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Abstract 

  

This thesis discusses the characterization of a coplanar waveguide circuit with fluidic 

channels.  The use of fluids in radio frequency circuits is highly unexplored.  This work 

aims to provide generalized design guidelines to maximize the impact of fluids 

introduced into a coplanar waveguide structure.  Leveraging the design guidelines 

presented within, a coplanar waveguide circuit is designed and fabricated.  The test 

circuit is analyzed and the impact of the fluids on characteristic impedance is presented.  

Directions for future work is also discussed. 
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CHAPTER 1 

INTRODUCTION 

   

1.1 Motivation 

 

 Today there is high demand for compact versatile high speed devices.  In order to 

be both compact and versatile it is necessary for the device to have adaptive components.  

Recent work has started to investigate the creation of adaptive radio frequency (rf) 

components using fluids [1,4,5,6].  Permittivity properties of fluids can be exploited to 

actively change the characteristics of a rf component.  Various research groups have 

created fluidic rf circuits to extract the permittivity of a fluid [2,3].  In [1], a theoretical 

paper, fluids are used to change the equivalent capacitance per unit length to achieve a 

controllable microstrip delay line.  Colloidal spheres dispersed in low loss fluids in the 

feeding network to a flexible substrate microstrip patch antenna to maintain desirable 

matching characteristics is shown in [4,5,6].   

 Despite these specific applications, research to develop generalized design rules 

for adaptive rf components is still needed.  Parameters such as circuit dimensions, host 

substrate, fluid containment and placement, as well as testing structures are investigated 

in this work. 

 Two common planar circuit topologies, microstrip and coplanar waveguide, are 

the focus of this work.  Both of these architectures are widely used, but coplanar 

waveguide will be the primary investigated topology.  Multiple test circuit topologies are 

designed and characterized in this thesis. 
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1.2 Design Overview 

 

 This thesis summarizes the foundation necessary to create an adaptive high 

frequency structure with the use of fluids.  There are five main chapters in this thesis.  

Various designs parameters such as substrate material, fluid channel placement, and 

structure dimensions are discussed in chapter 2.  Chapter 3 discusses two different 

options for fluid containment.  Using the data from chapter 2 and 3, the design, 

fabrication, and testing of a coplanar waveguide structure on a glass substrate are 

described in chapter 4.  Future directions of this work and a summary of this thesis are 

provided in chapter 5.  The specific fabrication, testing, and theoretical work used herein 

are in the appendices. 
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CHAPTER 2 

ADAPTIVE SUBSTRATE DESIGN PARAMETERS IN 
COPLANAR WAVEGUIDE STRUCTURES 
 

2.1 Introduction and Motivation 

 

 This chapter is devoted to optimizing the change in transmission line parameters 

due to the presence of various fluids.  Fluid placement, signal line width and gap spacing 

optimization, along with host substrate selection are investigated.  Two common 

topologies, microstrip and coplanar waveguide, each having specific advantages are 

discussed. 

 The first is a microstrip, shown in Figure 2.1.  It is a quasi-TEM structure due to 

fields present in both the air region above the circuit and in the dielectric region. 

 

Figure 2.1. Cross section of microstrip. 

 

Microstrip line, shown in Figure 2.1 offers: ease of fabrication, commercially available 

circuit board and CAD tools, and design using empirical equations.   

 

W

t

d DIELECTRIC SUBSTRATE

CONDUCTOR
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Figure 2.2. Field pattern of microstrip.  Electric field is denoted by solid lines.  Magnetic field is denoted by 

dashed lines. 

 

 The electric field is directed from the signal line to the ground plane (Figure 2.2).  

The dielectric substrate contains most of the electric field due to the higher permittivity of 

the substrate.  The fraction of electric field lines contained in the air region above the 

substrate are called fringing fields. [16, 19]    

 A coplanar waveguide (CPW) architecture, shown in Figure 2.3, offers a large 

range of realizable impedances, ease of integration due to uniplanar structure, and design 

versatility because of two degrees of freedom S (gap spacing) and W (signal line width).   

DIELECTRIC SUBSTRATE

CONDUCTOR

t

d

WSWg

 
Figure 2.3. Cross section of coplanar waveguide. 
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Figure 2.4. Field pattern of coplanar waveguide.  Electric field is denoted by solid lines.  Magnetic field is 

denoted by dashed lines. 

 

 The electric field shown in Figure 2.4 is directed from the signal line (center 

conductor) to the ground plane (outer conductors).  The electric field is contained in both 

the air above the dielectric substrate and in the dielectric substrate. [17]   

 In the design of both structures, two parameters are needed to characterize the 

transmission line behavior: characteristic impedance (Zo) and propagation constant (β).  

The characteristic impedance of a lossless transmission line is given by Eq. 2.1. 

𝑍𝑜 =  
𝐿

𝐶
    Eq. 2.1 

In Eq. 2.1, C is the capacitance per unit length given by Eq. 2.2. 

𝐶

𝑙
=
𝜀𝑊

𝑑
         Eq. 2.2 

where permittivity, is ε=εoεeff.  The effective permittivity (εeff) consists of the 

combination of the permittivity of air and the substrate.  For the coplanar waveguide the 

capacitance per unit length is given by Eq. 2.3. 

𝐶𝑐𝑝𝑤

𝑙
=
𝜀𝑡𝑐𝑝𝑤

𝑆𝑐𝑝𝑤
         Eq. 2.3  
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In Eq. 2.3 tcpw and dcpw are shown in Figure 2.3 as t and S, respectively.  Characteristic 

impedance is an inversely proportional relationship to the square root of the permittivity.   

 In this work, the aim is to use fluids to achieve similar objectives.  In microstrip, a 

fluidic channel should be placed in the substrate between the signal line and ground 

plane.  However, this leads to a more complicated fabrication process compared with 

conventional microstrip.  In CPW, a fluid can be placed in the gap spacing (S) of the 

CPW (Figure 2.3).   A high dielectric fluid in the channel of a CPW will cause the 

characteristic impedance of a CPW line to decrease.  In the following sections, the 

vertical channel location, effects of capillary size on characteristic impedance, signal line 

width and gap spacing optimization, and host substrate effects will be described. 

2.2 Reconfigurable RF Substrates 

 

  Fluid will be used to reconfigure a substrate by adaptively controlling the 

permittivity observed by the electric field.  The goal of the following discussion is to 

achieve the largest variable range of CPW characteristic impedances.  

 2.2.1 Determination of Optimal Vertical Capillary Location 

 

 The approach is initially dedicated to optimization for the location of a capillary 

with zero thickness cladding of fixed diameter in a CPW line.  Thickness effects will be 

described in Section 3.2.   The simulation tool used to determine the optimum channel 

location is Ansoft's Maxwell Electromagnetic Field Simulator.  Two host substrates 

(Corning Pyrex 7740 glass and silicon) are considered.  See Table 2.1 for circuit 

dimensions.  Two fluids are considered: air (εr=1, ζ=0 S/m) and acetone (εr=21.2, 
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ζ=7.24x10-4 S/m) [1][20].  Four capillary locations are shown with fixed gap location and 

different vertical (y) displacements in Figure 2.5.  Submerged, slightly above, slightly 

below, and above, where y is 0%, 25%, 75%, 100%, respectively.  Characteristic 

impedance versus vertical displacement in % are shown in Figure 2.6 and Figure 2.7 for 

the various fluids and substrates. 

 

Table 2.1. Circuit dimensions used in vertical displacement simulation. 

Material Parameter Dimension 

Substrate Thickness 500 µm 

Gap Spacing 175 µm 

Signal Line Width 100 µm 

Metal Thickness 3 µm 

Capillary Diameter 175 µm 

Cladding Thickness 0 µm 
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(a) (b)

(c) (d)
 

Figure 2.5. (a) Completely submerge, 0% above surface, (b) Slightly above, 25% above surface, (c) 

Slightly below, 75% above surface, (d) Completely above, 100% above surface. 
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Figure 2.6. Characteristic impedance of a coplanar waveguide on glass in response to vertical displacement 

of filled capillary. 
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Figure 2.7. Characteristic impedance of a coplanar waveguide on silicon in response to vertical 

displacement of filled capillary. 

