes with equal sizes but with different charge. A molecule with a 
higher negative charge will sample a smaller channel region and will thus have a higher 
average velocity. This can be explained using figure 3-3, reproduced as figure 7-6: for an 
equal effective analyte radius, a smaller channel will give a shorter residence time. 
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figure 7-6: effective analyte radius and corresponding relative residence times for particles according to the 
DiMarzio-Guttman model. 
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3.7 Electro-HDC separations in nanochannels 
The velocity profile in electroosmotic flows depends on the size of the double layer as 
this is the region in which a velocity gradient exists. The double layer typically is  several 
nanometers to several tens of nanometers large, depending on the ionic strength of the 
buffer. This means that large double layers start overlapping in channels with a depth in 
the order of twice the double layer thickness. 
Similar to pressure-driven flow, the generated flow profile can induce hydrodynamic 
separation by exclusion of larger analytes from the low velocity region near the channel 
wall (figure 7-7). If charged analytes are used, even a combination of HDC and 
electrophoresis effects could be obtained. 
In [19] it was shown that this can indeed be used for analytical separations by 
successfully separating 100 and 1000 base pair dsDNA in 320 nm and 109 nm high 
channels. 
 
 
 
 
 
 
 

figure 7-7: schematic of the electro-hydrodynamic separation principle. On the right velocity profiles for 
increasing double layer thickness (corresponding to decreasing ionic strength of the buffer) are shown. 

 
The advantage of such a system over pressure-driven HDC is a simplified flow control. 
Instead of valves and pressure-sources, a multi-channel high-voltage source and on-chip 
electrodes are required. Instead of high-pressure connectors and tubing only (open) 
fluidic reservoirs are needed. The system can be open so that liquids and sample can be 
easily changed. 
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Appendices 
 
 
 
 
 
In appendix A1 and A2 the process sheets for the Pyrex-silicon 
and the fused silica HDC chips are presented; appendix A3 and 
A4 contain the process sheets for the stand-alone pressure 
sensor and the viscosity detector. 
In appendix B1 and B2 calculated responses of various 
components of the viscosity detector are outlined. 
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Appendix A1: Pyrex-Silicon HDC-chip  
 
1. Introduction 
 
1.1 Design description 
A first prototype of the HDC-chip will be fabricated. This means that injector, channel 
and connections must be integrated into one single chip. 
The channel itself will be defined into a thermally grown silicon oxide layer. The injector 
slits, partially crossing the channel, must be deeper however and must therefore be etched 
into the silicon wafer. The slits must be connected to circular holes that itself fit to 
powderblasted holes in the closing Pyrex wafer. This wafer will be direct bonded to the 
silicon. Finally, external fluidic connections will be fitted to the powderblasted holes by 
sealing a stainless steel connection piece with KalrezTM (DuPont, USA) O-rings. 
 
1.2 Explanation of typical process steps 
 Principally, the process can be divided into four parts: 
1. Pyrex patterning and bonding. This is relatively straightforward. Care must be taken 

that both sides are protected with resist during powderblasting, because bonding 
must be performed on the backside. 

2. The silicon is thermally oxidized and then patterned using BHF. After that, a second 
resist layer will be applied over the existing oxide structure, which serves as a mask 
for the next step. In this step the injection slits are etched using Deep Reactive Ion 
Etching. 

3. Bonding of the finished Pyrex and silicon wafers. 
4. Alignment and clamping of the stainless steel piece with the O-rings 
 
1.3 Masks 
Three masks are needed  
DRIE  : Deep Reactive Ion Etching. 
CD   : Channel definition. 
PH  : Powderblasted holes 

CD

PH

DRIE
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2. Mask layout (overview) 
 
Filename: HDC prototype II met alignment.cif 
 

position description code layer inside white / black 
(0,0) channel definition CD 0.5 mm 1 inside white 
(0,0) channel definition CD 1 mm 3 inside white 
(0,0) deep injection slits DRIE 0.5 mm 2 inside white 
(0,0) deep injection slits DRIE 1 mm 4 inside white 
(0,0) powderblasted 

structures 
PH 5 inside black 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Alignment Si-Si Alignment Si-Pyrex 

Separation channel: 0.5 mm and 1 mm 

Injection channels 

Alignment connections 

Waste 
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3. Process outline top Pyrex wafer 
 

Step  Cross-section after process 
1. Double sided lithography: 

both sides BF410 (100 µm) 
foil 

 
 
 

2. Powderblasting through 
wafer 

 

 
4. Process outline bottom Si wafer 
 

Step Process description  Cross-section after process 
1. Thermal oxidation of 4" Si 

 
 
 
 

2. Channel definition in the 
silicon oxide layer using BHF 

 

3. Spinning resist across the 
channel structure 

 

4. Defining the injection and 
waste slits in the resist layer 

 

5. DRIE etching of the slits  

6. Removal of the resist layer, 
no O2-plasma; otherwise 
roughening of the surface 

 

 
 
5. Specific design parameters 
• large channels:  

- 1 micrometer deep, 0.5 / 1 mm wide 
- injection channel: same resistance as separation channel 
- minimum distance from wafer edge: 1 cm 

• injection channels:  
- injection slits: 10 µm wide, 40 µm deep 
- distance between slit #1 and #2: 1000 µm 
- distance between slit #2 and #3: 300 µm 

• Crosses: alignment Pyrex for direct bonding; width 100 µm, length 3.8 mm 
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6. Process parameters 
 
Top wafer: Pyrex OSP (Corning, New York, USA) , thickness 500 µm, factory-polished 
side extra polished until Ra < 0.5 nm using a Semi Sperse 25 (Cabot Microelectronics, 
Aurora, USA) polishing solution for 5 minutes. 
Bottom wafer: 4" p-type (Silicon Valley Microelectronics Inc., San Jose, USA), <100> 
oriented, DSP, thickness 525 µm. 
 
6.1 Top wafer processing 
 

Step Process Parameters Remarks 
1. Introduction 

cleaning 
 not necessary 

2. Lithography Ordyl 
BF 410 foil, single 
layer 100 µm 
( powderblasting) 

Laminate protection foil on substrate 
- Laminate 50 µm protection foil BF 405 on direct 
bonding side 
Laminate BF 410 foil on substrate; blast-side 
- Protect hotplate with aluminum foil 
- Put wafer on hotplate, 100°C, 180 sec 
- Remove thick (75 µm) PET layer from BF410 
foil 
- Apply BF 410 foil with roller 
- Remove and cool wafer down  
- Cut the wafer out of the foil 
- Transport wafer in black box to cleanroom 
Exposure(cleanroom) 
- remove thin PET film with thin knife 
- Karl Suss, use silicon support wafer! 
- Mask "PH" 
- Expose 20 sec, hard contact 
- Transport wafer in black box to floor 7 
Development 
- 0,2% Na2CO3, spray development. 
- rinse in DI 
- 1% Acetic acid, ½ min.(stop-bath) 
- rinse in DI 
- spin drying 

(all steps on floor 
7, unless 
mentioned) 
 
IMPORTANT 
During laminate 
step, Hotplate 
temperature must 
not exceed 
115°C!! 
 
 
 
 
 
Use silicon 
support to 
eliminate 
reflectance of the 
chuck 
 

3. Powderblasting 
Pyrex Large 
Feature Size 

- Particles: 30µm Alumina  
- Pressure: 4,7 bar 
- Mass flow: 3-12 gram/min 
- Etchrate appr. 91µm per gram/cm2 
- etch through wafer 

File actual 
parameters in 
logbook 

4. Resist stripping - rinse in DI 
- spin drying 
- transport wafer to cleanroom 
-strip foil in aceton (user made) 
- rinse in DI 
- final ultrasonic clean in DI, 10 min 
- spin drying 

 

5. Cleaning fuming 
HN03 user made 

- fuming nitric acid (user made), 15min. 
- quick dump rinse, DI, <0.1µS 
- spin drying 

Removal of light 
organic particles 
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6.2 Bottom wafer processing 
 

Step Process Parameters Remarks 
 Introduction cleaning -fuming nitric acid (II), 5min 

-quick dump rinse, DI, <0.1µS 
-boiling nitric acid (90°C), 15min 
-quick dump rinse, DI, <0.1µS 
-spin drying 
-1%-HF-dip 1 min 
-store wafers in a cleaned wafer box 

 

 Wet Thermal Oxidation of 
silicon S&A 
 

-Tempress Omega Junior III 
-check water level 
-gasses: H2O+N2 
-temperature:1150°C 
-thickness 1 µm 
-Determine oxidation time by oxidation –
chart 
-Nf 1.46 

Cleaning 
required 

 Lithography-Olin907-17 
 
Single side processing 
  

S&A track/ ElectronicVisions Al-6 
-dehydration bake: see remarks 
-primer: HDMS, 4000rpm, 20sec 
-resist: Olin 907-17, 4000rpm, 20sec 
-prebake: hotplate 95°C, 90sec 
-Exposure using mask "CD" 
5” xxx 20µm 
6 mm xxx 30µm 
4” top/bot 100/10N 
0.6mm xxx xxs (5sec) 
2 
-after exposure bake: 120°C, 60sec 
-development: OPD 4262, 45-60s 
-quick dump rinse, DI, <0.1µS 
-spin drying 
-visual microscopic inspection 
-postbake: hotplate 120°C, 30min 

Dehydration of 
Si, SiO2, 
“glass” surfaces 
apply a O2-
plasma (10 min) 
Dehydration of 
SiRN, Al, Cr,  
surfaces apply a 
hotbake of 120 
°C, 10 min 
 

 BHF etching of SiO2 -standard S&A BHF (1:7) 
-etchrate thermal oxide 60-80 nm/min 
-etchrate PECVD 125 nm/min 
-etchrate TEOS 180 nm/min 
-quick dump rinse, DI, <0.1 µS 
-spin drying 

Protect backside 
with saw foil 

 Stripping Olin 907 by 
HNO3  

-HNO3 100% 
-use BK1 of standard clean  
-time 20 min. 

no O2-plasma, 
because of 
surface-
roughening 

 Online Cleaning -fuming nitric acid (I), 5min 
-fuming nitric acid (II), 5min 
-quick dump rinse, DI, <0.1µS 
-boiling nitric acid (95°C), 15min 
-quick dump rinse, DI, <0.1µS 
-spin drying 

Removal of 
light organic 
particles and 
metals 

 Lithography_Olin907_12 
SSP 
 
Single side processing 
  

S&A track/ ElectronicVisions Al-6 
-dehydration bake: see remarks 
-primer: HDMS, 4000rpm, 20sec 
-resist: Olin 907-12, 4000rpm, 20sec 
-prebake: hotplate 95°C, 60sec 
-Exposure parameters 
4”or5” xxx 20µm 
4.or6 mm xxx 30µm 

Dehydration of 
Si, SiO2, 
“glass” surfaces 
apply a O2-
plasma (10 min) 
Dehydration of 
SiRN, Al, Cr, 
surfaces apply a 
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3’’/4” top/bot 100/10N 
0.4/0.6mm xxx xxs (4sec) 
2 
-after exposure bake: 120°C, 60sec 
-development: OPD 4262, 45-60s 
-quick dump rinse, DI, <0.1µS 
-spin drying 
-visual microscopic inspection 
-postbake: hotplate 120°C, 30min 

hotbake of 120 
°C, 10 min 
 

 Annealing of Olin907-12 
for cryo DRIE 

S&A track 
-Heraeus convection furnace  
-150°C, >15 min 
-visual microscopic inspection 

To avoid 
cracking of 
resist during 
cryo DRIE 

 Plasma etching of  silicon 
OXFORD  

-Oxford Plasma lab 100 ICP (Katharina) 
-temperature: –xxxC°  
-SF6 flow xxx sccm 
-O2 flow xxx sccm 
-Pressure xxx Torr 
-ICP power xxxW  
 
Cleaning step 
-RIE-power xxxW  
-Vdc xxxV 
 
-Si etching 
-RIE-power xxxW 
-Vdc xxxV 

Reservation 
necessary 
Contact Meint 
de Boer for 
parameters 
settings 
 

 Stripping Olin 907 by 
HNO3  

-HNO3 100% 
-use BK1 of standard clean  
-time 20 min. 

no O2-plasma, 
because of 
surface-
roughening 

 Online Cleaning -fuming nitric acid (I), 5min 
-fuming nitric acid (II), 5min 
-quick dump rinse, DI, <0.1µS 
-boiling nitric acid (95°C), 15min 
-quick dump rinse, DI, <0.1µS 
-spin drying 

Resist may not 
be removed 
completely. 
Cleaning before 
bonding should 
be sufficient 
however. 