 On both substrate materials, the characteristic impedance with an air filled 

capillary is greater than the impedance when filled with acetone.  For the glass substrate, 

the maximum change in characteristic impedance occurs when approximately 50% of the 

capillary diameter is above and below the substrate surface.  The silicon based design has 

a higher permittivity and has maximum sensitivity when the capillary is approximately 

25% above the surface.  This occurs because the higher permittivity causes the electric 

fields to reside more within the substrate than air medium.  
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2.2.2 Capillary Size Effects on Coplanar Waveguide Impedance 

 

 The impact of CPW gap spacing (S) on characteristic impedance for a fixed 

capillary size (Wcap) is investigated (Figure 2.8).  

DIELECTRIC SUBSTRATE

CAPILLARY

t

d

WSWg

 

Figure 2.8. Coplanar waveguide with fixed capillary diameter located in gap spacing. 

 

The resulting characteristic impedances of the structures described in Table 2.2 and Table 

2.3 are found using Ansoft's Maxwell.  In glass and silicon substrates, two signal line 

widths are evaluated: 100 µm (Table 2.2) and 1000 µm (Table 2.3).  In both scenarios the 

capillary diameter is fixed at 25 µm.  
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Table 2.2. Characteristic impedance of coplanar waveguide with W=100 µm and variable gap spacing (S). 

     
GLASS (εr= 5.75) SILICON (εr= 11.9) 

Narrow Signal Line 
Structure Dimensions (µm) 

AIR  
(εr= 1) 

ACETONE 
 (εr= 21.2) 

AIR  
(εr= 1) 

ACETONE 
(εr= 21.2) 

W S Wg d t Zo (Ω) Zo (Ω) Zo (Ω) Zo (Ω) 

100 25 450 500 3 55.95 48.42 41.63 38.00 

100 75 750 500 3 76.15 75.06 58.15 57.61 

100 125 1050 500 3 87.67 87.14 66.37 66.10 
 

Table 2.3. Characteristic impedance of coplanar waveguide with W=1000 µm and variable gap spacing (S). 

     
GLASS (εr= 5.75) SILICON (εr= 11.9) 

Wider Signal Line 
Structure Dimensions (µm) 

AIR  
(εr= 1) 

ACETONE 
(εr= 21.2) 

AIR 
(εr= 1) 

ACETONE 
(εr= 21.2) 

W S Wg d t Zo (Ω) Zo (Ω) Zo (Ω) Zo (Ω) 

1000 25 3150 500 3 33.47 30.57 24.87 23.52 

1000 75 3450 500 3 41.53 41.06 30.58 30.31 

1000 125 3750 500 3 47.24 47.01 34.81 34.67 
 

 The characteristic impedance variability (∆Zo) is greatest when the capillary 

diameter (Wcap) is the same width as the gap spacing (i.e. Wcap/S≈1).  Thus the electric 

field is strongly located in the capillary.   

2.3 Signal Line Width and Gap Spacing Optimization 

 

 CPW designs offer the ability to realize a fixed characteristic impedance with 

many combinations of signal line widths and gap spacings.  Leveraging this 

characteristic, optimal dimensions for maximum sensitivity to various fluids in the 

channel are obtained using Ansoft's Maxwell.  The structure is shown in Figure 2.8 using 

silicon or glass substrates with air and acetone fluids in the channels.  Four signal line 

widths are investigated: 100 µm, 400 µm,  700 µm, and 1000 µm.  Each signal width is 

simulated for the various gap spacings of 25 µm, 75 µm, 125 µm, and 175 µm.  In all 
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simulations the capillary diameter is equal to gap spacing.  The results are shown in 

Figure 2.9 and Figure 2.10. 

 

Figure 2.9. Characteristic impedance of a coplanar waveguide on glass (εr=5.75) for various gap spacings 

and given signal line width (W).  Capillary diameter is equal to gap spacing and filled with air (solid lines) 

or acetone (dashed lines). 
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Figure 2.10.  Characteristic impedance of a coplanar waveguide on silicon (εr=11.9) for various gap 

spacings and a given signal line width (W).  Capillary diameter is equal to gap spacing and filled with air 

(solid lines) or acetone (dashed lines). 

 The smallest signal line width produces the maximum change in characteristic 

impedance on both substrates.  A smaller signal line has higher inductance creating a 

higher initial characteristic impedance.  From Eq. 2.3 the capacitance is directly 

proportional to the permittivity.  Increasing the gap spacing (S in Eq. 2.3) creates a 

smaller range of capacitances in response to a given change in permittivity.  This smaller 

range of capacitance results in a larger range of characteristic impedance governed by Eq. 

2.1. 
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2.4 Host Substrate Effects 

 

 The next important design parameter is the host substrate which supports the 

circuits and fluidic channels.  The effect of the host substrate permittivity on the 

sensitivity of the response is the subject of this section.   

 When considering the characteristic impedance, Eq. 2.1, the effective permittivity 

is the design variable.  Table 2.4 summarizes the results from Section 2.3 for a signal line 

width of 100 µm. 

Table 2.4. Change in characteristic impedance for coplanar waveguide on glass or silicon with W=100 µm 

and various gap spacings.  Capillaries are filled with either air (εr=1) or acetone (εr=21.2). 

  
CHARACTERISTIC IMP. (Ω) 

 

SUBSTRATE 

CAPILLARY DIA. 

(µm) AIR ACETONE 

∆ IMPEDANCE 
(Ω) 

GLASS 25 56 48 8 

SILICON 25 41 38 3 

GLASS 175 110 72 38 

SILICON 175 82 61 21 
  

 From Table 2.4 the change in impedance is greater using glass as the host 

substrate.  This is due to electric fields' preference to be focused in the higher permittivity 

fluid.  Thus, the use of glass allows for a wider range of impedances for the different 

fluids considered. 

2.5 Summary and Conclusions 

  

 In a CPW topology, there are multiple degrees of design freedom.  To obtain the 

largest change in characteristic impedance for various fluids: (a) the channels diameter 

should be the same as the gap spacing,  (b) capillary should be located symmetrically 

about the substrate surface in the vertical direction, and (c) be placed on a low 
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permittivity substrate.  The circuit should also have a narrow signal line width relative 

with a large gap spacing, when possible. 
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CHAPTER 3 

METHODS TO CONTAIN FLUIDS   
 

3.1 Introduction and Motivation 

 

 Chapter 2 discussed impact of fluid on the electrical response in CPW designs and 

the associated design factors (i.e. host substrate effects, signal line widths, and channel 

location optimization).  This chapter investigates methods for combining fluids with RF 

test circuits.  Two main architectures are considered: (a) flexible glass tubing or (b) lid 

approach using polydimethylsiloxane (PDMS). 

3.2 Flexible Glass Tubing 

  

 One way to contain the fluid is to use flexible glass tubing.  The diameter range 

for this type of tubing can be very large (90-850 µm) [10].  All tubing is comprised of a 

cladding layer with a specific thickness and an outer protective coating.  The tubing 

discussed herein has a fused silica cladding with a polyimide coating as shown in Figure 

3.1. 
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ID

OD

CLADDING 

WIDTH

FLUID

PROTECTIVE

COATING

 

Figure 3.1. Cross section of glass tubing showing inner diameter (ID) and outer diameter (OD) definitions.  

Note that drawing is not to scale.  

 

 In Section 2.3, the CPW line had a gap spacing of 175 µm to allow for a large 

change in characteristic impedance.  Available tubing [10] with an ID of 100 µm and OD 

of 164 µm is used in the 175 µm gap spacing.  However, due to the finite thickness of the 

cladding the entire gap spacing of the CPW architecture is not utilized.  To quantify the 

impact of tubing inner diameter on CPW response, different percentages of channel width 

to cladding ratios were simulated.  The CPW structure dimensions are described in Table 

3.1. 

Table 3.1.  Dimensions of CPW structured used in cladding ratio simulation. 

W 100 µm 

S 175 µm 

Wg 1350 µm 

t 3 µm 

d 500 µm 
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The cladding is assumed to have relative permittivity (εr) of 5.75.  Using Ansoft's 

Maxwell the following results were obtained for glass and silicon substrates in Table 3.2 

and Table 3.3, respectively. 

Table 3.2. Characteristic impedance of CPW structure on a glass substrate for various cladding thicknesses 

is shown.  Capillaries are filled with either air (εr=1) or acetone (εr=21.2). 

  
GLASS 

 

  
AIR ACETONE 

 Wall thickness 
(µm) % of Total Diameter Zo (Ω) Zo (Ω) ∆Zo (Ω) 

0 0 109.20 72.77 36.43 

5 5.7 106.41 74.93 31.48 

25 28.6 96.66 81.22 15.44 

50 57.1 90.56 85.38 5.19 

75 85.7 87.91 87.35 0.57 

87.5 100 87.66 87.66 0.00 

 

Table 3.3. Characteristic impedance of CPW structure on a silicon substrate for various cladding 

thicknesses is shown.  Capillaries are filled with either air (εr=1) or acetone (εr=21.2). 

  
SILICON 

 

  
AIR ACETONE 

 Wall thickness 
(µm) % of Total Diameter Zo (Ω) Zo (Ω) ∆Zo (Ω) 

0 0 83.00 60.96 22.03 

5 5.7 81.74 62.49 19.24 

25 28.6 76.81 67.15 9.66 

50 57.1 73.31 70.03 3.28 

75 85.7 71.68 71.32 0.36 

87.5 100 71.52 71.52 0.00 

 

 As expected, the cladding width plays a significant role in the impedance 

response.  Small ratios allow the substrate permittivity to dominate.  Large ratios limit the 

realizable change in characteristic impedance, regardless of the fluid type.  Tubing 

available from [10], has a 39% cladding width ratio.  Thus, it greatly reduced the overall 
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range of impedances that can be obtained.  As a result, a different method for fluid 

containment was sought. 

3.3 Polydimethylsiloxane (PDMS) 

  

 PDMS is a widely used silicone elastomer offered from Dow Corning [24].  The 

electrical properties of PDMS are: εr=2.65 @ 1 MHz, tanδ ≤ 0.001, and volume 

resistivity = 1.2x10
14

 Ω-cm.  PDMS has many attractive properties: 

 a.  Permittivity value close to air 

 b.  Low loss 

 c.  Conformal nature 

 d.  Allows for fast, low cost prototyping 

 e.  Bonds to glass using oxygen plasma treatment 

 f.  Hydrophobic to fluids such as acetone [21] 

  

 PDMS is used in reverse mold processes where it is poured over a mold, allowed 

to cure, then removed from the mold.  PDMS conforms to the mold thus the channel 

shapes are only limited by the fabrication limitations of the master mold.  The two 

common types of master molds are silicon and SU-8 photoresist.  Fabrication of PDMS 

channels are discussed more in Section 4.3.3 and Appendix D. 

 During assembly PDMS can be bonded to a glass substrate surface.  This covalent 

bonding is accomplished by the use of oxygen plasma treatment (Appendix D). 

 In [21] many key PDMS/chemical interactions are discussed.  In this work, 

submersing PDMS into acetone for 30 minutes had virtually no effect on the PDMS.  

Looking at how much fluid is absorbed by the PDMS; water is observed to have a weight 

gain of -0.33% while acetone is 2.78%.  Both are considerably small.  Next, the contact 
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angle is also measured.  In [21] the contact angle was measured by placing a 6 µL droplet 

on the PDMS surface and immediately measuring the angle with respect to the surface.  

Water has a contact angle of approximately 115°, while acetone has 114°; thus, the 

PDMS surface is considered hydrophobic.  These characteristics are important to know in 

order to determine if the fluid can be pumped through PDMS.  These resulting findings 

indicate that acetone and water can be pumped through PDMS channels with no 

detrimental effects. 

3.4 Summary and Conclusions 

 

 Flexible glass tubing offers a quick and easy way to contain fluids.  However, the 

cladding greatly mitigates the effects of the fluid on creating large changes in 

characteristic impedance in CPW transmission line systems.  To help address the need to 

have high contrast values, PDMS is studied and will be used in future test structures.  

PDMS also offers a cost effective, versatile solution that can be optimized. 
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CHAPTER 4 

COPLANAR WAVEGUIDES ON BOROSILICATE GLASS 
 

4.1 Introduction and Motivation 

 

 In Chapter 2 and 3, the foundation for the fluidic CPW designs were discussed.  

This chapter uses the design guidelines developed earlier to realize a physical adaptive 

coplanar waveguide circuit for testing at rf frequencies. 

4.2 Development 

 

  Two main methods for fluid containment were discussed in Chapter 3.  The first 

uses tubing, and the second uses a PDMS lid.  Theoretical designs for both approaches 

are investigated and presented.  Ultimately the structure utilizing PDMS was selected. 

4.2.1 Flexible Glass Tubing Design 

 

 This tubing topology has multiple advantages: (1) the cpw structure is covered by 

air so conventional cpw design equations can be leveraged with minimal error; (2) the 

tubing can be placed in channels allowing for faster, cheaper fabrication; (3) and self-

alignment is possible with tubing in etched channels.   

 The challenges, however are that: (1) only certain channel topologies can be 

realized due to limited flexibility of tubing; (2) the cladding of the tubing doesn't allow 

for optimal channel usage; (3) custom probes that straddle tubing are needed for circuit 

testing; (4) and tubing must be secured to substrate.    
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 The CPW gaps are constrained to capillary diameter, in this case 175 µm.  Next 

ground-signal-ground (GSG) test probes must have pitch spacing between signal and 

ground line larger than 175 µm.  Pitch values greater than 250 µm are recommended.  

Moreover they must have an elevation greater than the radius of the capillary.  While 

custom test probes can be made, such designs are fragile due to steep launch angle, and 

may have diminished performance when compared to regular probes.  To alleviate this 

problem, another solution is to create an adapter using silicon in which the probe contact 

point is elevated and allows for a planar testing surface.  It leverages well developed and 

predictable fabrication techniques.  The concept of such a silicon connector is shown in 

Figure 4.1.    

TEST 

SURFACE

CAPILLARIES

TEST CIRCUIT

SILICON VIAS

 

Figure 4.1. Silicon connector to allow for planar testing surface of CPW circuit with capillaries in gap 

spacing. 
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 The main goal is to characterize the rf response of CPW under the influence of 

various fluids in the gaps where the electric fields reside.  The CPW on glass was 

designed to have a length of λ/2 at 10 GHz.  This creates a standing wave response with 

resonances when the length is multiples of λ/2.  When a fluid with different permittivity 

passes through the capillaries, the line's wavelength will change to a lower value than the 

air scenario.  The resonant frequency will shift down in frequency due to the shorter 

wavelength.  

 

𝑓 =
𝑐

2𝑙 𝜀𝑒𝑓𝑓
  Eq. 4.1 

 

The envisioned test structure is shown in Figure 4.2. 
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50 Ω FEEDLINE

50 Ω FEEDLINE

DUT

CAPILLARIES

GLASS

SILICON

VIAS

 

Figure 4.2. CPW fluidic test structure. 

 

The silicon and glass substrate parameters are assumed lossless and are listed in Table 

4.1.  Gold metal thickness is 3 micron with a conductivity of 4.1x10
7
 S/m. 

 

Table 4.1. Substrate parameters. 