 
6.3 Direct bonding 
 

Step Process Parameters Remarks 
 Cleaning silicon wafer -fuming nitric acid (II), 5min 

-quick dump rinse, DI, <0.1µS 
-boiling nitric acid (95°C), 15min 
-quick dump rinse, DI, <0.1µS 
-spin drying 

 

 “Piranha” cleaning for 
direct bonding 
H2SO4/H2O2 

-add H2O2 to H2SO4, 1:3 
-exothermic process 
-wait till temp. 100oC, switch on heater 
-time  20min 
-quick dump rinse, DI, <0.1 µS 
-store and transport wafers under water 
-spin dry just before bonding in nearest 
 bench 
-spin parameters: time 1.5min, max speed 

glass and silicon 
wafers 

 Low-T glass-Si fusion 
bonding anneal 

- ramp-up 59 min 
- anneal time 2x59 min, 3500C 
- down-ramp spontaneously (at night) 

floor 7 anodic 
bond oven 
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Appendix A2: Fused silica HDC chip 
 
1. Introduction 
 
Of the fused silica HDC chip two versions will be fabricated that only differ in the depth 
of the separation channel. The shallow version (0.1 µm deep) will be used for attempts to 
do separations using the velocity profile created by overlapping double layers. The 
deeper version (1 µm) will be used for “normal” pressure-driven HDC separations. The 
low UV absorbtion of the fused silica can be used for UV detection. 
 
 
1.1  Design description 
The injector, channel and connections are integrated into one single chip. 
The main difference with the previous HDC designs is the incorporation of a detection 
cell at the end of the separation channel that is 30 µm deep and 30 µm wide, which is 
coupled to the separation channel by a nozzle structure that is used in the viscosity 
detector as well. 
The channel itself will be defined by wet etching into the bottom fused silica wafer to a 
depth of 1.0 or 0.1 µm. The injector slits, partially crossing the channel, must be deeper 
however and will therefore be DRIE etched. The slits must be connected to circular holes 
that itself fit to powderblasted holes in the top fused silica wafer. The wafers will be 
fusion bonded. Finally, external fluidic connections will be fitted to the powderblasted 
holes by sealing a stainless steel connection piece with KalrezTM O-rings. 
 
 
1.2 Explanation of typical process steps 
Principally, the process can be divided into four parts: 
1. Top wafer patterning. This is relatively straightforward. Care must be taken that both 

sides are protected with resist during powderblasting, because bonding must be 
performed afterwards. 

2. The separation channels are etched into the bottom silica wafer using BHF etching. 
After that, a Ni/Cr layer is applied and wet-chemically patterned using a second 
resist layer. Subsequently, the injection slits are etched using Deep Reactive Ion 
Etching in the Plasmatherm etcher. 

3. Bonding of the finished silica wafers. 
4. Alignment and clamping of the stainless steel piece with the O-rings 
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1.3 Masks 
 
Three masks are needed  
DRIE  : Deep Reactive Ion Etching: Ni/Cr patterning. 
CD   : Channel definition.  
PH  : Powderblasted holes 
 

CD

PH

DRIE

 
 
 
2. Mask layout 
 
Filename: HDC prototype III 21.cif 
 

position description code layer inside white 
/ black 

(0,0) channel 
definition 

Marko HDC CD versie 
III 

10 inside white 

(0,0) deep injection 
slits 

Marko HDC DRIE versie 
III 

2 inside white 

(0,0) powderblasted 
structures 

Marko HDC PH versie 
III 

5 inside black 
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3. Process outline top silica wafer 

 
Step  Cross-section after process 
1.  
 

Double sided lithography: both 
sides BF410 foil; apply foil to 
polished side first. Patterning is 
done on the not-polished side 

 
 
 

2.  Powderblasting through wafer. In 
the case of the shallow channels, 
the holes cannot be too large 
because of the capillary size 

 

 
 
 

 

Alignment Si-Si Alignment Si-Pyrex

Separation channel: 0.5 mm

Injection channels

Alignment connections

Waste
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4. Process outline bottom silica wafer 
 

Step Process description  Cross-section after process 

1. 
New 4” DSP fused silica wafer & 
standard cleaning in nitric acid (if 
necessary polishing) 

 
 
 

2. 

Lithography (Mask CD): 
Spin coating resist (Olin 907-17) and 
prebake. Pattern transfer and 
developing 

 

3. 
Wet chemical etching of separation 
channel in BHF (depth: 1 µm or 0.1 
µm) 

 

4. Wet chemical stripping of resist in 
aceton 

 

5. 
Evaporation of adhesion layer (Cr) 
and subsequent evaporation of mask 
layer (Ni) 

 

6. 

Lithography (Mask DRIE): 
Spin coating resist (Olin 907-17) and 
prebake. Pattern transfer and 
developing 

 

7. 
Wet chemical etching of masking 
layer in phosphoric acid (Ni) and 
standard chromium etchant (Cr) 

 

8. Wet chemical stripping of resist in 
Aceton 

 

9. Plasma etching of channels (depth: 
30µm) 

 

10. 
Wet chemical stripping of masking 
layer in phosphoric acid (Ni) and 
standard chromium etchant (Cr) 
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5. Specific design parameters 
 
 
 

 
 
 
 
 
 
• Detection cell (picture above): 

- Nozzle structure in 1 µm deep channel leading to a 30 µm wide channel 
- Transition to a deeper structure (30 µm) with 3 “bird beaks” of 10 µm  

wide and 60 µm long, which uses the RIE lag to create a smoother depth 
transition.  
The bird beaks are rounded in order to avoid peeling off of the resist. 

• Large channels:  
- 1 micrometer deep, 0.5 mm wide, length varies with design 
- minimum distance from wafer edge: 1 cm 

• Injection channels:  
- injection slits: 10 µm wide, 30 µm deep 
- distance between slit #1 and #2: 1000 µm 
- distance between slit #2 and #3: 150 µm 
- minimum distance from channel and injection region 15 mm 

• Resistance channel (picture on the right): 
- Is only present in the pressure-driven HDC version 
- Length 3.55 mm, width 25 µm 
- Smoother depth transition by using the RIE lag: bird’s beak 50 µm long 

• Crosses: alignment for direct bonding; width 100 µm length 3.8 mm 
• Through-holes: 

- Injection holes: minimum distance from wafer edge 10 mm 
- Waste hole: distance from wafer edge 9 mm in order to facilitate a flushing 

structure 
- Hole size 700 µm in the pressure-driven version case (wafers are 1 mm thick) 
- Hole size for EOF version depends on function: for capillary connection they 

have a 600 µm diameter; when functioning as a buffer reservoir they are 1 mm 
wide. 

 
 
 
 

optical detection cell separation  
channel 

entrance 
detection cell 

injection 
                        resistance 
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6. Process parameters 
 
Top and bottom wafer: 940 µm thick fused silica (Valley Design, California, USA) 
 
6.1 Top wafer processing 
 
!! Small features may be blasted faster than the through-holes. This can be important for 
the rulers !! 
 

Step Process Parameters Remarks 
1.  Introduction cleaning  not necessary 
2.  Lithography Ordyl BF 410 

foil, single layer 100 µm ( 
powderblasting) 

Laminate protection foil on substrate 
- Laminate 100 µm protection foil 
BF 410 on direct bonding side 
Laminate BF 410 foil on substrate; 
blast-side 
- Use the laminator 
Exposure(cleanroom) 
- remove thin PET film with thin 
knife 
- Karl Suss, use silicon support 
wafer! 
- Mask "PH" 
- Expose 25 sec, hard contact 
- Transport wafer in black box to 
floor 7 
Development 
- 0,2% Na2CO3, spray development. 
- rinse in DI 
- spin drying 

(all steps on floor 7, 
unless mentioned) 
 
IMPORTANT During 
laminate step, 
Hotplate temperature 
must not exceed 
115°C!! 
 
 
 
 
 
Use silicon support to 
eliminate reflectance 
of the chuck 
 

3.  Powderblasting Pyrex 
Large Feature Size 

- Particles: 30µm Alumina  
- Pressure: 4,7 bar 
- Mass flow: 3-12 gram/min 
- Etchrate appr. 91µm per gram/cm2 
- etch through wafer 

File actual parameters 
in logbook 

4.  Resist stripping - rinse in DI 
- spin drying 
- transport wafer to cleanroom 
-strip foil in aceton (user made) 
- rinse in DI 
- final ultrasonic clean in DI, 10 min 
- spin drying 

 

5.  Cleaning fuming HN03 user 
made 

- fuming nitric acid (user made), 
15min. 
- quick dump rinse, DI, <0.1µS 
- spin drying 

Removal of light 
organic particles 
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6.2 Bottom wafer processing 
 

Step Process Parameters Remarks 
1. Select Wafers Fused silica wafer 

-no orientation 
-diameter 4 inch 
-thickness 940µm 

Supplier: Valley 
products 
Surface 

roughness:<1nm 
2. Cleaning introduction  Wet Bench SC 

-HNO3 (100%) Selectipur: MERCK 
100453 
-HNO3 (69%) VLSI: MERCK 
116445 
-HNO3 (100%) (II), 5min 
-quick dump rinse, DI, <0.1µS 
-HNO3 (69%) (95°C), 15min 
-quick dump rinse, DI, <0.1µS 
-spin drying 

Removal of light 
organic particles and 

metals 

3. Litho 907-17 S&A Litho Bench/Karl Suss 55 
Scheme: 
-HMDS: 4000rpm, 20sec 
-resist: Olin 907-17, 4000rpm, 20sec 
-prebake: hotplate 95°C, 90sec 
-Exposure parameters: 
-Soft contact, time: 5 seconds 
-after exposure bake: 120°C, 60sec 
-development: OPD 4262, 45-60s 
-quick dump rinse, DI, <0.1µS 
-spin drying 
-hard bake: 120°C, 3 min 
-visual microscopic inspection 

Use Mask CD 
 

Clean spinner before 
use! 

 
Slight stiction of the 

wafer at the mask may 
occur. 

5. Etching SiO2 using BHF  Wet Bench HF/BHF 
-NH4F/HF (1:7) VLSI, Merck 
101171 
-quick dump rinse, DI, <0.1µS 
-spin drying 
-etch rate fused silica: 58,4 nm/min 

use-made BHF with 
stirrer 

 
Time: approx. 17 min 

5. Resist stripping S&A litho bench 
-Aceton VLSI: MERCK 100038 
-manual, 60-120 sec 
-spin drying 
-visual microscopic inspection 

 
 

6. PVD (E-gun) of Chromium Baltzer BAK 600  
-base pressure: < 2.10-6 Torr 
-High voltage: 10kV 
-substrate heater : 0ff 
-current: 0.04 ampere 
-deposition rate 3 nm/sec  

For good adhesion of 
Ni layer 

 
Desired thickness: 

10nm 

7. PVD (E-gun) of  
Nickel 

 Baltzer BAK 600 
-base pressure: < 2.10-6 Torr 
-High voltage: 10kV 
-substrate heater : 0ff 
-current: 0.15 ampere 
-deposition rate 3 nm/sec  

Deposit Ni directly 
after deposition of Cr.  

 
Desired thickness: 460 

nm 

8. Litho 907-17 S&A Litho Bench/Karl Suss 55 
Scheme: 
-HMDS: 4000rpm, 20sec 
-resist: Olin 907-17, 4000rpm, 20sec 
-prebake: hotplate 95°C, 90sec 

Use mask DRIE 1 
 

clean spinner before 
use! 

 
Slight stiction of the 
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-Exposure parameters: 
-Soft contact, time: 5 seconds 
-after exposure bake: 120°C, 60sec 
-development: OPD 4262, 45-60s 
-quick dump rinse, DI, <0.1µS 
-spin drying 
-visual microscopic inspection 
-postbake 120ºC, at least 30 minutes 

wafer at the mask may 
occur. 

9. Wet etching of Ni  Wet Bench Prep.  
- 15 s DI water at 40ºC 
- 7min 10s Ni-etch (=50% Al-

etch, Merck 115435) at 45ºC 

Check actual 
temperature of DI and 

Ni-etch with 
thermometer 

10. Wet etching of Chromium Wet Bench Prep.  
- short DI rinse 
- immediately followed by 45 s 

Cr-etch (LSI Selectipur, Merck 
111547) 

- quick dump rinse, DI, <0.1 µS 

 
Room temperature 

11 Resist stripping S&A litho bench 
-Aceton VLSI: MERCK 100038 
-spray method, 60-120 sec 
-spin drying 
-resist not completely removed: 2 
min O2 plasma 

 
 

12. Plasma etching of fused silica PlasmaTherm: 
CCPpower: 40 W 
ICP power: 1400W 
P: 5mTorr 
TS: 10˚C 
SF6 flow : 20 sccm 
Ar flow  : 30 sccm 

 

13. Wet etching of Nickel  Wet Bench Prep.  
- 15 s DI water at 40ºC 
- 20 min Ni-etch (=50% Al-etch, 

Merck 115435) at 45ºC 

Check actual 
temperature of DI and 

Ni-etch with 
thermometer 

14. Wet etching of Chromium Wet Bench Prep.  
- short DI rinse 
- immediately followed by 10 min 

Cr-etch (LSI Selectipur, Merck 
111547) 

- quick dump rinse, DI, <0.1 µS 

Room temperature 
 

Small metal mask 
residues will be 
removed during 

cleaning for bonding  
 
 
6.3 Direct bonding 
 

Step Process Parameters Remarks 
1. Ultrasonic cleaning Wet Bench Prep 

-Aceton VLSI: MERCK 100038 
-Ethanol VLSI: MERCK 108067 
-BK1:aceton,or ethanol, or IPA, > 
10 min 
-BK2:demi water, > 10 min 
-quick dump rinse, DI, <0.1µS 
-spin drying 

Removal of particles 
like Al2O3 (Powder 
blasting) 
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2. Cleaning fuming HNO3 
user made 

-HNO3 (100%) Selectipur:MERCK 
100453 
-HNO3 (100%), 15min. 
-quick dump rinse, DI, <0.1µS 
-spin drying 

Removal of light 
organic particles 

3. Cleaning “piranha” 
 

Wet Bench RCA 
-H2SO4 (96%) VLSI: MERK100709
-H2O2 (31%) VLSI: MERK 108552 
-add H2O2 to H2SO4, 1:3 
-exothermic process 
-wait till temp. 100ºC, switch on 
heater 
-time 20min 
-quick dump rinse, DI, <0.1µS 
-store and transport wafers under 
water 
-spin dry just before bonding in 
nearest bench 
-spin parameters: time 1.5min, max 
speed 

Removal of organics for 
fusion bonding 

4. Aligning & prebonding 
4” wafers 

Manually: 
- contact wafers 
- apply slight pressure with wafer or 
teflon tweezers 
- use tweezers to press out air bubbles 
if necessary 

 

5. Annealing 
 

Anneal tube Furnace CR112B  
-Temperature 700 °C 
-N2 ambient 
-time 120min 
-ramp up and down 3ºC/min 

 

 
 
6.4 Dicing of the bonded wafers 
 
Double-sided lamination with dicing foil, in order to prevent contamination. 
 

Step Process Parameters Remarks 
1.  2 Sided wafer 

lamination 
-laminate the wafer at both sides with 
dicing 
 foil to prevent the samples from  
 contamination 
 

 

2.  Dicing -Micro Automation 1006 
-blade type S2035  
-index1: distance between cuts // to flat 
-index2: distance between cuts ⊥ to flat 
-height: distance between blade and chuck 
             during dicing 
-thickness: maneuver distance between 
                 blade and chuck  
-speed: 2mm/s 
-wafer diameter:  
        3” = 80 mm 
        4” = 110 mm 
-stopcount 1: number of cuts direction 1 
-stopcount 2: number of cuts direction 2 
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Appendix A3: Stand-alone membrane differential 
pressure sensor 
 
1. Introduction 
 
1.1  Design description 
A low-pressure sensor is designed for integration in a viscosity detector. A pressure 
difference will cause a SiN membrane to deflect. Read-out will be achieved externally 
through the top Pyrex wafer using a laser system. Membranes of different sizes and 
thickness will be made. Therefore an important parameter is the membrane size, 
determined by the FRIE and FBHF masks. The dimensions of the channel and connection 
holes are less critical, as long as there is a pressure connection. 
 
1.2 Explanation of typical process steps 
Most critical is the SiN thickness, which defines the membrane thickness. SiO2 is 
introduced, to delay KOH-etching of the channel in order to obtain a well-defined square 
membrane. Its thickness is not very critical, but should not be more than 1000 nm. 
Otherwise, the KOH-etching of the channel will start too late and the KOH may etch the 
membrane too much. 
 
Later, SiN has to be bonded on the top Pyrex wafer of the viscosity detector. This is not a 
standard process. We will oxidize the top-layer of SiN, which makes anodic bonding 
possible. This process might be difficult, especially with thick SiN-layers (>600nm).  
 
Other processes are standard and widely used. 
 
1.3 Masks 
Four masks are needed: 
F-HDC-FRIE : Frontside Reactive Ion Etching, membrane and channel definition 
F-HDC-FBHF : Frontside BHF etching, openings for KOH holes, membrane 
definition 
F-HDC-BRIE : Backside Reactive Ion Etching, hole for pressure connection 
F-HDC-FPB : Frontside Powder Blasting on Pyrex wafer, holes for air-removal from 
dead volume 
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2A. Mask layout (overview) 
 

Position description Code layer inside 
top left KOH-holes and channel 

definition 
F-HDC-FRIE 6 white 

top right KOH-holes definition F-HDC-FBHF 7 white 
Bottom left Pressure connection from 

backside 
F-HDC-BRIE 8 white 

Bottom 
right 

Holes for air-removal from 
dead volume  

F-HDC-FPB 13 black 

 

 FPB 

FBHF 

BRIE 

Si

Pyrex 
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2B. Mask layout (zoom-in) 
 

  

Beware: This BRIE - zoom is  
mirrored    
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3. Process outline top Pyrex wafer 
 

Step  Cross-section after process 
Py01 New wafer  

Py02 Apply resist  

Py04 Photolithography mask “F-HDC-
FPB” 

 

Py06 Powder Blasting through 500nm 
Pyrex wafer 

 

Py08 
 

Strip resist  
 
 

 
 
4. Process outline bottom Pyrex wafer 
 

Step Process description  Cross-section after process 
Si01 Introduction cleaning  

Si02 Wet thermal oxidation  
thickness=900-1000nm 

 

Si03 Apply resist frontside  

Si04 BHF etching of SiO2  

Si05 Strip resist  

Si07 LPCVD of SiN  

Si08 Apply resist backside  

Si08 Apply resist frontside  

Si08 Photolithography frontside mask 
“FRIE” 
 

 

Si09 RIE SiN frontside  
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Si10 Strip resist  

Si11 Apply resist backside  

Si11 Apply resist frontside  

Si11 Photolithography backside mask 
“BRIE” 
 

 

Si12 RIE SiN backside  

Si13 Strip resist  

Si14 Apply resist backside  

Si14 Apply resist frontside  

Si14 Photolithography frontside mask 
“FBHF” 
 

 

Si15 BHF etching of SiO2  

Si18 KOH etch  

Si20 RIE SiN frontside  

Si22 KOH etch  

Si24 BHF etching of SiO2  
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5. Specific design parameters 
 
 
 
 
 
 
All dimensions in µm 
 
6. Process parameters 
 
Pyrex wafer:  Pyrex SSP  
Silicon wafer:  p-type, <100> oriented, DSP 
 
6.1 Wafer selection 
 

Step Process Process parameters Design related 
parameters and 
Remarks 

Se01 Select wafers -orientation <100> 
-conductivity 5-10Ωcm 
-diameter 3 inch 
-thickness 360-400µm 
-curvature <10µm 

 

Se02 Wafer curvature 
measurement 

-Sloan Dektak II 
-scan path 50mm 
-fill in table 1 

two times each 
(perpendicular scan 
paths) 

Se03 Scribe ID-code on wafers -Pyrex wafers:  Pyxx 
-Silicon wafers:   Sixx  

scribe only at edge 
of wafer 
 

Se04 Thickness measurement -Lee wafer thickness measurement 
probe  
-fill in table 1 

at three points on the 
wafer 

Se05 Ultra-sonic cleaning -time 20min  
 
 
6.2 Top wafer processing 
 

Step Process Parameters Remarks 
Py01  New wafer  
Py02 Applying BF 405 on 

100°C hotplate (floor 7) 
- Protect hotplate with aluminium foil 
- Put wafer on hotplate 

- Remove thick (75 µm) 
PET layer from BF foil 

- Apply BF foil with roller 
- Remove and cool wafer down (2 
min)  
- Cut the wafer out of the foil 

2 times 

Py03 Exposure 
(cleanroom) 

- expose 25 sec., hard contact On Karl Suss, use 
silicon support 
wafer! 