Substrate 
Permittivity 

(εr) 
Thickness 

(µm) 

Silicon 11.9 200 

Glass 5.75 500 
 

 Placement of the silicon connector on the CPW test circuit was optimized to be 

350 µm through simulations using Ansoft's HFSS.  The impedances are 50 Ω and 93.1 Ω 
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for the feedlines and device under test (DUT), respectively.  The dimensions for the CPW 

on glass test structure with silicon connector are shown in Figures 4.3-4.6.   

 

Silicon

100 um

175 um

2326.9 um

100 um

61.796 um

2439.5 um2439.5 um

61.796 um

175 um

2326.9 um

200 um

3 um

3 um

SIDE VIEW

 

Figure 4.3. Side view of silicon connector.  Note that dimensions are not to scale. 

100 um

61.796 um
2439.5 um2439.5 um

61.796 um

150 um

150 um

50 um

25 um

50 um 50 um

50 um

6110.16 umTOP

25 um

150 um

 

Figure 4.4. Top view of silicon connector.  Note that dimensions are not to scale. 
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100 um
175 um175 um

50 um
25 um 25 um
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50 um

36.796 um 36.796 um

150 um
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2326.9 um

BOTTOM

150 um 2326.9 um

CHANNEL

 

Figure 4.5.  Bottom view of silicon connector.  Shaded area indicates etched region which is placed on top 

of capillaries.  Note that dimensions are not to scale. 

 

100 um
175 um

4252.8 um

175 um

4252.8 um

100 um

8982 um

5760.16 um

175 um 175 um

2326.9 um

Overall Dimension

5103.8 um x 20502.3 um 

GLASS

METAL

CHANNEL

 

Figure 4.6. Top view of CPW structure on glass substrate. 
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 The thickness of the silicon wafer used to create the interconnect is 200 µm.  The 

wavelength of the signal traveling on the via will be given approximately by Eq. 4.2. 

 

𝜆𝑔 =
𝑐

𝑓 𝜀𝑟
  Eq. 4.2 

 

Yielding a guided wavelength of approximately 8.7 mm.  The via is approximately λ/44 

at 10 GHz, and thus is electrically small. 

 While this structure will work, the complexity of the design and fabrication 

process motivated exploring a simpler method. 

4.2.2 PDMS Design 

 

 As discussed in Section 3.3, PDMS optimizes the use of the gap spacing in the 

CPW structure.  A three section design was developed (Figure 4.7) in order to 

characterize the device under test (DUT).  The first and third sections are feedlines which 

allow for probing and signal injection to the DUT.  The DUT, section 2, is where the 

fluids will flow through. 
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50 Ω
FEEDLINE

DUT

PDMSMETAL

50 Ω
FEEDLINE

SECTION 1 SECTION 2 SECTION 3
 

Figure 4.7.  CPW test structure.  First and third sections are 50 Ω feedlines.  Section 2 is the device under 

test (DUT). 

 

 The PDMS lid is a rectangular cavity above the CPW (Figure 4.8).  The glass 

channel etch depth and the PDMS cavity height are equal.  Aspirations are to alternate the 

fluids dynamically in the fluidic channels that run parallel to the CPW slots.  To capture 

the most fields, the glass substrate is etched in the CPW gap spacing.  

 

Figure 4.8. Cross section of DUT showing CPW with PDMS lid. 
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 The 50 Ω feedlines are designed to be λ/2 (9152 µm) at 10 GHz.  The CPW signal 

line width is 394 µm and the gap spacing is 54.1 µm.  The CPW lines are on borosilicate 

glass, electrical properties are found in Table 4.2.  Various DUT designs are created and 

described in Table 4.3.  Also shown in Table 4.3 is the approximate characteristic 

impedances of the DUT with either air, acetone or DI water in channel. The glass channel 

etch width is denoted by S.  Note the overall width from outer edge of one gap spacing to 

the other is held at a constant value for all DUTs (Figure 4.10 and Figure 4.11). 

 

Table 4.2. Electrical properties of borosilicate glass. 

Substrate 
Permittivity 

(εr) tanδ Thickness (µm) 

Borosilicate 
Glass 4.6 37x10-4 500 

 

 

 

Table 4.3. Dimensions of various CPW DUT designs.  Also shown are predicted approximate characteristic 

impedances with either air, acetone or DI water in channel. 

  W (µm) S (µm)  X (µm) 
Total 
(µm) 

 Z (Ω) 
AIR 

 Z (Ω) 
ACETONE 

 Z (Ω)  
DI WATER 

DUT 1 394 170 10 774 63 20 12 

DUT 2 240 247 10 774 81 26 15 

DUT 3 118 308 10 774 103 33 19 

DUT 4 50 342 10 774 129 42 24 
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DUT 1 has the same signal line width as the feedlines (Figure 4.9).  The DUT length (L) 

is 8063 µm.   

 

METAL

W

S

X

L

GLASS

TOTAL

 

Figure 4.9.  DUT 1.  Signal line width of DUT is same as signal line width of feedlines (394 µm). 
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DUT 2, 3, and 4 have a narrower signal line width and thus have a higher impedance 

(Figure 4.10).  In each case the signal line length (L) is 8063 µm.  

METAL

W

S

X

L

GLASS

TOTAL

 

Figure 4.10.  DUT 2, 3, and 4.  Narrower signal line width yielding higher impedance DUTs. 

 

4.3 Fabrication  

 Fabrication of the CPW test structures consists of three major processes: host 

substrate etching and preparation, circuit metallization, and PDMS lid fabrication.  These 

processes are described in the subsequent sections and Appendices B, C, and D.    
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4.3.1 Host Substrate Fabrication 

 

 A borosilicate glass substrate is chosen because it offers good electrical and 

fabrication properties.  The glass substrate is Borofloat33 with 100 mm diameter and 500 

µm thickness.  Borofloat33 is a borosilicate glass substrate that has low alkali content.  

Borosilicate glass is chosen over a soda lime glass substrate because it has lower oxide 

levels (see Figure 4.11 and Figure 4.12).  Large amounts of oxides can lead to insoluble 

products during an etch and create undesired results [7].   
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Figure 4.11. Borofloat33 borosilicate glass composition. [22] 



 

 34 

 

Figure 4.12. Soda lime glass composition. [22] 

 

 A masking layer of Cr-Au (60-400 nm) is sputtered on both sides of the wafer.  

Subsequently photoresist is applied to the bottom side of the wafer as a protective layer.  

Next, the top surface is patterned using standard photolithography.  Gold and chrome 

etchants are used to remove the metal and expose the desired surfaces of the glass wafer.  

This is followed by a 4 minute etch in 49% HF.  An etch depth of 32 µm was achieved.  

Finally the masking layers and PR are stripped in various wet baths.  The glass etching 

process challenges are described in Appendix A.  The processing steps for the entire 

CPW structure are in Appendix B. 
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4.3.2 Circuit Fabrication 

 

 The CPW test structures and on-wafer calibration circuits are fabricated on glass 

wafers with and without etched channels, respectively.  A chrome-gold-chrome (300-

1500-300 Å) seed layer is electron-beam evaporated and the gold layer is then electron 

plated to a thickness of 3 microns.  The remaining seed layers are removed using the 

appropriate wet etchants.  Figure 4.13 and Figure 4.14 show test circuits after 

metallization.   

METAL

50 Ω 
FEEDLINES

CHANNELS

GLASS

 

Figure 4.13. DUT 1 after metallization. 
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Figure 4.14. DUT 3 after metallization. 

 

 

 

The cross section profile of a DUT was measured using KLA-Tencor P-16 surface 

profiler (see Figure 4.15).  Note that X and Y axis are not same scale.    



 

 37 

CHANNELMETAL 

SURFACE

GLASS SURFACE

SIGNAL LINE

GAP SPACING

 

Figure 4.15. Cross section of DUT. 