Py04 Development - put wafer on 95°C hotplate.  

pyrex 

Si 

SiN 

380µm 

500µm 
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- remove thin PET film  
- 0,2% Na2CO3, spray development. 
- rinse 
- 1% Acetic acid, ½ min.(stop-bath) 
- rinse and dryspin 

Py05 Apply BF405 to protect 
bonding side 

- Remove thick (75 µm) 
PET layer from BF foil 

- Apply BF foil with roller 
- Cut the wafer out of the foil 

Backside protection 
Not necessary to use 
hot plate. 

Py06 Powderblasting (floor 7) -- -- 
Py07 Rinse and clean -rinse 

-ultrasonic demi bath 5 min 
-dryspin 

 

Py08 Remove resist -remove thin PET layer by hand.  
Py09 Rinse and clean -rinse 

-ultrasonic demi bath 5 min 
-rinse 
-dryspin 

If more cleaning is 
necessary, take a 
second ultrasonic 
and/or use the wafer 
brush of the CMP 
setup, and/or use a 
piranha clean. 

 
 
6.3 Bottom wafer processing 
 

Step Process Parameters Remarks 
Si01 
 

Introduction cleaning Wet Bench SC 
-HNO3 (100%) Selectipur:MERCK 
100453 
-HNO3 (69%) VLSI: MERCK 
116445 
-HNO3 (100%) (II), 5min 
-quick dump rinse, DI, <0.1µ S 
-HNO3 (69%) (95° C), 15min 
-quick dump rinse, DI, <0.1µ S 
-spin drying 
-store wafers in a cleaned wafer box 

-Removal of light 
organic particles and 
metals 
-directly before 
thermal oxidation 

Si02 Wet Thermal Oxidation 
S&A-3 

-Tempress Omega Junior III 
-check water level 
-gasses H2O+N2 
-temperature 1150°C 

Reservation 
necessary 
-thickness 900-
1000nm 
-time: check chart 
-measure SiO2 
thickness 

Si03 Resist frontside S&A Litho Bench  
-hotplate 120°C, 5min 
-primer: HMDS (liquid), 4000rpm, 
20s 
-resist: Olin 907/12, 4000rpm, 20s 
-prebake: hotplate 95°C, 60sec 
-postbake: hotplate 120°C, 25min 

-protection SiO2 
frontside 
-use spacers to avoid 
contamination 

Si04 BHF etching of SiO2 -Wet Bench HF/BHF 
-NH4F/HF (1:7) VLSI, Merck 101171 
- IC-compatible solution 
-quick dump rinse, DI, <0.1µ S 
-spin drying 
-etchrate thermal oxide 60-80 nm/min 

-17 min 
-strip SiO2 backside 
-measure curvature 
due to          SiO2 
stress 

Si05 Photoresist strip 
(Oxygen plasma) 

-Nanotech Plasmaprep 100  
-O2 flow 55sccm 

-15 min 
-use spacers 
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 -power 120W 
-electrode temperature 150°C 
-pressure 2.00mbar 

Si06 Online cleaning Wet Bench SC 
-HNO3 (100%) Selectipur:MERCK 
100453 
-HNO3 (69%) VLSI: MERCK 
116445 
-HNO3 (100%) (II), 5min 
-quick dump rinse, DI, <0.1µ S 
-HNO3 (69%) (95° C), 15min 
-quick dump rinse, DI, <0.1µ S 
-spin drying 
-store wafers in a cleaned wafer box 

- directly before 
LPCVD SiN 
- Removal of light 
organic particles and 
metals 

Si07 LPCVD SiRN-S&A -Tempress LPCVD Furnace program 
SiRN 
-SiH2Cl2 flow 70sccm 
-NH3 flow 18sccm 
-temperature 850°C 
-pressure 200mTorr 
-deposition rate  8.3nm/min 
 

Reservation 
necessary 
thickness 50nm:  
time 6min 
thickness 200nm:  
time 24min 
thickness 800nm:  
time 96min 

Si08 Lithography-S&A-
907/17-3” 
Double sided processing 

-hotplate 120°C, 5min 
-backside primer: HMDS (liquid), 
4000rpm, 20s 
-backside resist: Olin 907/17, 
4000rpm, 20s 
-prebake: hotplate 95°C, 90sec 
-postbake: hotplate 120°C, 10min 
-frontside primer: HMDS (liquid), 
4000rpm, 20s 
-frontside resist: Olin 907/17, 
4000rpm, 20s 
-prebake: hotplate 95°C, 90sec 
-mask aligner: Electronic Visions AL-
6, parameters: 
4  No 
 20µm 
4.0mm  Hard contact
 30µm 
3”  Top 
 100/10N 
0.4mm  No 
 4s 
2 
-after exposure bake 120°C, 60sec 
-development: OPD 4262, 45-60s 
-quick dump rinse, DI, <0.1µS 
-spin drying 
-visual microscopic inspection 
-postbake: hotplate 120°C, 30min 

-first protect 
backside with resist 
-lithography 
frontside 
mask “FRIE” 
-use spacers 
 

Si09 Plasma etching of SiN      -Elektrotech PF 310/340 (Etske) 
-dirty chamber 
-styros electrode 
-electrode temp.: 10°C 
-CHF3 flow 25sccm 
-O2 flow 5sccm 
-pressure 10mTorr 
-VDC=520Volt 
-power 75W 

Reservation 
necessary 
-frontside 
-depth 50nm: 
time 1min 
-depth 200nm: 
time 3 min 
-depth 800nm: 
time 11 min 
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-etchrate SiRN 60-90nm/min 
-etchrate Olin resist 95nm/min 
-profile: slightly tapered for PR 
-profile: directional for metal mask 

-check etchrate by 
eye 
 
 

Si10 Photoresist strip 
(Oxygen plasma) 
 

-Nanotech Plasmaprep 100  
-O2 flow 55sccm 
-power 120W 
-electrode temperature 150°C 
-pressure 2.00mbar 

Frontside and 
backside 
15 min 

Si11 Lithography-S&A-
907/17-3” 
Double sided processing 

-hotplate 120°C, 5min 
-frontside primer: HMDS (liquid), 
4000rpm, 20s 
-frontside resist: Olin 907/17, 
4000rpm, 20s 
-prebake: hotplate 95°C, 90sec 
-postbake: hotplate 120°C, 10min 
-backside primer: HMDS (liquid), 
4000rpm, 20s 
-backside resist: Olin 907/17, 
4000rpm, 20s 
-prebake: hotplate 95°C, 90sec 
-mask aligner: Electronic Visions AL-
6, parameters: 
4  No 
 20µm 
4.0mm  Hard contact
 30µm 
3”  Bottom 
 100/10N 
0.4mm  No 
 4s 
2 
-after exposure bake 120°C, 60sec 
-development: OPD 4262, 45-60s 
-quick dump rinse, DI, <0.1µS 
-spin drying 
-visual microscopic inspection 
-postbake: hotplate 120°C, 30min 

-Lithography 
backside 
mask “BRIE” 
-protect frontside 
-use spacers 
 

Si12 Plasma etching of SiN  -Elektrotech PF 310/340 (Etske) 
-dirty chamber 
-styros electrode 
-electrode temp.: 10°C 
-CHF3 flow 25sccm 
-O2 flow 5sccm 
-pressure 10mTorr 
-power 75W 
-etchrate SiRN 60-90nm/min 
-etchrate Olin resist 95nm/min 
-profile: slightly tapered for PR 

Reservation 
necessary 
backside 
depth 50nm: 
time 1min 
depth 200nm: 
time 3 min 
depth 800nm: 
time 11 min 
 
 
 

Si13 Photoresist strip 
(Oxygen plasma) 
 

-Nanotech Plasmaprep 100  
-O2 flow 55sccm 
-power 120W 
-electrode temperature 150°C 
-pressure 2.00mbar 

Frontside and 
backside 
15 min 

Si14 Lithography-S&A-
907/17-3”  
Double sided processing 

-hotplate 120°C, 5min 
-backside primer: HMDS (liquid), 
4000rpm, 20s 
-backside resist: Olin 907/17, 
4000rpm, 20s 

-Backside protection 
-Frontside 
lithography 
mask “FBHF” 
-use spacers 
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-prebake: hotplate 95°C, 90sec 
-postbake: hotplate 120°C, 10min 
-frontside primer: HMDS (liquid), 
4000rpm, 20s 
-frontside resist: Olin 907/17, 
4000rpm, 20s 
-prebake: hotplate 95°C, 90sec 
-mask aligner: Electronic Visions AL-
6, parameters: 
4  No 
 20µm 
4.0mm  Hard contact
 30µm 
3”  Top 
 100/10N 
0.4mm  No 
 4s 
2 
-after exposure bake 120°C, 60sec 
-development: OPD 4262, 45-60s 
-quick dump rinse, DI, <0.1µS 
-spin drying 
-visual microscopic inspection 
-postbake: hotplate 120°C, 30min 

 

Si15 BHF etching of SiO2 -Wet Bench HF/BHF 
-NH4F/HF (1:7) VLSI, Merck 101171 
- IC-compatible solution 
-quick dump rinse, DI, <0.1µ S 
-spin drying 
-etchrate thermal oxide 60-80 nm/min 

-17 min 
-measure SiO2 
thickness 
 

Si16 Photoresist strip 
(Oxygen plasma) 
 

-Nanotech Plasmaprep 100  
-O2 flow 55sccm 
-power 120W 
-electrode temperature 150°C 
-pressure 2.00mbar 

Frontside and 
backside 
15 min 

Si17 Native oxide strip before 
KOH etching 
 

-Wet Bench HF/BHF 
-Chemicals: 
- Standard S&A HF 50 %/-DI water 
-etchant HF (1%)  
-time > 60 sec  
-quick dump rinse, DI, <0.1µ S 
-spin drying 

leave wafers in 
water and transport 
to next step to avoid 
native oxide 
growing 
 

Si18 KOH etching of Silicon -Wet Bench KOH-prep 
-prepare 25 weight% KOH p.a. (500gr 
KOH-1500ml DI) 
-etch temp.:75° C 
-stirrer 
-SiO2 (thermal): 180 nm/hr 
-SiRN: < 1 nm/min 
-etchrate <100>: 1 µ m/min 
-etchrate <111>: 12.5 nm/min 
-quick dump rinse, DI, <0.1µ S 
-spin drying 

Reservation 
necessary 
300min = 5h00min 
 
300µm Si-etch 
867nm SiO-etch 

Si19 RCA-2 Cleaning 
NH4OH/H2O/H2O2      

Wet Bench RCA 
-HCL (32%) Selectipur: MERCK 
100322 
-H2O2 (31%) VLSI: MERCK 108552 
-add HCL to H20 
-HCL:H2O: H2O2 (1:6:1) vol% 
-add H2O2 when mixture is 70 

-clean Kalium, 
Dissolves alkali 
ions, and hydroxides 
of Al, Fe, Mg and 
Cu, Au 
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-temperature 75-80 ° C 
-time 10-15 min 
-quick dump rinse, DI, <0.1µ S 
-spin drying 

 
 
 

Si20 Plasma etching of SiRN     -Elektrotech PF 310/340 (Etske) 
-dirty chamber 
-styros electrode 
-electrode temp.: 10°C 
-CHF3 flow 25sccm 
-O2 flow 5sccm 
-pressure 10mTorr 
-VDC=520Volt 
-power 75W 
-etchrate SiRN 60-90nm/min 
-etchrate Olin resist 95nm/min 
-profile: slightly tapered for PR 

Reservation 
necessary 
frontside 
depth 50nm: 
time 1min 
depth 200nm: 
time 3 min 
depth 800nm: 
time 11 min 
 
 
 
 

Si21 Native oxide strip before 
KOH etching 
 

-Wet Bench HF/BHF 
-Chemicals: 
-Standard S&A HF 50 %/-DI water 
-etchant HF (1%)  
-time > 60 sec  
-quick dump rinse, DI, <0.1µ S 
-spin drying 

leave wafers in 
water and transport 
to next step to avoid 
native oxide 
growing 
 

Si22 KOH etching of Silicon -Wet Bench KOH-prep 
-prepare 25 weight % KOH p.a. 
(500gr KOH-1500ml DI) 
-etch temp.:75° C 
-stirrer 
-SiO2 (thermal): 180 nm/hr 
-SiRN: < 1 nm/min 
-etchrate <100>: 1 µ m/min 
-etchrate <111>: 12.5 nm/min 
-quick dump rinse, DI, <0.1µ S 
-spin drying 

Reservation 
necessary 
±60 min, 
until SiN-membrane 
is free from Si  
AND  
V-shaped 
connection channel 
is etched. 
 

Si23 RCA-2 Cleaning 
NH4OH/H2O/H2O2      

Wet Bench RCA 
-HCL (32%) Selectipur: MERCK 
100322 
-H2O2 (31%) VLSI: MERCK 108552 
-add HCL to H20 
-HCL:H2O: H2O2 (1:6:1) vol% 
-add H2O2 when mixture is 70 
-temperature 75-80 ° C 
-time 10-15 min 
-quick dump rinse, DI, <0.1µ S 
-spin drying 

-clean Kalium 
 
 
 
 

Si24 BHF etching of SiO2 -Wet Bench HF/BHF 
-NH4F/HF (1:7) VLSI, Merck 101171 
- IC-compatible solution 
-quick dump rinse, DI, <0.1µ S 
-spin drying 
-etchrate thermal oxide 60-80 nm/min 

±15 min, 
until Si is free from 
SiO2 
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6.4 Anodic bonding 
 

Step Process Parameters Remarks 
AB01 Cleaning fuming HN03 

user made 
 

Wet Bench Prep 
-HNO3 (100%) Selectipur:MERCK 
100453 
-HNO3 (100%), 15min. 
-quick dump rinse, DI, <0.1µ S 
-spin drying 

Removal of light 
organic particles 
Pyrex wafer 
 

AB02 Cleaning online 
 

Wet Bench SC 
-HNO3 (100%) Selectipur:MERCK 
100453 
-HNO3 (69%) VLSI: MERCK 
116445 
-HNO3 (100%) (I), 5min 
-HNO3 (100%) (II), 5min 
-quick dump rinse, DI, <0.1µ S 
-HNO3 (69%) (95° C), 15min 
-quick dump rinse, DI, <0.1µ S 
-spin drying 

Removal of light 
organic particles 
and metals 
Silicon wafer 
 

AB03 Manual wafer pair 
aligning 
 

- use home made bond chuck for 
manual aligning 
- check aligning by using probe-
station microscope  
- possible accuracy 15 µ m 
- place glass wafer on top 
 

-apply scotch tape to 
bond substrate 
holder to avoid 
bonding of Pyrex to 
holder 
-place a tiny droplet 
of DI water on 
bottom wafer before 
bonding 
-To avoid 
contamination of the 
bottom wafer put a 
clean wafer between 
(+) bottom electrode 
and wafer 

AB04 Anodic bonding glass to 
silicon 
 

Bonding oven setup on floor 7 
- Temperature 400 ° C 
- connect glass wafer to (-) electrode 
- connect Si wafer to (+) electrode 
- Bonding Voltage 500 V 
- waiting time 20 min 

Bonding time: 45 
min 
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6.5 Dicing 
 
Double-sided lamination with dicing foil, to prevent contamination 
 

Step Process Parameters Remarks 
Di01 Protect membranes -small strips of laminate next to the 

membranes 
prevent stiction of 
membranes 

Di02 2 Sided wafer lamination -laminate the wafer at both sides with 
dicing 
 foil to prevent the samples from  
 contamination 

polluted water will 
cause stiction and 
pollution of valve 

Di03 Dicing -Micro Automation 1006 
-blade type S2035  
-index1: distance between cuts // to 
flat 
-index2: distance between cuts ⊥ to 
flat 
-height: distance between blade and 
chuck 
             during dicing 
-thickness: maneuver distance 
between 
                 blade and chuck  
-speed: 2mm/s 
-wafer diameter:  
        3” = 80 mm 
-stopcount 1: number of cuts direction 
1 
-stopcount 2: number of cuts direction 
2 

 
cut width: 50-70µm 
index1: 8.25mm  
index2: 5mm 
height:  0.085mm 
 
thickness: 1.5mm 
 
 
wafer diameter: 80 
mm 
 
stopcount 1: 7 
stopcount 2: 10 

Di04 Remove foil & put 
samples in collection box 

 do not pollute 
samples 
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Appendix A4: Stand-alone micro viscosity detector 
 
1. Introduction 
 
1.1  Design description 
A first stand-alone viscodetector will be fabricated. It consists of a channel structure in 
which a fluidic Wheatstone bridge is defined and a differential pressure sensor across the 
bridge. In this process sheet only the channel chip will be dealt with as both parts can be 
fabricated independently (only linked by some geometrical parameters). The parts will be 
joined by anodic bonding of the Si side of the pressure sensor to the Pyrex cover of the 
channel structure, which was itself fusion bonded to the Si channels. The final step is 
gluing of glass capillaries to the powderblasted holes connected to the injection slits and 
gluing of a Honeywell pressure sensor that measures the absolute pressure across the 
Wheatstone bridge. 
 
1.2 Explanation of typical process steps 
Principally, the process can be divided into three parts: 
5. Definition of the channels into a 4" silicon wafer. First the resistance channels are 

defined in a thermal oxide layer. Subsequently, the injection slits and channel 
reservoirs are DRIE etched. 

6. The Pyrex wafer needs metal lines for connecting the Honeywell absolute pressure 
sensor. Subsequently, through-holes are powderblasted combined with some 
alignment marks for both the absolute pressure sensor and the Si / Pyrex differential 
pressure sensor that will be anodically bonded to this Wheatstone bridge. 

7. Finally, the Si and Pyrex wafers are fusion-bonded. 
 
1.3 Masks 
Four masks are needed of which three "cleanroommasks" and one metal shadowmask: 
DRIE  : Deep Reactive Ion Etching. 
CD   : Channel definition. 
METAL  : Laser-cut shadow mask for metal lines 
PH  : Powderblasted holes 
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CD

PH
METAL

DRIE

 
 
 
2. Mask layout (overview) 

 
Filename: viscodetector.cif 
 

position description code layer inside white / 
black 

(0,0) channel definition CD 9 inside white 
(0,0) deep injection slits / reservoirs DRIE 10 inside white 
(0,0) shadow mask metal layer METAL 5 shadow mask 
(0,0) powderblasted structures PH 11 inside black 

 
 

• 8 structures: 2 each of resistance channel widths 20, 25, 35, 65 µm 
• Alignment marks: outer structures for Si-Si aligning; inner crosses for alignment 

of Pyrex-Pyrex (metal structures and powderblasting) and Si-Pyrex alignment aid 
(this alignment is done manually) 
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3. Process outline top Pyrex wafer 
 

 
Step  Cross-section after process 
3.  Cr/Pt metal layer sputtering 

through a laser-cut shadow-
mask 

 

4.  
 

Double sided lithography: 
polished side 100 µm, non-
polished side 100 µm 

 
 
 

5.  Powderblasting until the 
holes are etched completely 
through the wafer 

 

6.  Resist stripping  

 
 
 
4. Process outline bottom silicon wafer 
 

Step Process description  Cross-section after process 
1.  Thermal oxidation of 4" Si 

 
 
 
 

2.  Channel definition in the 
silicon oxide layer using BHF 

 

3.  Spinning resist across the 
channel structure 

 

4.  Defining the injection and 
waste slits in the resist layer 

 

5.  DRIE etching of the slits  

6.  Removal of the resist layer, 
no O2-plasma; otherwise 
roughening of the surface 
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5. Specific design parameters 
 

 
 
• Minimum distance from wafer edge for each structure: 1 cm 
• Darkest structures:  

- 1 micrometer deep, injection region 1 mm wide 
- 50 µm wide injection resistance 
- Wheatstone bridge resistances 

 channel width (µm) channel length (µm) 
Configuration 1 20 3750 
Configuration 2 25 3020 
Configuration 3 35 2140 
Configuration 4 56 1340 

 
• Light gray structures: injection slits, waste channel and reservoirs:  

- deepened by DRIE 40 µm depth combined with the injection slit etching 
- less fluidic resistance 

• Reservoirs: 
- plug length 20 mm at 1 mm/s corresponds to: 

• 20 seconds required delay 
• total plug volume 10-11 m3 = 10 nl 

- average length: 2685 µm at 1/20 mm/s = 50 µm/s corresponds to 53.7 seconds 
- reservoir volume 4 * 1/4 * 1.9*10-11 + 2 * 500 µm * 400 µm * 20 µm = 1.9*10-11 

+ 8*10-12 = 2.7 * 10-11 m3 



 Appendix A 

 

220

• Medium gray structures: powderblasted (alignment marks and through-holes): 
- for pressure sensor: 700 µm diameter = minimum 200 µm alignment inaccuracy. 
- for entrance / exit holes: 500 µm diameter, 3 mm apart. 

• Hatched structures: metal layer shadow mask: 
- Cr / Pt layer for electrical connections to the absolute pressure sensor, non-

critical, use of laser-cut shadow mask � metal lines 300 µm, all other 
dimensions larger. 

• Large rectangles are left open in the shadow mask in order to avoid scratches on the 
glass covering the channel structure. Rectangles are covered with dicing foil during 
sputtering 

• Nonius for estimating flow velocities, 200 µm marks, 40 µm sub marks. 
 
 
6. Process parameters 
 
Top wafer: Pyrex OSP (Corning, New York, USA) , factory-polished side extra polished 
until Ra < 0.5 nm, thickness 500 µm. 
Bottom wafer: 4" p-type (Silicon Valley Microelectronics Inc., San Jose, USA), <100> 
oriented, DSP, thickness 525 µm. 
 