   

4.3.3 PDMS Fabrication 

 

 The PDMS cavity uses a silicon master mold.  A standard 500 µm thick silicon 

wafer is used to create the mold.  The wafer is processed using standard photolithography 

and SPR 220-7 positive photoresist.  The layout of the mask is shown in Figure 4.16. 
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Figure 4.16. Mask layout for PDMS lids. 

 

 This master creates two types of PDMS lids.  The first has two channels, one for 

each gap spacing in the DUT described in Table 4.3.  The second type forms a cavity 

above section 2 of the entire CPW structure (Figure 4.8).  The PDMS lid extends 2 mm 

into each feedline.  The detailed fabrication procedure for the silicon master mold and 

PDMS is discussed in Appendix D.   

4.4 Assembly and Challenges 

 

 Cured PDMS is next punched with holes on top of the structure at the input and 

output of each channel so that fluids could be circulated through the structure.  Next, the 

PDMS is bonded to the glass wafer using oxygen plasma treatment.  It is observed that 
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due to the large ground planes and variable metal thickness at the edges of the 

electroplated metal there is leakage of fluid in some areas of the circuit.  This is 

circumvented by using a sealant [25] along the edges.  The sealant has relative 

permittivity (εr) of 2.8 at 1 MHz and resistivity of 3x10
15

 Ω-cm.  The high resistivity is 

important to ensure an insulating behavior since the sealant goes across both the ground 

planes and the signal line; otherwise the sealant could create a short circuit.   The 

permittivity is similar to PDMS minimizing error in predicted results.  A detailed 

description of the assembly process can be found in Appendix D. 

4.5 Characterization 

 

 S-parameters are measured with a HP8510C automatic network analyzer (ANA) 

connected to Cascade Microtech ground-signal-ground (GSG) test probes (650 µm pitch) 

using a Cascade Microtech test station.  All circuits are measured using Line-Reflect-

Match (LRM) calibration.  Prior to assembling the test structures (i.e. PDMS lid and 

tubing) the response of the test circuits are measured and compared to simulation to 

validate performance without the PDMS lid.  Next, the lid is attached using the method 

described in Section 4.4 and tubing is inserted approximately 2 mm from the input/output 

edges of the PDMS lids.  Test fluids described in Section 4.5.1 are injected into the DUT 

using a syringe and tubing.  Details of the measurement and calibration techniques can be 

found in Appendix E.   
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4.5.1 Test Fluids 

 

 Various fluids in the channels are investigated in the test circuits.  As a reference 

the circuits are tested with air (εr=1) in the channels.  Using a syringe, acetone is injected 

into the tubing then pushed through the circuits channels.  Acetone is a nonconductive 

solvent with relative permittivity (εr) approximately 22 and loss tangent ~0.2 in the 

gigahertz range [8].  The second fluid considered is deionized (DI) water.  DI water has a 

higher dielectric constant ~60-80, decreasing with increasing frequency.  It's loss tangent 

is ~0.5 at 10 GHz [8].        

 A third fluid considered was glycerol.  The dielectric constant (εr) is in the 40's at 

high frequencies.  However, the viscosity is too high to get the fluid to flow through the 

capillaries.  The viscosity is 1490 cP, compared to acetone of 0.306 cP, water of 0.894 cP 

and corn syrup of 1380.6 cP [9].  Thus, it is not surprising that the glycerol could not be 

pumped through the channels.     

4.5.2 Measurement Results 

 

 This section will first show the data used to verify the test circuits are behaving as 

expected.  Next the S-parameter response of the various DUT to fluids described in 

Section 4.5.1 is shown.  Lastly, the impedance matching characteristics will be displayed 

using a Smith chart. 

 A delay line of length 27304 µm on Borofloat33 glass, with the same dimensions 

as the feedlines, is measured using a LRM calibrated test setup to determine the loss of 

the line when the test wafer is isolated from the test station metal chuck using different 
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supporting mediums.  Superstrates silicon (high resistivity), Borofloat33 glass, and air 

each having a height of 1500 µm were placed under the test wafer (Figure 4.17).  

Insertion loss (S21) results are shown in Figure 4.18. 

 

 

TEST WAFER
ISOLATION 

WAFER

METAL CHUCK

 

Figure 4.17. Test setup investigating impact of various superstrates to provide isolation from metal chuck. 
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Figure 4.18.  Insertion loss (S21) results using superstrates: air, Borofloat33 glass, or high resistivity 

silicon.  Each superstrate is 1500 µm thick. 

 

All three measurements of the test wafer elevated by different superstrates have 

comparable response.  Silicon loss is approximately 0.1 dB higher.  This is expected 

because silicon has a higher permittivity and pulls some of the fields into the substrate.  

Based on this measurement, all data shown in this thesis is obtained by having the test 

wafer on top of 1500 µm of Borofloat33.  
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12 4 3

DUTs

 

Figure 4.19. Fabricated CPW test circuits on borosilicate glass. 

  

 A photograph of the test circuits is shown in Figure 4.19.  Reference measurement 

data is obtained for all circuits before and after PDMS lid attachment.  A comparison of 

open and PDMS lid data is shown in Figure 4.20 and Figure 4.21 for DUT 3.  This data is 

for air in the DUT section.  DUT 3 with no PDMS lid is simulated using Agilent's ADS.   
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Figure 4.20. Effect of PDMS lid on return loss for DUT 3. 
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Figure 4.21. Effect of PDMS lid on insertion loss for DUT 3 

 

Adding the PDMS lid over the DUT has minimal impact on the structure according to 

data in Figure 4.20 and Figure 4.21.  The insertion loss increases by approximately 0.18 

dB and a frequency shift of approximately 900 MHz occurs.     

 In this work, three fluid scenarios for the circuits are tested: air, acetone, and DI 

water.  The fluid is injected by syringe into tubing inserted into the PDMS lid (Appendix 

E).  To calibrate the fluid testing method, two tests are run: (a) static and (b) dynamic.  

First investigating DI water.  The dynamic response pushes fluid through the channel at a 
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rate of approximately 2.8 µL/sec.  The steady state (static) response allows fluid to flow 

through the circuit until it comes out the outlet of the output tubing.  The fluid injection is 

stopped and the data is collected.  Figure 4.22 shows the insertion loss (S21) for various 

velocities of DI water flow through DUT 4.   

 

Figure 4.22.  Insertion loss (S21) of DUT 4 with DI water in the channels under static and dynamic testing 

conditions. 

  

 

According to the data in Figure 4.22 a dynamic testing method of DI water has higher 

insertion loss (S21).  This testing method was more repeatable for the various test 
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circuits. The steady state response is very hard to control.  Thus, all DI water data 

presented herein is collected using a dynamic testing method.  Return loss (S11) data 

showed little variability compared to the insertion loss data.    

 It was observed that DI water response depends on flow rate.  A similar exercise 

was done for acetone using DUT 3.  Insertion loss (S21) is shown in Figure 4.23. 

 

Figure 4.23.  Insertion loss (S21) of DUT 3 with acetone in the channels under static and dynamic testing 

conditions. 
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Based on the data from Figure 4.23 it appears that the acetone response is independent of 

flow rate through the circuit.  All further acetone data shown is obtained using a static 

testing method. 

 All DUTs are tested with air in the channel.  Return loss (S11) and insertion loss 

(S21) are shown in Figure 4.24 and Figure 4.25, respectively.  

 

Figure 4.24.  Return loss (S11) of DUT 1, DUT 2, DUT 3, and DUT 4 with PDMS lid attached.  The 

channels are filled with air. 



 

 49 

 

Figure 4.25.  Insertion loss (S21) of DUT 1, DUT 2, DUT 3, and DUT 4 with PDMS lid attached.  The 

channels are filled with air. 

 

 The lowest impedance circuit (DUT 1) offers the best match and lowest loss.  

DUT 4, the highest impedance line, presents the worst mismatch and highest loss.  