6.1 Top wafer processing 
 

Step Process Parameters Remarks 
1.  Introduction cleaning - HNO3 (100%) Selectipur:MERCK 

100453 
- HNO3 (100%), 15min. 
- quick dump rinse, DI, <0.1µS 
- spin drying 

Removal of light 
organic particles 

2.  Sputtering Cr through 
shadow mask 

- Home built equipment “sputterke” 
- Chromium target 
- Gas/flow: Ar/ 45 sccm 
- Temperature: water cooled electrode 
- Base pressure 1.0E-6 mbar 
- Sputter pressure: 5.0E-3 mbar 
- Power 200W  
- Deposition rate: 10nm/min 

thickness 20 nm 

3.  Sputtering Pt through 
shadow mask 

- Home built equipment 
“sputterke” 

- Pt target 
- Gas/flow: Ar/ 45 sccm 
- Temperature: water cooled 

electrode 
- Base pressure 1.0E-6 mbar 
- Sputter pressure: 5.0E-3 mbar 
- Power 200W  
- Deposition rate: 20 nm/min 

thickness 150 nm 

4.  Lithography Ordyl BF 
410 foil, single layer 100 
µm ( powderblasting) 

Laminate protection foil on 
substrate 
- Laminate 50 µm protection foil BF 
405 on direct bonding side 

(all steps on floor 7, 
unless mentioned) 
 
IMPORTANT During 
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Laminate BF 410 foil on substrate; 
blast-side 
- Protect hotplate with aluminum foil 
- Put wafer on hotplate, 100°C, 180 sec 
- Remove thick (75 µm) PET layer 
from BF410 foil 
- Apply BF 410 foil with roller 
- Remove and cool wafer down  
- Cut the wafer out of the foil 
- Transport wafer in black box to 
cleanroom 
Exposure(cleanroom) 
- remove thin PET film with thin knife 
- Karl Suss, use silicon support wafer! 
- Mask "PH" 
- Expose 20 sec, hard contact 
- Transport wafer in black box to floor 
7 
Development 
- 0,2% Na2CO3, spray development. 
- rinse in DI 
- 1% Acetic acid, ½ min.(stop-bath) 
- rinse in DI 
- spin drying 

laminate step, 
Hotplate temperature 
must not exceed 
115°C!! 
 
 
 
 
 
Use silicon support to 
eliminate reflectance 
of the chuck 
 

5.  Powderblasting Pyrex 
Large Feature Size 

- Particles: 30µm Alumina  
- Pressure: 4,7 bar 
- Mass flow: 3-12 gram/min 
- Etchrate appr. 91µm per gram/cm2 
- Initial etch depth = depth of stress 
release structures 
- Apply metal shadowmask leaving 
only the through-holes exposed 
- etch through wafer 

File actual parameters 
in logbook 

6.  Resist stripping - rinse in DI 
- spin drying 
- transport wafer to cleanroom 
-strip foil in 100% HNO3 , 25 °C (user 
made) 
- rinse in DI 
- final ultrasonic clean in DI, 10 min 
- spin drying 

 

7.  Cleaning fuming HN03 
user made 

- fuming nitric acid (user made), 
15min. 
- quick dump rinse, DI, <0.1µS 
- spin drying 

Removal of light 
organic particles 

 
 
6.2 Bottom wafer processing 
 

Step Process Parameters Remarks 
1.  Introduction cleaning -fuming nitric acid (II), 5min 

-quick dump rinse, DI, <0.1µS 
-boiling nitric acid (90°C), 15min 
-quick dump rinse, DI, <0.1µS 
-spin drying 
-1%-HF-dip 1 min 
-store wafers in a cleaned wafer box 

 

2.  Wet Thermal Oxidation 
of silicon S&A 

-Tempress Omega Junior III 
-check water level 

Cleaning required 
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 -gasses: H2O+N2 
-temperature:1150°C 
-thickness 1 µm 
-Determine oxidation time by 
oxidation –chart 
-Nf 1.46 

3.  Lithography-Olin907-17 
 
Single side processing 
  

S&A track/ ElectronicVisions Al-6 
-dehydration bake: see remarks 
-primer: HDMS, 4000rpm, 20sec 
-resist: Olin 907-17, 4000rpm, 20sec 
-prebake: hotplate 95°C, 90sec 
-Exposure using mask "CD" 
5” xxx
 20µm 
6 mm xxx
 30µm 
4” top/bot
 100/10N 
0.6mm xxx
 xxs (5sec) 
2 
-after exposure bake: 120°C, 60sec 
-development: OPD 4262, 45-60s 
-quick dump rinse, DI, <0.1µS 
-spin drying 
-visual microscopic inspection 
-postbake: hotplate 120°C, 30min 

Dehydration of Si, 
SiO2, “glass” surfaces 

apply a O2-plasma 
(10 min) 

Dehydration of SiRN, 
Al, Cr,  surfaces 
apply a hotbake of 
120 °°°°C, 10 min 
 

4.  BHF etching of SiO2 -standard S&A BHF (1:7) 
-etchrate thermal oxide 60-80 nm/min 
-etchrate PECVD 125 nm/min 
-etchrate TEOS 180 nm/min 
-quick dump rinse, DI, <0.1 µS 
-spin drying 

protection of backside 
with saw foil 

5.  Stripping Olin 907 by 
HNO3  

-HNO3 100% 
-use BK1 of standard clean  
-time 20 min. 

no O2-plasma, 
because of surface-
roughening 

6.  Online Cleaning -fuming nitric acid (I), 5min 
-fuming nitric acid (II), 5min 
-quick dump rinse, DI, <0.1µS 
-boiling nitric acid (95°C), 15min 
-quick dump rinse, DI, <0.1µS 
-spin drying 

Removal of light 
organic particles and 
metals 

8.  Lithography_Olin907_12 
SSP 
 
Single side processing 
  

S&A track/ ElectronicVisions Al-6 
-dehydration bake: see remarks 
-primer: HDMS, 4000rpm, 20sec 
-resist: Olin 907-12, 4000rpm, 20sec 
-prebake: hotplate 95°C, 60sec 
-Exposure parameters 
4”or5” xxx
 20µm 
4.or6 mm xxx
 30µm 
3’’/4” top/bot
 100/10N 
0.4/0.6mm xxx
 xxs (4sec) 
2 
-after exposure bake: 120°C, 60sec 
-development: OPD 4262, 45-60s 
-quick dump rinse, DI, <0.1µS 

Dehydration of Si, 
SiO2, “glass” surfaces 

apply a O2-plasma 
(10 min) 

Dehydration of SiRN, 
Al, Cr, surfaces apply 
a hotbake of 120 °°°°C, 
10 min 
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-spin drying 
-visual microscopic inspection 
-postbake: hotplate 120°C, 30min 

7.  Annealing of Olin907-12 
for cryo DRIE 

S&A track 
-Heraeus convection furnace  
-150°C, >15 min 
-visual microscopic inspection 

To avoid cracking of 
resist during cryo 
DRIE 

8.  Plasma etching of  silicon 
OXFORD  

-Oxford Plasma lab 100 ICP 
(Katharina) 
-temperature: –xxxC°  
-SF6 flow xxx sccm 
-O2 flow xxx sccm 
-Pressure xxx Torr 
-ICP power xxxW  
 
Cleaning step 
-RIE-power xxxW  
-Vdc xxxV 
 
-Si etching 
-RIE-power xxxW 
-Vdc xxxV 

Reservation 
necessary 
Contact Meint de 
Boer for parameters 
settings 
 

9.  Stripping Olin 907 by 
HNO3  

-HNO3 100% 
-use BK1 of standard clean  
-time 20 min. 

no O2-plasma, 
because of surface-
roughening 

10.  Online Cleaning -fuming nitric acid (I), 5min 
-fuming nitric acid (II), 5min 
-quick dump rinse, DI, <0.1µS 
-boiling nitric acid (95°C), 15min 
-quick dump rinse, DI, <0.1µS 
-spin drying 

Resist may not be 
removed completely. 
Cleaning before 
bonding should be 
sufficient however. 

 
 
6.3 Direct bonding 
 

Step Process Parameters Remarks 
1.  Cleaning silicon wafer -fuming nitric acid (II), 5min 

-quick dump rinse, DI, <0.1µS 
-boiling nitric acid (95°C), 15min 
-quick dump rinse, DI, <0.1µS 
-spin drying 

 

2.  “Piranha” cleaning for 
direct bonding 
H2SO4/H2O2 

-add H2O2 to H2SO4, 1:3 
-exothermic process 
-wait till temp. 100oC, switch on heater 
-time  20min 
-quick dump rinse, DI, <0.1 µS 
-store and transport wafers under water 
-spin dry just before bonding in nearest 
 bench 
-spin parameters: time 1.5min, max 
speed 

glass and silicon 
wafers 

3.  Aligning & pre-bonding 
4” wafers 
 
 

- Manual alignment immediately 
after cleaning and dry-spinning 

- Use chuck as a base during pre-
bonding 

 

4.  Low-T glass-Si fusion 
bonding anneal 

- ramp-up 59 min 
- anneal time 2x59 min, 3500C 
- down-ramp spontaneously (at night) 

floor 7 anodic bond 
oven 
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6.4 Dicing of the wafer combination 
Double-sided lamination with dicing foil, to prevent contamination. 
May not be necessary / useful because of increase / decrease of bending of the glass-Si 
combination 
 

Step Process Parameters Remarks 
3.  2 Sided wafer lamination -laminate the wafer at both sides with 

dicing 
 foil to prevent the samples from  
 contamination 
 

 

4.  Dicing -Micro Automation 1006 
-blade type S2035  
-index1: distance between cuts // to flat 
-index2: distance between cuts ⊥ to flat 
-height: distance between blade and 
chuck 
             during dicing 
-thickness: maneuver distance between 
                 blade and chuck  
-speed: 2mm/s 
-wafer diameter:  
        3” = 80 mm 
        4” = 110 mm 
-stopcount 1: number of cuts direction 
1 
-stopcount 2: number of cuts direction 
2 

cut width: 50-70µm 
index1: variable 
10mm 
index2: 5mm 
height:  0.085mm 
 
thickness: 1.1mm 
 
wafer diameter: 80 
mm 
 
stopcount 1:  total 10 
stopcount 2: 14 
 
see KOH grooves 
defined in mask 
“BOP” 

5.  Remove foil & put 
samples in collection box 

 do not pollute samples 

6.  Visual inspection -visual inspection of valves with 
optical  
 microscope 
-fill in remarks in table 2 

 

 
 
6.5 Bonding of the pressure sensor 
 

Step Process Parameters Remarks 
1.  Cleaning Si-Pyrex wafer 

pair & diff. pressure 
sensor 

- User-made HNO3 
- 20 min 
- DI water for > 60 minutes 

Use different beakers 
for visco sample & 
diff. sensor 

2.  Removing water from 
samples 

- Use of the anodic bonder 
- Tset = 150 ºC 
- 15 minutes in bonder, 

temperature rises to approx. 195 
ºC, pressure drops below 6*10-4 
mbar 

 