 Acetone results are shown in Figure 4.26 and Figure 4.27.   
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Figure 4.26.  Return loss (S11) of DUT 1, DUT 2, DUT 3, and DUT 4 with PDMS lid attached.  The 

channels are filled with acetone using static testing method. 
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Figure 4.27.  Insertion loss (S21) of DUT 1, DUT 2, DUT 3, and DUT 4 with PDMS lid attached.  The 

channels are filled with acetone using static testing method. 

 

 Comparing Figure 4.24 to Figure 4.26, the return loss (S11) improves when 

acetone is present because the DUT impedance is lowered.  Figure 4.26 shows a decrease 

in resonant frequency in response to the high permittivity acetone.  However, the return 

loss response for the various DUT is irregular.  This suggests the effective permittivity of 

the various DUT are different.  The smaller gap spacing DUT (DUT 1) may not allow the 

acetone to fill the entire etched channel.   
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 The insertion loss (S21) is greater than air (Figure 4.25) and follows a different 

trend because of its higher frequency dependent loss tangent [8].  As seen in Figure 4.27, 

insertion loss is greater than 6 dB at frequencies above 10 GHz.   

 Lastly, the test circuits are measured with DI water dynamically flowing through 

the channel.  The results are shown in Figure 4.28 and Figure 4.29. 

 

Figure 4.28.  Return loss (S11) of DUT 1, DUT 2, DUT 3, and DUT 4 with PDMS lid attached.  The 

channels are filled with DI water using dynamic testing method. 
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Figure 4.29.  Insertion loss (S21) of DUT 1, DUT 2, DUT 3, and DUT 4 with PDMS lid attached.  The 

channels are filled with DI water using dynamic testing method. 

 

 Comparing Figure 4.24 to Figure 4.29, the insertion loss (S21) is greatly 

increased.  DI water also exhibits a much higher insertion loss than acetone because it has 

a higher frequency dependent loss tangent [8].  Figure 4.28 shows a worse return loss 

compared to air or acetone because the insertion loss dominates.  The return loss shown 

in Figure 4.28 is less than 12 dB for all frequencies above 2.5 GHz.  

 The impedance variation is observed in Smith chart data.  Comparison of the 

extremes in characteristic impedance presented by DUT 1 and 4 are shown in Figure 4.30 

and Figure 4.31.     
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Figure 4.30. Smith chart of DUT 1 (lowest impedance) with air, acetone or DI water in channel. 
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Figure 4.31.  Smith chart of DUT 4 (highest impedance) with air, acetone or DI water in channel. 

 

 The acetone lowers the impedance of the DUT, which results in a better matched 

line in both scenarios when compared with air.  The impedance reduction is caused by the 

high permittivity of the fluid (Eq. 2.1).  In the highest impedance DUT (DUT 4) the locus 

radius reduces compared to air signifying a better match.  The DI water response did not 

improve, despite having a high permittivity because the insertion loss of DI water 

dominates its response.   

 In comparing acetone and air data, interestingly the insertion loss of acetone is 

lower than the air at low frequencies (Figure 4.32).  This is believed to be due to the 
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reduced mismatch achieved when placing acetone in the channel that lowers the return 

loss (S11).  The improved match results in lower insertion loss at those frequencies 

compared to the air case with greater mismatch. 

 

Figure 4.32.  Insertion loss (S21) of DUT 4 with channels filled with air or acetone. 

 

4.6 Observations During Microwave Testing using Fluids   

 During testing, multiple factors seemed to affect the measured results.  One factor 

was fluid uniformity and the effect of air bubbles.  Responses with air bubbles in fluid 

caused ripples in response, especially in the DI water case.  The major source of air 
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bubbles is the tip of the syringe after filling it with DI water.  The air bubbles are 

diminished as more fluid is dispensed from the syringe.     

 Second, fluid velocity also seemed to cause the response to change.  Care must be 

taken to chose a rate and doesn't delaminate the PDMS seal attachment to the glass 

surface.  For the acetone case, it was observed that the sealant holding the PDMS on the 

wafer came off when the acetone velocity was too fast.  Other approaches will need 

further investigation in future work.  

4.7 Conclusion 

 In this section, a coplanar waveguide test structure capable of holding fluids was 

developed and characterized.  A PDMS lid structure is used to house fluids above and in 

the channels of the test structure.  This approach is fast and easy to prototype, easy to test, 

and low cost.  Various fluids were elevated: acetone and DI water and compared to air.  

At high frequencies, both fluids are lossy; however, the acetone creates a better matching 

circuit at various frequencies.  In summary, using the design guidelines outlined in 

previous chapters, for the test structures resulted in stable predictable data. 
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CHAPTER 5 

CONCLUSIONS AND FUTURE WORK 
 

5.1 Summary and Conclusions 

 

 In chapter 2, various designs parameters such as substrate material, fluid channel 

placement, and structure dimensions are developed.  In Chapter 3, two different fluid 

containment options are discussed and evaluated conceptually.  Utilizing the design 

guidelines from chapters 2 and 3 a coplanar waveguide structure on a glass substrate was 

designed and fabricated with the PDMS lid approach.  Chapter 4 shows the response of 

the DUT design based circuits of various impedances with air, acetone, and DI water in 

the cavity and channels.  Both acetone and DI water are very lossy at high frequencies.  

However, the acetone lowers the impedance of the DUT, therefore creating tuneability.   

5.2 Future work 

 

 This work will be used as general design guidelines to make controllable fluidic rf 

components and circuits.  The major obstacle to overcome is the high loss associated with 

the fluid medium.  If a low viscosity, low loss fluid is obtained with high permittivity 

many different components can be realized.  Also an automated fluid injection system 

will be needed to maintain a known constant fluid speed, which will yield 

predictable/repeatable results.  Finally, additional studies are needed to identify a more 

efficient method to seal the edges of the PDMS to the glass interface.  
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APPENDIX A 

WET ETCHING CHARACTERIZATION 

In order to obtain predictable channel dimensions in borosilicate glass, characterization of 

the wet etching process is performed.  A characterization photolithography mask is 

created and shown in Figure A.1. 

 

 

Figure A.1.  Mask layout for wet etching characterization. 

 

 

This mask contains various topologies varying line widths, lengths, line separation, 

orientation, and shape (Table A.1). 
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Table A.1.  Features on mask layout shown in Figure A.1. 

Parameter Dimension 

Line Width 1-180 µm 

Line Length 
1281.4-20502.4 

µm 

Line 
Spacing  20-1000 µm 

Orientation 
Upright, 

perpendicular 

Shape 
Line, circle, 

square, zig-zag 
 

Using this topology multiple etchants and masking materials are characterized.  

Specifically three masking materials are examined: Cr/Au, amorphous silicon (ASi), and 

photoresist (PR).  Slightly modifying the masking materials described in [23] a Cr/Au/PR 

system is developed and characterized.  The chrome layer is used to promote adhesion 

between the gold layer and the glass substrate [14].  Another commonly used metal to 

promote adhesion to glass is titanium (Ti), however Ti is quickly etched in HF so 

ultimately cannot be used directly without leading to major undercutting [13]. The few 

pinholes present in the gold layer after sputtering are filled in with the PR (SPR 220-7) to 

allow for longer etch times [14].  The fabrication process for the system is described in 

Appendix B.  The first etchant investigated was 49% HF.  An etch rate of ~8 µm/min is 

observed similar to Illiescu [14].   Table A.2 and Table A.3 show the final channel 

dimensions after 4 and 11 minute etches, respectively.  In both cases the undercut is 

approximately twice the etch depth in each direction horizontally.  
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Table A.2.  Wet etch results of Borofloat33 in 49% HF for etch times of 4 and 11 minutes using Cr/Au 

mask. 

 
Cr/Au Mask, 4 min HF Etch Cr/Au Mask, 11 min HF Etch 

 

Pre Etch 
(µm) 

Post Etch  
(µm)   

Pre Etch 
(µm) 

Post Etch  
(µm)   

Mask 
Feature 

Size (µm) Width Width Depth UR Width Width  Depth UR 

180 169 343.5 38.8 4.50 170.3 501.5 84.7 3.91 

175 163.5 333.5 38.8 4.38 165 498 84.6 3.94 

170 161.5 332 38.4 4.44 158.3 497.5 84.5 4.01 

25 16.5 169.5 36.7 4.17 14.75 326.5 78.3 3.98 

20 10.5 165 36 4.29 12 318 77.6 3.94 

15 8 169 36 4.47 6.5       
 

The next mask investigated was 0.7 µm thick amorphous silicon deposited on the glass 

surface using PECVD.  Silicon is inert to HF, and good etching results were shown in 

[15].  Following the same etching procedure outlined in Appendix B with an etch time of 

11 minutes in 49% HF results outlined in Table A.3 are obtained. 

 

Table A.3. Wet etch results of Borofloat33 in 49% HF for 11 minutes using amorphous silicon mask. 

 
Asi Mask, 11 min HF Etch 

 
Pre Etch (µm) Post Etch (µm)   

Mask Feature 
Size (µm) Width Width  Depth UR 

180 173 500.5 83.2 3.94 

175 165 504 82.8 4.09 

170 164.5 492 82.9 3.95 

25 20 329.5 76.9 4.02 

20 15.5 311.5 75.3 3.93 

15 10.5 290.5 73.8 3.79 
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 These results show similar undercut ratios as obtained when using a Cr/Au mask.  

This appears to imply that undercutting is not being caused by poor adhesion between 

masking layer and substrate but by the etchant and substrate material. 

 A masking layer of only photoresist is also examined.  The same 

photolithography as the previous processes is performed.  After two minutes of exposure 

in 49% HF the PR is already delaminating.  The etched width to depth ratio is on the 

order of 19.   

 Figures A.2 and A.3 show top views of the etched channels.  Figure A.2 is free of 

notching defects while Figure A.3 shows multiple.  As per [15] etching defects are 

predominately caused by stress in the masking layers.  This design challenge is still being 

investigated. 

 

SidewallTop

 

Figure A.2.  Top view of etched channel in Borofloat33 borosilicate glass containing no etching defects. 
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Defect

Top

 

Figure A.3.  Top view of etched channel in Borofloat33 borosilicate glass containing etching defects. 

 

  

 

The profile of the etched channels described throughout this appendix is shown in Figure 

A.4.  The scales are not 1:1 so the channel has a large flat bottom region. 
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Figure A.4.  Cross section of etched channel. 
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APPENDIX B 

FABRICATION PROCESS FOR ETCHING BOROSILICATE GLASS 

This appendix outlines the procedure for wet etching borosilicate glass wafers.  

Borosilicate glass wafers are 500 ± 10 µm thick, 100 ± 0.3 mm diameter, MDF polished 

(roughness < 0.5 nm) on both sides.  This polishing is recommended for wet etching and 

bonding applications (vendor: Plan Optik, Part #: V015.04-0005).   

 

1.  Etching channels in glass wafer 

 (a) Sputter metal mask layers Cr/Au (60/400 nm) on both sides of wafer 

 (b) Prebake for 90 seconds on 115 °C hotplate 

 (c)  Place in HDMS for 3 minutes 

 (d) Apply photoresist (Shipley SPR220-7) 

  (i)  Spin on 10 µm thick  (1500 rpm, 40 sec) 

 (ii)  Soft bake for 5 minutes at 95 °C on hotplate (elevate wafer with razor 

blades) 

  (iii)  Spin on 10 µm thick  (1500 rpm, 40 seconds) 

 (iv) Soft bake for 5 minutes at 95 °C on hotplate (elevate wafer with razor 

blades) 

 (e) Hard bake at 120 °C for 6 minutes on hot plate (elevate wafer with razor  

 blades) 

 (f)  Turn wafer over and apply photoresist (Shipley SPR220-7) 

   (i)  Spin on 10 µm thick (1500 rpm, 40 seconds) 
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  (ii) Soft bake for 15 minutes at 85 °C on hotplate  (elevate wafer with  

  razor blades)   

 (g) Align and expose wafer for 46 seconds at 12 mW/cm
2
  

 (h) Develop in MF-CD-26 for 90 seconds, slowly move wafer 

 (i)  Place in flowing DI water for 3 minutes 

 (j)  Dry with nitrogen (N2) air gun   

 (k)  Inspect circuit pattern 

 (l) Hard bake at 120 °C for 6 minutes on hot plate (elevate wafer with razor 

 blades) 

   (m) Place in CR-12s chrome etchant for 25 seconds to remove exposed chrome 

 layer 

 (n) Rinse in DI water for 3 minutes 

 (o)  Dry with nitrogen (N2) air gun 

 (p) Place in GE-6 gold etchant for 50 seconds to remove exposed gold layer 

 (q) Rinse in DI water for 3 minutes 

 (r)  Dry with nitrogen (N2) air gun 

 (s)  Etch glass in 49% HF for 4 minutes (slowly turn wafer clockwise while in 

 HF) 

 (t) Remove photoresist using solvent clean acetone/methanol/isopropyl alcohol 

 (3/3/3 minutes) 

 (u) Rinse in DI water for 3 minutes 

 (v)  Dry with nitrogen (N2) air gun   
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 (w) Place in CR-12s chrome etchant for 25 seconds to remove exposed top 

 chrome seed layer 

 (x) Rinse in DI water for 3 minutes 

 (y)  Dry with nitrogen (N2) air gun   

 (z) Place in GE-6 gold etchant for 50 seconds to remove exposed gold seed layer 

 (aa) Rinse in DI water for 3 minutes 

 (ab)  Dry with nitrogen (N2) air gun   

2. Substrate Clean 

 (a) Mix 10:1 Sulfuric Acid: Hydrogen Peroxide (H2SO4:H2O2) 

 (b) Let sit for 30 minutes 

 (c) Place wafers vertically in solution for 20 minutes 

 (d) Rinse in DI water for 10 minutes 

3. Circuit Metallization 

 (a) Follow process outlined in Appendix C 
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APPENDIX C 

METALIZATION FABRICATION PROCESS ON BOROSILICATE GLASS 

This appendix describes the fabrication process for the metallization of coplanar 

waveguide circuits on borosilicate wafers. 

 

1. Circuit metallization 

 (a) Electron beam evaporate seed layers Cr/Au/Cr (300/1500/300 Å) 

 (b) Prebake for 90 seconds on 115 °C hotplate 

 (c)  Place in HDMS for 3 minutes 

 (d) Apply photoresist (Shipley SPR220-7) 

  (i)  Spin on 10 µm thick  (1500 rpm, 40 seconds) 

  (ii) Soft bake for 5 minutes at 95 °C on hotplate (elevate wafer with razor  

  blades) 

 (e) Hard bake at 120 °C for 6 minutes on hot plate (elevate wafer with razor 

 blades) 

 (f)  Turn wafer over and apply photoresist (Shipley SPR220-7) 

   (i)  Spin on 10 µm thick (1500 rpm, 40 seconds) 

  (ii) Soft bake for 15 minutes at 85 °C on hotplate  (elevate wafer with  

  razor blades)   

 (g) Align and expose wafer for 46 seconds at 12 mW/cm
2
  

 (h) Develop in MF-CD-26 for 90 seconds, slowly move wafer 
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 (i)  Place in flowing DI water for 3 minutes 

 (j)  Dry with nitrogen (N2) air gun   

 (k)  Inspect circuit pattern 

 (l) Hard bake at 120 °C for 6 minutes on hot plate (elevate wafer with razor 

 blades) 