3.  Bonding - Open bonder, align and clamp 
samples 

- Tset = 400 ºC, ramp-up > 20 
minutes 

- Voltage 1.2 kV for 1 hour 
- Spontaneous cooling down 

Refer to figure below 

4.  Protection - Protect holes with sawing foil  
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Ground electrode

Positive electrode

Viscodetector base sample

Diff. pressure sensor

 
 
 
6.6 Gluing of the Honeywell sensor 
 

Step Process Parameters Remarks 
1.  Prepare glue - Mix two-component Araldite 

Rapid 
- Wait for 2 minutes 

 

2.  Prepare sample - Immerse sample completely in 
DI water 

 

3.  Glue sensor - Immerse Honeywell sensor 
making sure no air bubbles are 
present 

- Contact sensor and visco sample 

 

4.  Drying - Remove immediately from the 
water 

- Wait for at least 3 hours 

 

5.  Reinforce structure - Apply glue around sample 
- Drying for at least 12 hours! 

 

 
 
6.7 Gluing of the capillaries 
 

Step Process Parameters Remarks 
1.  Gluing of capillaries - Use capillaries 360 µm OD, 40 

µm ID 
- Cut pieces of approx. 40 cm 
- Attach capillaries to the 

alignment setup 
- Flush with filtered DI water 
- Protect open capillary end with 

Scotch tape 
- Put capillary into powderblasted 

hole in the glass 
- Mix Araldite Rapid two-

component epoxy glue and wait 
for two minutes 

- Very carefully glue around the 
capillary 

- Wait for at least 3 hours before 
releasing the capillary from the 
alignment setup 
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Appendix B1: Response of the bridge pressure 
 

P1

Separation and injection 
region

Viscosity sensor: wheatstone bridge

R4
P0

R1

C1

C2

R4

R  + R4 ∆ R4

∆P

Pressure 
sensor

R2

R
3

 
figure B-1: equivalent electrical scheme of the Wheatstone bridge viscosity detector 

 
In order to determine the dynamic behavior of the system the response of the bridge 
pressure P1 on a step in the input pressure for the complete system must be known. This 
response can be calculated if the (complex) impedance of the system is known. We 
consider the equivalent electrical scheme of the fluidic structure shown in figure B-1. 
Channel parts are represented by fluidic resistances; the pressure sensors are shown as 
hydraulic capacitances. 
Generally, a viscosity change causes a resistance change for which ∆R << R4 applies. 
Furthermore, if the bridge pressure P1 is stable before the plugs enter the detector, ∆R can 
be assumed to be ∆R ≈ 0 for the calculation of P1. For ∆R << R4 the total fluidic 
resistance of the bridge equals R4. This resistance runs parallel with the capacitance C1 
that represents pressure sensor P1. The impedance Z1 of the combination of C1 and R4 can 
therefore be written as: 

141

4
1 +

=
RCj

RZ
ω

 

in which ω is the frequency. 
Using this, the complete structure can be represented as shown in figure B-2.  
 

P1
P0

R1

Φ3

Φ1 Φ2
R2 Z1

R3

 
figure B-2: reduced electrical scheme 
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The equation for the flows Φ1 = Φ 2 + Φ 3 gives: 
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This can be rewritten giving a first order system of the form: 
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in which K is the gain, τ the time constant of this part of the system and s the complex 
frequency. Altogether the transfer function for the bridge input pressure P1 on a change in 
the input pressure P0 is: 

)()(
)(1

1
)()(

4234321

323121144234321

43

0

1

RRRRRRR
RRRRRRCRsRRRRRRR

RR
P
P

++++
+++

∗
++++

=  

 
Appendix B2: Response of the Wheatstone bridge on 
a resistance change 
 
The performance of the Wheatstone bridge viscosity detector is determined by the change 
in the differential bridge pressure ∆P on a change in the specific viscosity ηsp. The 
specific viscosity change causes a change in resistance ∆R in one of the branches of the 
bridge. They are related by: 

R
R

sp
∆=η         (1) 

Thus the response of the differential pressure must be related to ∆R. This can be done 
using figure B2-1. The input pressure of the bridge is denoted by P1.  
 

P1

R

C

R

R+ R∆ R

∆P

Φin

Φ1 Φ2

 
 
Figure B2-1: equivalent scheme of the Wheatstone bridge subjected to a resistance change ∆R that causes a 
differential pressure ∆P. The input pressure of the bridge is P1. 
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Using Kirchoff’s law a set of equations can be formulated: 

211 )( Φ+Φ∆+= RRRP        (2) 

22 )( Φ−Φ−Φ=∆ RRP in       (3) 

0)(1)( 1222 =Φ−Φ+Φ+Φ−Φ
Cj

RR in ω
    (4) 

0)()(1)( 1211 =Φ−Φ+Φ−Φ+Φ∆+ inR
Cj

RR
ω

    (5) 

Solving for equations (4), (5) and ∆P/P1 for Φ1, Φ2, Φ3 gives in the Laplace-domain: 
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    (6) 

The response in the frequency domain of the differential pressure on a change in the 
resistance can be simplified for ∆R << R and thus ηsp << 1: 
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η
      (7) 

In some cases the restriction ∆R << R is not valid. For a stationary situation the term in 
formula (6) linear in s vanishes giving for an arbitrary ηsp: 

sp

sp

RR
R

P
P

η
η

244 2
1

1 +
=

∆+
∆=∆       (8) 

This can be rewritten giving an expression for ηsp as a function of the differential and the 
total bridge pressure: 