 (m)  Remove photoresist for plating contact spots using acetone soaked swab 

 (n) Place in CR-12s chrome etchant for 7 seconds to remove exposed chrome seed 

 layer 

 (o) Rinse in DI water for 3 minutes 

 (p)  Dry with nitrogen (N2) air gun   

 (q) Electroplate 3 µm of gold (Au) in potassium aurocyanide-based solution bath 

 at 70 °C 

 (r) Rinse in DI water for 3 minutes 

 (s)  Dry with nitrogen (N2) air gun   

 (t) Remove photoresist using solvent clean acetone/methanol/isopropyl alcohol 

 (3/3/3 minutes) 

 (u) Rinse in DI water for 3 minutes 

 (v)  Dry with nitrogen (N2) air gun   

 (w) Place in CR-12s chrome etchant for 7 seconds to remove exposed top chrome 

 seed layer 

 (x) Rinse in DI water for 3 minutes 

 (y)  Dry with nitrogen (N2) air gun   
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 (z) Place in GE-6 gold etchant for 25 seconds to remove exposed gold seed layer 

 (aa) Rinse in DI water for 3 minutes 

 (ab)  Dry with nitrogen (N2) air gun   

 (ac) Place in CR-12s chrome etchant for 9 seconds to remove exposed bottom 

 chrome seed layer 

 (ad) Rinse in DI water for 3 minutes 

 (ae)  Dry with nitrogen (N2) air gun   

 

 

Figure C.1.  Coplanar waveguide circuits on Borofloat33 borosilicate glass. 
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The backside photoresist used in parts (d) and (e) of the fabrication was used to mitigate 

the defects shown in Figures C.2-C.3.  These defects became evident after etching the top 

chrome seed layer prior to electroplating.  The thought was that light during 

photolithography was causing an unwanted effect to the bottom seed layer due to the 

transparency of glass. 

 

Figure C.2.  Defects in Au seed layer observed after etching top Cr seed layer. 
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Figure C.3.  Profile of halo shaped defects shown in Figure C.2.  Defect has mound shape profile. 
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APPENDIX D 

PDMS FABRICATION PROCESS 

This appendix describes the PDMS master mold and PDMS fabrication process. 

D.1 Silicon Master Mold 

 

Low resistivity wafers (1-10 Ω/cm) are ~500 µm thick with one side polished and <100> 

orientation. 

 1. Surface Preparation 

  (a) Dip wafer in 10:1 BOE for 5 minutes 

  (b) Rinse in DI water for 3 minutes 

  (c) Dry with nitrogen (N2) air gun 

 2.  Silicon Patterning 

  (a) Prebake for 90 seconds on 115 °C hotplate 

  (b)  Place in HDMS for 3 minutes 

  (c) Apply photoresist (Shipley SPR220-7) 

   (i)  Spin on 10 µm thick (1500 rpm, 40 seconds) 

   (ii) Soft bake for 15 minutes at 85 °C on hotplate  (elevate wafer  

   with razor blades)   

  (g) Align and expose wafer for 46 seconds at 12 mW/cm2  

  (h) Develop in MF-CD-26 for 90 seconds, slowly move wafer 

  (i)  Place in flowing DI water for 3 minutes 

  (j)  Dry with nitrogen (N2) air gun   

  (k)  Inspect circuit pattern 
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  (l) Hard bake at 120 °C for 6 minutes on hot plate (elevate wafer with  

  razor blades) 

  (m) Dry etch wafer using silicon deep trench etcher for 21 minutes 

  (n) Remove photoresist using solvent clean acetone/methanol/isopropyl  

  alcohol (3/3/3 minutes) 

  (u) Rinse in DI water for 3 minutes 

  (v)  Dry with nitrogen (N2) air gun   

D.2 PDMS Process 

 

 1. Mold and PDMS Preparation 

  (a) Create aluminum foil boat to hold master mold 

   (i) Place dummy wafer on aluminum foil 

   (ii) Fold foil over wafer leaving at least 2 inches of foil on all sides 

   (iii) Smooth foil out 

   (iv) Cut circle around wafer leaving about 2 inches on all sides 

   (v) Fold up sides 

  (b) Place silicon master mold and 3-4 drops of trichlorosilane in   

  desiccation chamber for 1 hour  

  (c) Mix PDMS (Dow Corning Sylgard 184)  10:1 (silicone: hardener) in  

  plastic tray 

  (d) Place PDMS in desiccation chamber for 30 minutes to remove bubbles 
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Figure D.1.  Foil boat with cured PDMS on silicon master mold. 

 

 2. PDMS Fabrication 

  (a) Spread a drop of PDMS in foil boat 

  (b)  Press silicon master mold down in boat 

  (c) Pour degassed PDMS over silicon master mold 

  (d) Cure overnight on 70 °C hotplate 

  (e) Cut around wafer with razor 

  (f) Slide razor along edges of wafer between PDMS and silicon master  

  mold 

  (g) Slowly peel PDMS off silicon master mold 
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  (h) Place PDMS on clean transparency 

  (i) Punch holes at beginning and end of channels for tubing using 18  

  gauge (GA) machined needle 

  (j) Remove PDMS from hole punch using a 21 gauge (GA) needle 

  (k) Clean PDMS using solvent clean acetone/methanol/isopropyl alcohol 

  (l) Inspect to ensure all holes are punched 

  (m) Cut desired PDMS dimensions by pushing straight down with razor  

  blade 

 

Figure D.2.  PDMS with inlet and outlet holes punched in channels. 
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 3. PDMS to Glass Bonding 

  (a) Place PDMS and glass substrate in O2 asher for 10 seconds at 50 W 

  (b) Press together 

  (c) Cure on hotplate for 30 minutes at 100 °C 
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APPENDIX E 

Measurement and Calibration Techniques 
 

E.1 Measurement Setup 

 

 Measurements are performed from 0.045-20 GHz using an HP8510C automatic 

network analyzer (ANA) with 83651B source and 8517B test set.  The ANA is connected 

to a Cascade Microtech on-wafer probe station using 3.5 mm test cables (vendor: Gore-

Tex, Part #:103-202).   Cascade Microtech ground-signal-ground (GSG) test probes are 

used to test the circuits.  The test probes (GSG ACP40) are 650 µm pitch, where pitch is 

defined as the spacing from center line of the signal tip to ground tip.  The equipment 

setup is shown in Figure E.1. 

E.2  Line-Reflect-Match (LRM) Calibration 

  

 Two on-wafer probe station calibration techniques are considered, (a) Line-

Reflect-Match (LRM) and (b) Thru-Reflect-Line (TRL).  The PDMS lid couldn't be 

placed precisely in section 2 of the test structure given the available equipment.  Thus 

only LRM data is considered.  LRM calibration shifts the reference plane from the input 

of the ANA test port out to the GSG probe tips.  LRM calibration is performed on a wide 

pitch (250-1250 µm) impedance standard substrate (vendor: Cascade Microtech, Part #: 

106-682) using the LRM calibration defined on the HP8510c [11]. 
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E.3 Fluid Test Setup 

  

 Various fluids were tested in using the measurement setup (E.1) and calibration 

(E.2).  The tubing (0.022 inch inner diameter) is cut that is inserted into the inlets and 

outlets of the PDMS is cut to a length of about 3 feet to relieve tension on PDMS lid.  A 3 

cc syringe with standard needle is filled completely with the test fluid.  While filling the 

syringe, air bubbles are created.  These air bubbles are removed by tapping the side of the 

syringe with the needle pointing upward.  With the needle still pointing upward the air 

now collected at the top of the syringe is removed by dispensing some of the liquid.  

Next, test fluids are injected into port 1 of the tubing using the syringe.  The fluid is 

dispensed and allowed to travel to the output port where it is collected in a plastic cup.  

Measurements are taken as fluids are dispensed through the DUT for the dynamic testing 

method.  The steady state (static) response allows fluid to flow through the circuit until it 

comes out the outlet of the output tubing.  The fluid injection is stopped and the data is 

collected.  Figure E.1 shows the test setup.      
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Figure E.1.  Complete test setup.  Syringe used to inject fluid into tubing.  Fluid then travels through DUT 

and out to cup.  Measurements taken using network analyzer. 

 