PP
P

sp ∆−
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1

η         (9) 
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Samenvatting 
 
In dit proefschrift wordt ingegaan op de mogelijkheid van analytische scheidingen op een 
chip, waarbij gebruikgemaakt wordt van een scheidingstechniek genaamd planaire 
hydrodynamische chromatografie (HDC). HDC is een analysetechniek die gebruikt wordt 
voor bepaling van de grootte van grote moleculen en kleine deeltjes. Aangezien de 
scheiding gebaseerd is op interactie van componenten van verschillende grootte met een 
klein kanaal, is HDC uitermate geschikt voor miniaturisatie.  
Om inzicht te geven in het gebied waarin de HDC chip opereert is eerst een algemeen 
overzicht gegeven van analytische scheidingsmethoden op macroschaal en op chipniveau. 
Ook is een aantal scheidingsmethoden besproken die specifiek mogelijk gemaakt zijn 
door gebruikmaking van microtechnologie. Eén van die methodes is planaire 
hydrodynamische chromatografie op een chip. Andere technieken zijn voornamelijk 
gericht op DNA analyse door gebruik te maken van verschillende transportsnelheden van 
DNA door verschillende gemicrofabriceerde geometrieën. 
Er zijn twee types HDC chips vervaardigd. Het eerste type bestaat uit een Pyrex glas 
wafer bovenop een silicium wafer, terwijl het tweede type volledig gemaakt is van 
silicaatglas. Voor beide types geldt dat de scheidings- en injectiekanalen zijn gedefinieerd 
in de onderste wafer, terwijl de bovenste wafer is voorzien van aansluitgaten. 
Voorafgaand aan de eigenlijke chipfabricage is één belangrijk onderdeel van het 
fabricageproces, het zogenaamde “fusion bonden” van zowel Pyrex glas op silicium als 
van silicaatglas op silicaatglas, theoretisch en experimenteel onderzocht. 
Vanwege de verschillende thermische uitzetting van Pyrex en silicium wordt tijdens het 
bonden spanning geïnduceerd in de chip, wat resulteert in een kleine vervorming van het 
scheidingskanaal. Dit heeft tot gevolg dat de te analyseren componenten minder goed 
gedefinieerd door het scheidingskanaal getransporteerd worden, waardoor het scheidend 
vermogen van de chip nadelig wordt beïnvloed. De invloed van dit effect is verminderd 
door een HDC chip volledig uit silicaatglas te fabriceren. Silicaatglas heeft daarnaast als 
voordeel dat het transparant is tot diep in het UV gedeelte van het optische spectrum. 
Daartegenover stond dat fabricage van de HDC chip in silicaatglas extra onderzoek 
vereiste, vooral gericht op het zogenaamde “Reactive Ion Etching” van diepere 
structuren. 
De HDC chips zijn ontworpen door gebruik te maken van een combinatie van 
computersimulaties en van analytische uitdrukkingen. Dit leidde voor de eerste Pyrex-
silicium HDC chip tot een ontwerp met een 1 micrometer diep en 0.5 of 1 millimeter 
breed scheidingskanaal met een diepere (20 micrometer) injectiestructuur. In de versie 
van silicaatglas is, naast een verbeterde injectiestructuur, een optische detectiecel 
toegevoegd meteen na het scheidingskanaal. Deze cel was 30 micrometer diep, waardoor 
de absorptielengte voor externe optische detectie met een factor 30 toenam in 
vergelijking met het scheidingskanaal. 
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Voor de karakterisatie van de chips zijn verschillende optische technieken gebruikt. Voor 
de Pyrex-silicium chip is gebruikgemaakt van fluorescentie: de injectiestructuur is 
gekarakteriseerd door visualisatie van een fluorescente kleurstof. De mogelijkheid van 
analytische scheidingen in zowel de Pyrex-silicium als de silicaatglas versie is 
aangetoond door scheiding van verschillende fluorescent gelabelde polystyreen deeltjes. 
In de silicaatglas HDC chip is daarnaast gebruikgemaakt van UV absorptie detectie van 
de polystyreen deeltjes in de optische detectiecel. In de Pyrex-silicium chip zijn 
succesvolle scheidingen van grote biomoleculen uitgevoerd. Daarnaast is aangetoond dat 
relatief kleine moleculen konden worden gescheiden, niet zozeer door het 
hydrodynamische scheidingseffect, maar door gebruik te maken van interactie met het 
relatief grote wandoppervlak van het scheidingskanaal. 
De relatieve transportsnelheden van de polystyreen deeltjes onder verschillende 
omstandigheden lieten zien dat de invloed van elektrostatische en hydrodynamische 
interacties van de deeltjes met de kanaalwand nog niet goed kwantificeerbaar is. Verder 
onderzoek naar deze interacties is dan ook noodzakelijk. 
De metingen aan de deeltjes die gedetecteerd zijn met behulp van UV absorptie detectie 
in de detectiecel boden de mogelijkheid een schatting te maken van de piekverbreding. 
Deze piekverbreding, uitgedrukt in een schotelgetal, liep uiteen van 10.000 voor kleine 
moleculen tot meer dan 100.000 voor grote polystyreen deeltjes. 
De vorm van de gescheide zones van de individuele componenten uit verschillende 
monsters liet zien dat de thermische vervorming van het Pyrex-silicium scheidingskanaal, 
wat resulteert in een grotere piekverbreding, minder nadrukkelijk aanwezig is in smallere 
kanalen. Voor smallere kanalen daarentegen heeft de zijwand een relatief groot (negatief) 
effect op de totale piekverbreding. De scheidingsresolutie kan dan ook verbeterd worden 
door vermindering van de invloed van de zijwand op de piekverbreding en door 
eliminatie van de thermische vervorming. Dit kan gedaan worden door gebruik te maken 
van bredere kanalen, gedefinieerd in silicaatglas.  
Alhoewel voor alle karakterisatiestappen optische technieken gebruikt zijn, is voor 
mogelijke toekomstige integratie met de Pyrex-silicium chip een viscositeitsdetector 
ontwikkeld. De functionaliteit van deze detector is aangetoond door meting van de 
viscositeitsverandering veroorzaakt door een kleine hoeveelheid ethanol in gedeïoniseerd 
water. Hieruit kon een resolutie in specifieke viscositeit van 3*10-3 afgeleid worden. 
Voor succesvolle toepassing in de HDC chip is een resolutie van 10-4 vereist. Dit is 
moeilijk haalbaar in de HDC chip vanwege de extreem kleine volumes en 
stroomsnelheden die nodig zijn voor de HDC scheiding. 
Opschalen van de detector naar grotere interne volumes heeft echter een theoretische 
verbetering van de resolutie tot gevolg. Opschalen biedt dan ook perspectieven voor de 
succesvolle realisatie van een viscositeitsdetector met interne volumes die veel kleiner 
zijn dan van de huidige commercieel verkrijgbare detectoren. Dit maakt toepassing van 
de detector mogelijk voor analytische scheidingssystemen die aanzienlijke kleiner zijn 
dan de huidige conventionele scheidingssystemen. 
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En dan nu het moeilijkste onderdeel van het proefschrift: het dankwoord. Mijzelf 
kennende zal ik ongetwijfeld vergeten bepaalde mensen te bedanken; bij voorbaat 
hiervoor mijn excuses. Om dit zo veel mogelijk te voorkomen wil ik, wat betreft mijn 
collega’s van de Micmec en sinds kort ook van de BIOS groep, dan ook iedereen 
bedanken die zich enigszins hierdoor aangesproken voelt. Maar uiteraard wil ik ook nog 
een aantal mensen persoonlijk noemen. 
Allereerst gaat mijn dank uit naar mijn promotors Albert en Rob. Rob heeft als initiator 
van het HDC project er voor gezorgd dat dit proefschrift geschreven kon worden. Albert 
heeft met zijn altijd energieke instelling en creatieve ideeën zorg gedragen voor een 
(hopelijk) voldoende wetenschappelijke inbreng in dit proefschrift. Dat is zeker niet altijd 
gemakkelijk bij een soms erg praktisch ingesteld iemand als ik. Dat Albert’s energieke 
instelling ook nog leidde tot diverse mountainbike duels en nachtelijke stappartijen 
tijdens conferenties was overigens een leuke bonus. Voor de dagelijkse begeleiding 
gedurende de eerste 3 jaar van mijn promotie wil ik Han hartelijk bedanken. Zijn positief-
kritische instelling was altijd een erg goed klankbord voor het kritisch beschouwen van 
mijn eigen ideeën. Na deze 3 jaar heeft Edwino de moeilijke taak om te proberen mij te 
begeleiden perfect overgenomen. Dat in dit proefschrift niet al te veel fouten staan is dan 
ook voor een groot deel aan Edwino en Han te danken.  
Vervolgens gaat mijn dank uit naar mijn (ondertussen ex-) kamergenoot Pele, die er altijd 
weer voor zorgde dat kamer T517 voorzien was van “supermuziek”. Deze goede 
werksfeer was en is een algemene eigenschap van de Micmec. Ik twijfel er niet aan dat 
dit voor een groot deel dat danken is aan de vrije manier waarop Miko zijn Micmec 
georganiseerd heeft. Deze goede sfeer beperkte zich overigens niet tot de officiële 
werktijden. Na werktijd werden er bijvoorbeeld regelmatig culinaire hoogstandjes 
aangeboden door “spaghetti met ballen” Pino en Ilona, Edwino en Willem (Oebi’s!), “als 
er maar veel kaas in zit” Jasper, “can’t we go to McDonalds” Stefan en “eerst de afwas 
van een week wegwerken” Jurjen. 
Zelfs op vakantie (wat de laatste jaren meestal gecombineerd ging met een conferentie) 
kwam je niet onder collega’s uit. Een compilatie van de diverse µTAS, MEMS en MME 
conferenties levert maar liefst een 21 tal namen op: Henk, Martijn, Regina, Edwino, 
Stefan, John, Theo, Jasper, Pino, Petra, Elwin, Ad, Piet, Niels, Gijs, Roald, Monica, Han, 
Miko en Albert. Gelukkig heb ik ook nog kans gezien een aantal (duik)vakanties 
tussendoor te plannen. Dit is gelukt mede dankzij Marko Snoek en Marc Dijcks. 
Maar even terug naar het werk op de groep zelf. Dit proefschrift was er niet geweest 
zonder de technologische hulp van Erwin en Meint, daarbij terzijde gestaan door de staf 
van de cleanroom. Dat dit inhield dat ik Erwin af en toe moest laten winnen met voetbal 
en regelmatig Meint’s fietsverhalen aan moest horen, nam ik maar op de koop toe. 
Gelukkig waren daar ook nog de technologen Stefan en Martijn die zonder morren 
wilden inspringen wanneer dat echt nodig was. 
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Voor hulp bij de uiteindelijke afmontage van de chips die uit de cleanroom kwamen 
rollen, ben ik veel dank verschuldigd aan de mensen van de werkplaats op vloer 2. 
Verder gaat mijn dank uit naar Michel Duits voor hulp bij de karakterisatie van de 
viscositeitsdetector. Voor hulp bij alles wat maar enigszins met meten te maken had, wil 
ik bij deze Pino, Dick en Henk van Wolferen hartelijk bedanken. Het in goede banen 
leiden van de dagelijkse gang van zaken gaat uiteraard niet zonder de secretaresses. 
Daarom gaat mijn dank ook uit naar Judith, Ingrid, Marieke, Hermine, José en Simone. 
De grootste bijdrage aan dit boekje is ongetwijfeld geleverd door mijn Amsterdamse 
collega Emil. Alhoewel Emil even heeft moeten wachten totdat hij chips had waarmee hij 
uit de voeten kon, is een groot deel van de chip karakterisatie uit hoofdstuk 5 van hem 
afkomstig. Ik denk dan ook te kunnen zeggen dat onze samenwerking bijzonder 
succesvol is geweest. Verder is een forse bijdrage aan dit proefschrift geleverd door mijn 
beide afstudeerders Frank en Thomas (in innige samenwerking met “domme Zweed” 
Daniel). Voor hun theoretische inbreng ben ik twee mensen in het bijzonder dankbaar. 
Allereerst Niels voor zijn hulp bij de theorie van het bonden. Daarnaast Charlie 
Hasselbrink, wiens “crash course” in dispersie, tijdens mijn 3 maanden stage bij Sandia 
National Labs in Californië, onmisbaar is gebleken voor een goed begrip van de HDC 
theorie. Daarnaast heb ik me in Californië dankzij Jason en Brian prima vermaakt met het 
welbekende croquet en met het drinken van bier en heb ik dankzij Anup zelfs de 
voetbalkwaliteiten van de Amerikanen aan den lijve mogen ondervinden. 
Over voetbal gesproken: het woensdagmiddagvoetbal was ook iets waar ik altijd weer 
naar uit keek. Alhoewel hieraan ontelbare mensen hebben meegedaan, wil ik vooral de 
harde kern noemen (die in de loop der tijd forse veranderingen heeft ondergaan): Paul, 
Juleon, Marcello, Hien, Edin, Erwin, Han, Bogdan, Deladi en de nieuwste aanwinst 
Henk. Alhoewel dit goed te combineren viel met het promotiewerk, gold dat jammer 
genoeg niet voor het tafeltennis bij studentenvereniging Thibats waar ik tijdens mijn 
studietijd jarenlang met veel plezier heb getafeltennist. Gelukkig kon dit sportieve gat 
opgevangen worden door regelmatig te squashen met Ronny en Micha, wanneer deze 
entrepreneurs zich tenminste even konden losrukken van hun Micronit. Ronny (dit vaak 
in combinatie met Jasper) ben ik daarnaast ook bijzonder dankbaar voor het regelmatige 
verkennen van het Enschedese nachtleven. 
Alhoewel ik een hekel heb aan clichés, ontkom ik daar voor het bedanken van mijn 
familie niet aan. Wat de familie in bredere zin betreft heb ik de grote hoeveelheid feesten 
in familiekring altijd bijzonder gewaardeerd. Maar de grootste invloed is uiteraard 
afkomstig van mijn familie in engere zin, dat wil zeggen mijn ouders en mijn “grote zus” 
Ellen. Zij waren een baken van rust waar ik altijd weer even lekker kon neerploffen en 
zowel in geestelijk als lichamelijk (eten met voldoende vitaminen) opzicht kon bijladen. 
En tenslotte gaat mijn dank uiteraard uit naar Janneke, voor het verlichten van de 
onvermijdelijke stress die gepaard gaat met het afronden van een proefschrift. Nu dat 
achter de rug is, kunnen we eindelijk gaan onthaasten... 
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Marko Theodoor Blom werd geboren op 23 november 1974 in Amersfoort. Na het 
doorlopen van de Gymnasiumafdeling van het Corderius College te Amersfoort koos hij 
voor de studie Technische Natuurkunde aan de Universiteit Twente. 
Deze studie liet gelukkig voldoende tijd over om te genieten van alle zaken die het 
beschermde leven op de Twentse campus zoal te bieden had. Hierbij valt te denken aan 
het uitvoeren van sporten als tafeltennis en voetbal, al dan niet gecombineerd met het 
nuttigen van alcoholische versnaperingen. 
Een voorproefje van het echte leven kwam in 1997 in de vorm van een stage bij de 
centrale research van Robert Bosch GmbH in Gerdingen, nabij Stuttgart. Hier werd 
gewerkt aan het bouwen van een proefopstelling voor experimentele nieuwe 
inspuitsystemen voor automotoren. 
Direct hierna begon Marko aan zijn afstudeeropdracht bij de micromechanica groep van 
de vakgroep Transductietechniek, of kortweg “Micmec”, onder leiding van prof. Miko 
Elwenspoek. Tien maanden werken aan de integratie van PZT piëzoelektrische films en 
surface micromachining resulteerde in de zomer van 1998 in het felbegeerde 
ingenieursdiploma. 
Kennelijk was Marko de academische wereld nog niet zat, want na een aantal maanden 
was hij weer terug bij de Micmec. Ditmaal als AIO, verbonden aan de Micro Total 
Analysis Systems oriëntatie, geleid door prof. Albert van den Berg. Het resultaat van dit 
werk is beschreven in dit proefschrift. Een zeer leerzame tussentijdse 3 maanden durende 
stage bij Sandia National Labs in Livermore, USA, onder begeleiding van Charlie 
Hasselbrink, mag hierbij ook niet onvermeld blijven. 
Ondanks het hectische leven als AIO bleef er uiteraard nog genoeg vrije tijd over. Deze 
werd en wordt gevuld met het veel te fanatiek bedrijven van de al eerder genoemde 
sporten, tegenwoordig ook aangevuld met squash. Daarnaast behoren zeilen, duiken, 
pianospelen en met een witbiertje op een zonnig terras zitten tot Marko’s favoriete 
hobby’s. 


